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Abstract

Hydraulic fracturing is a method used routinely in oil and gas exploitation and in engineered
geothermal systems. While used frequently, there are aspects of hydraulic fracturing, such as
the propagation of the newly-created fractures and interaction between natural and newly-
created fractures, which are not well understood. Since data from field hydraulic stimulations
may be difficult to obtain and interpret, laboratory testing and numerical modeling play a
major role in understanding the hydraulically fracturing processes.

A test setup was developed to simultaneously apply a vertical stress to rock specimens and a
hydraulic pressure to pre-cut flaws with various geometries, leading to the initiation and
propagation of new cracks. The test setup allowed one to obtain high-resolution and high-
speed video images of the hydraulic fracturing processes and to monitor acoustic emissions
in Barre granite specimens subjected to constant vertical stresses of 0 or 5 MPa. The imaging
data were used to determine the mechanisms of development of the visible fractures produced
during the tests. The acoustic emission data were used to estimate the mechanisms responsible
for the development of micro-cracks.

In order to understand the fracturing behavior of the hydraulically loaded rock specimens,
particularly the effect of the ratio between the water pressure applied in the flaws (WP) and
the vertical load applied to the specimen (VL), a finite element analysis was performed using
the same loading conditions of the experiments.

The experiments showed that most visible cracks observed were tensile and that the patterns
of the hydraulic fractures produced were strongly dependent on the vertical load applied. They
also showed that the water pressure necessary to propagate fractures is dependent on the
vertical load and on the flaw geometry. The numerical analysis showed that the ratio WP/VL
plays a crucial role in the magnitude and shape of the stress field around a flaw tip, and
therefore in the location of tensile and shear fracture initiation. The study of micro-seismic
events indicated that tensile and shear micro-cracks frequently developed before visible
tensile cracks in the tests with no and 5 MPa of vertical load, respectively. The results
presented improve the knowledge of the physical processes involved in the hydraulic
fracturing of rocks.

Thesis Supervisor: Herbert Einstein
Title: Professor, Department of Civil & Environmental Engineering
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1 Introduction

Hydraulic fracturing is a method used routinely in oil and gas exploitation and in engineered

geothermal systems (EGS). Despite its widespread use, there are fundamental aspects that are

still not well understood and require further investigation in order to increase the efficiency and

reduce the environmental impact of projects in which hydraulic fracturing is applied.

Two of the major aspects that are not well-understood in the hydraulic fracturing of rocks are the

fracturing processes and the induced seismicity associated with this method. The fracturing

processes need to be better studied since currently there is little information on how hydraulic

fractures initiate, propagate and coalescence with each other and how they interact with existing

fractures. The induced seismicity is also a central issue in hydraulic fractures for two main

reasons: the first is related to the damage that seismic events caused by hydraulic fracturing

procedures can produce on human infrastructure and lives. The SERIANEX report (2009)

indicates that 7 million Swiss francs were lost due to the damage caused by the earthquakes (the

strongest event had a magnitude of 3.4 in the Richter scale) felt in the city of Basel, Switzerland,

due to the hydraulic fracturing, or stimulation, of a rock formation approximately 5.0 km-deep

for an EGS development. Seismic events felt in Oklahoma and Colorado in 2011 with magnitude

of more than 5.0 in the Richter scale also appeared to be related to hydraulic fracturing

operations for oil and gas exploitation (Rubinstein and Mahani, 2015). On the other hand, the

seismicity caused by the fracturing of the rock may provide important information to determine

the physical mechanisms involved when a rock is hydraulically fractured.
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1.1 Research Objectives

In general, the research presented in this thesis aims at a better understanding of the fracturing

mechanisms involved in the laboratory hydraulic fracturing of rocks, by combining visual with

micro-seismic information obtained in the tests performed. More specifically, the objectives of

the research presented in this thesis are:

- Develop a test setup capable of producing hydraulic fractures in prismatic granite

specimens with prefabricated flaws, while allowing one to apply a vertical load to the

specimen and to monitor acoustic emissions and capture images of the processes that

occur when the rock is hydraulic fractured;

- Analyze and interpret the fracturing processes and mechanisms (tensile, shear, or mixed-

mode) visible with a High-Resolution and a High-Speed video cameras, while relating

them to the water pressure and vertical load applied, as well as with the volume of water

injected;

- Analyze and interpret the microscopic fracturing processes and mechanisms (tensile,

shear, or mixed-mode) responsible for the development of white patches using micro-

seismic, or acoustic emission (AE), data.

- Study the effect of the number of flaws and their geometry (for the case with two flaws)

on the observed fracturing processes; relate to the water pressure and volume injected

necessary to hydraulically fracture the specimens.

- Study the effect of the vertical load applied to the specimens, which was either none or 5

MPa, on the observed fracturing processes; relate to the water pressure and volume

injected necessary to hydraulic fracture the specimens.

- Relate the experimental observations with numerical analyses of the fracturing processes

involved in the hydraulic fracturing tests. This was done by numerically modeling the

same loading and boundary conditions of the experiments using the Finite Element code

ABAQUS. The maximum principal- and shear stresses obtained numerically for a

double-flaw geometry were also interpreted using a lattice model around the flaws.

- Initiate the development of a test setup that could allow one to apply fluid pressure in the

flaws only. The objective is to eventually use this setup in hydraulic fracturing tests in
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shale specimens subjected to a biaxial loading while monitoring seismic activity and

capturing High-Resolution and High-Speed video images;

- Interpret field seismic data obtained from a hydraulic fracturing project, namely the EGS

development at Cooper Basin, Australia. Use the field seismic data to determine possible

relations between seismic events that could indicate the fracturing mechanisms that

caused the seismic activity.

1.2 Thesis structure

The thesis is organized as follows:

Chapter 2 provides the reader with background information on 1) theory and laboratory

applications of rock and fracture mechanics, 2) recent laboratory and numerical research

conducted to better understand the processes involved in hydraulic fracturing and 3) the theory of

wave propagation and recent laboratory and field uses of micro-seismicity in the interpretation of

fracturing mechanisms.

Chapter 3 describes the test setup and procedures, and discusses the visual and AE data obtained

from the hydraulic fracturing tests. Micro- and visible-cracking are discussed, as well as the

effect of the number of flaws, double-flaw geometries and vertical load applied in the fracturing

processes observed. The water pressure and volume of water injected necessary to hydraulically

fracture the specimens are also studied and related to the fracturing processes observed.

Chapter 4 describes a flaw-pressurizing device developed to pressurize the flaws only.

Preliminary tests performed in granite and shale specimens are discussed, and the observations

made regarding fracturing and flow through fractures and bedding planes are interpreted

physically.

Chapter 5 discusses the cracking mechanisms (tensile, shear, mixed mode) involved in the

development of white patching regions. Acoustic emission data is used to estimate the most

likely moment tensors of several AE events by analyzing their P-wave radiation patterns. The

moment tensors obtained are compared to Scanning Electron Microscope (SEM) images in order
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to determine the most likely mechanisms of several AE events localized in white patching

regions.

Chapter 6 discusses the results obtained with the finite element code ABAQUS in which the

same loading and boundary conditions as in the tests were used. The maximum principal and

shear stresses are analyzed around the flaw tip and related to crack initiation. The numerical

results are related to the experimental observations and a lattice model is described and used to

physically interpret the numerical results.

Chapter 7 provides an integrative interpretation of the observations obtained from the hydraulic

fracturing tests. This interpretation uses the observations discussed in Chapter 3, together with

the source mechanism and numerical results described in Chapters 5 and 6, respectively, to

physically explain the micro- and macroscopic fracturing processes observed in the hydraulic

fracturing tests.

Chapter 8 uses seismic field data obtained from the Cooper Basin EGS project, in Australia, to

relate seismic events to each other, aiming to understand if some of the observed events may

have been caused by the same fracturing mechanisms.

Chapter 9 provides the conclusions of the research presented in the thesis, as well as

recommendations for future work.
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2 Background

The background chapter will present and discuss research that formed the basis of the work

presented in this thesis, and that is fundamental to understand the topics investigated. This

chapter will first describe the fracturing processes in rock in Section 2.1, starting with an

introduction of basic concepts of fracture mechanics and describing fracturing experiments

performed in rocks, particularly by the Rock Mechanics group at MIT. It will then discuss

relevant laboratory testing and numerical modeling of hydraulic fracturing in Section 2.2, with

special emphasis in experimental studies carried out to better understand the phenomena

involved in the hydraulic fracturing of rocks. The numerical modeling of hydraulic fracturing

will also be discussed; rather than being an exhaustive description of the current numerical

approaches used to model the fracturing of brittle materials, this section will focus specifically

on examples of numerical modeling recently used to simulate the hydraulic fracturing of rocks.

Finally, Section 2.3 will give a brief overview of the fundamentals of wave propagation and

seismic source mechanism determination, followed by a description of recent studies performed

on the observation and use of micro-seismicity in laboratory testing and in field applications.

While Section 2.3 will also describe some hydraulic fracturing laboratory setups, like Section

2.2, its main focus will be in the observation and interpretation of the micro-seismicity, or

acoustic emissions, monitored during the tests.
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2.1 Fracturing processes in rock

The objective of this section is to provide background on past research in fracture mechanics,

particularly on the study of crack initiation and propagation in rocks.

This chapter is divided into two main sections. The focus of the first section is theoretical

fracture mechanics, in which concepts related to crack initiation and propagation will be

discussed. Subsequently, a brief overview of experiments conducted to investigate the crack

initiation, propagation and coalescence of rocks will be presented.

2.1.1 Principles of fracture mechanics

This section provides a brief description and explanation of the basis of theoretical fracture

mechanics.

Inglis (1913) and Griffith (1924) found that the presence of pre-existing cracks in a given brittle

material led to the decrease in its tensile strength. A mathematical solution for the stress

distribution around an elliptical hole embedded in an infinite plate was developed by Inglis

(1913), as shown in Figure 2.1. According to Inglis (1913), the stress at the tip A of the hole is

given by:

UA= o + b (2.l a)

2a

Figure 2.1 - An elliptical hole within an infinite plate submitted to a far-field stress a

42



In equation (2.1 a), a and b are the dimensions of the elliptical hole, as shown in Figure 2.1, cY is

the far-field stress and YA is the stress at the tip A. From (2.1 a), it is clear that the expression

established by Inglis (1913) implies that the longer a crack is (greater a/b), the higher the stress at

the tip of the hole. Griffith (1924) also derived an expression for the stresses at tip A:

-A= 2a (2.1b)

In which p = b2/a is the radius of curvature of the tip. As can be seen from equation (2.1b), for

very small radii of curvature p, the stress GA at the tip tends to infinity.

Based on the stress analysis developed by Inglis (1913), Griffith (1921) proposed a relation

between fracture stress and crack size. The approach used by Griffith, which is considered the

starting point of modem fracture mechanics, was based on the first law of thermodynamics and

has been known as the Griffith energy balance approach. Like Inglis (1913), Griffith considered

an elliptical hole within an infinite plate subjected to a far-field stress a, as shown in Figure 2.2.

For the hole/flaw to increase its length an increment dA, the available potential energy should

overcome the surface energy of the material. This can be expressed by the following equation:

dE dI dW
= + s =0 (2.2)

dA dA dA

or

d- dWs 
(2.3)

dA dA

In which E is the total energy, rI is the potential energy supplied by the internal strain energy and

the external forces and Ws is the work required to create new surfaces. Ws can also be written as:

Ws =4aBys (2.4)

Where ys is the surface energy of the material.
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2a

Figure 2.2 - An elliptical hole within an infinite plate of thickness B submitted to a far-field stress 5

The potential energy H can be calculated as:

7fl 2r a B
E

(2.5)

With Ho being the potential energy of the uncracked plate, a and B being geometric parameters

defined in Figure 2.2. E is the Young's modulus.

Since Ws (2.4) and H (2.5) are known, equation (2.3) can be applied, and the fracture stress oa

calculated as:

=2Ey7
07 = E s;ra

(2.6)

From equation (2.6), it is possible to note that as the length of the elliptical hole/flaw increases,

the stress at which fracture occurs decreases. Consequently, based on equation (2.6), Griffith

(1921) was able to explain why the actual tensile strength of brittle materials was lower than the

tensile strength calculated theoretically. Griffith (1921) postulated that microscopic defects lead

to the decrease of the tensile strength of brittle materials.
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Based on Griffith's formulation, Irwin (1957) developed the energy release rate (G) and the

stress intensity factors (SIF) concepts, relating them with each other. The SIFs define the stress

and displacement fields around a crack tip, for the different modes of loading, as illustrated in

Figure 2.3.

Mode I Mode I Mode III
(Opening) In-Plane Shear) (Out-of-Plane Shear)

Figure 2.3 - The three modes of loading applied to a crack (Anderson, 2005). Mode I is a tensile mode, Modes II and

III are shear modes

The modes of loading considered are:

Mode I - Also known as opening mode. The crack is subjected to a normal stress and the crack

faces separate symmetrically, leading to displacements that are perpendicular to the crack plane;

Mode II - Also known as in-plane shearing or edge sliding mode. The crack is subjected to an

in-plane shear stress resulting in sliding of the two faces of the crack. The displacements occur in

a plane perpendicular to the crack front;

Mode III - Also known as out-of-plane shearing or tearing mode. The crack is subjected to an

out-of-plane shear stress and the crack faces move relative to each other. Displacements occur in

the crack plane but parallel to the crack front.

This chapter mainly focuses on the mixed mode I-II loading. As mentioned before, Irwin (1957)

defined the stress intensity factors K for the different modes of loading. For modes I and II, one

has:
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For open flaws:

K =o> [(1+k)+(1-k)cos2,8] (2.7)
2

K,1 =-V-, (l-k)sin 2,6 (2.8)
2

For closed flaws:

K =0 (2.9)

K, = -> ( k)sin 2#- p[(I+k)+(I-k)cos2$]} (2.10)
2

In equations (2.7) to (2.10):

Ki and Kii - stress intensity factors for mode I and II, respectively;

cv - vertical far-field stress applied on an infinite plate, as shown in Figure 2.4;

a - half length of the flaw/elliptical hole as illustrated in Figure 2.4;

k - ratio GH/GV, in case there is a far-field horizontal stress applied;

p - inclination of the flaw, as shown in Figure 2.4;

- friction coefficient for closed flaws.
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2a

Figure 2.4 - A pre-existing flaw within an infinite plate under mixed mode I-II loading

Interpreting equations (2.7) to (2.10), one can note that for a vertical (0 equal to zero degrees)

open flaw submitted to a vertical tensile stress (k equal to zero), both KI and K1 = 0. This means

that a flaw with the same direction as the applied load does not influence the failure process of

the plate in which is embedded. On the other hand, for a horizontal open flaw (P equal to 90deg)

submitted to a vertical tensile stress (k equal to zero), KI is maximum and K 1 is zero, i.e. the

failure is caused by the opening of the pre-existing flaw. This condition is called pure mode I

loading.

This result is basically similar to the one obtained by Griffith, who established equation (2.6)

based on a horizontal flaw submitted to a far-field vertical tensile stress. For the same case, but

using the stress intensity factors approach (equation 2.7), one obtains the following relation:

= 
(2.11)

which is similar to what Griffith obtained with his energy balance approach shown in equation

(2.6), since Gv depends on in both cases.
Ea
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In Figure 2.5, the variation of the nornalized stress intensity factors Ki and Ku with the angle p
for a vertical tensile far-field stress (k 0) is shown.

1 .0

K
0.8 K

n5 a

0.6

0.4 K11

0.2

0' 15' 30' 45' 60 75- 90

Crack inclination angle

Figure 2.5 - Ki (i=I, II) depending on the pre-existing flaw inclination P for a vertical tensile far-field stress

(Whittaker et al., 1992)

The stresses around a tip of a pre-existing single flaw are known and can be expressed in

cylindrical coordinates (see Figure 2.6) in terms of the stress intensity factors Ki and Ku for the

case of mixed-mode I-II loading, as follows:

- 0 0 . ,0sin sin 2 l3 sin 21+sin- s -13 -

U- = ' cos- cos - + - 3 sin - cos - (2.12)

2 2 2- 2 2

_ 2 2_ 2o ~13i2

By looking at equation (2.12), it is clear that the stresses around a flaw are inversely proportional

to \f. Consequently, for very small radii r, the stresses tend to infinity, which is impossible

since materials cannot bear infinite stresses. What happens is that near the crack tip the material

reaches its yield strength (Gy) and the stresses that otherwise would be extremely high drop to ay

(see for example Whittaker et al., 1992 or Broek, 1988). Therefore, an area/region is formed
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around the crack where the material behaves plastically. Outside this area/region, the material is

still elastic. The region around to the crack tip where the material behaves plastically is often

called plastic (Irwin, 1960 and Dugdale, 1960), process (used frequently in rocks and other

geomaterials; see for instance Brooks, 2013), micro-cracking or inelastic zone. The process zone

has been investigated by several authors, such as Anderson (2005), who believe that it is a region

ahead of the propagating crack tip where bridging and micro-cracking occurs, as shown in Figure

2.7. Friedman et al. (1972), Segall and Pollard (1983), Maji and Wang (1992) have also studied

the development and nature of the process zone in various materials.

r

rr

Existing flaw

Figure 2.6 - Flaw tip and cylindrical stresses of an element located at a distance r from the flaw tip and making an

angle 0 with respect to the existing flaw plane

Figure 2.7 - Fracture-process zone ahead of a propagating crack in concrete. The process zone consists of the

bridging and micro-cracking areas at the crack tip (Anderson, 2005)
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The inelastic zone is characterized by the presence of microcracks that initiate and propagate

near the flaw tip, which causes the material within this region to behave plastically (Maji and

Wang, 1992). The presence and size of this inelastic zone around the crack tip significantly

affects the behavior of the material. Many researchers have investigated the inelastic zone

(Friedman et al., 1972; Pollard and Segall, 1983) and its effects on the behavior of concrete

(Hillerborg et al, 1976; Hillerborg, 1991), and rock (Reyes, 1987 and Bobet, 1997).

As mentioned in the last paragraph, the size of the inelastic zone has a great influence on the

material behavior. As a matter of fact, when the size of the inelastic zone is sufficiently small

when compared to the geometry of the crack (this occurs if condition (2.13) applies), then linear

elastic behavior of the material before failure can be assumed. (See Whittaker et al. 1992)

a 1 K~
a (1.5to2.0) -I- (2.13)

W-al a,

For the condition shown above, W - a is the distance from the tip of the flaw to the boundary of

the specimen (as shown in Figure 2.8), Kic is the critical value of the stress intensity factor Ki,

also known as mode I fracture toughness, and at is the tensile strength of the material.

W

a

VI T T V
Figure 2.8 - Specimen width W and crack length a in a single edge crack
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It can be noted that only the mode I fracture toughness is included in equation (2.13), to check

whether a certain material can be considered to behave linear elastically or not. This is so,

because experimental data have shown that for mode II, the inelastic zone is usually very small

when compared with the size of the crack and therefore, linear elasticity prevails in the behavior

of the material (Whittaker et al., 1992).

When the condition expressed by (2.13) applies, the size of the inelastic zone is considered

sufficiently small when compared with the crack geometry and small scale yielding (SSY) can be

assumed. In SSY cases, the elastic analysis that can be applied to the cracked body is called

Linear Elastic Fracture Mechanics (LEFM) analysis. In contrast, when condition (2.13) does not

apply, one is dealing with large scale yielding (LSY) i.e. the size of the inelastic zone is not

negligible, and the cracked body has to be analyzed based on Non-linear Elastic Fracture

Mechanics (NEFM). (See Whittaker et al., 1992)

The crack initiation theories discussed up to this point are mostly applicable to rock failure

resulting from tensile loading. However, these theories have limitations for cases in which the

rock is subjected to a compressive load. In fact, Griffith's theory, for instance, refers strictly to

the local failure process only, which means fracture initiation, propagation and coalescence are

considered to take place simultaneously. Therefore, the stress at which a crack initiates is also

the stress at which global failure occurs in the tensile case. For a compressive load, however,

there is a considerable difference between the initiation, propagation and coalescence processes.

The failure of the material results primarily from fracture propagation and crack coalescence

rather than directly from fracture initiation (Bieniawsky, 1967). Furthermore, in the compressive

case it is possible to identify primary cracks (cracks that develop first and may or may not lead to

the failure of the specimen), and secondary cracks (cracks that develop after the primary cracks

and often reach the boundaries of the specimen, or coalesce with other cracks, leading to the

global failure of the specimen) (Ingraffea, 1977, 1979; Vallejo, 1987).

Having said this, the differences between crack initiation and propagation have to now be made

clear. According to Bieniawsky (1967), crack initiation is the process by which a pre-existing
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crack or cracks start to extend; this is the local failure process. Crack propagation, on the other

hand, is the process by which a pre-existing crack or cracks extend subsequently to crack

initiation. Crack propagation may result in crack coalescence, leading to global failure of the

material.

Brace and Bombolakis (1963), on the other hand, proposed the sliding wing crack model to

explain the propagation of wing cracks when a far-field compressive stress is applied. Based on

their experimental observations in photoelastic material and glass under compression, they

postulated that a kink crack initiates at the tip of the flaw and propagates towards the direction of

compressive load, as shown in Figure 2.9. As these cracks propagate, the top and bottom

surfaces of the flaw slide against each other in order to have compatibility of displacements at

the tip of the flaw. Other researchers, such as Granberg (1965), Moss and Gupta (1982),

Tasdemir et al. (1990), Germanovich and Dyskin (2000) used and further developed this model

in their studies.

Even though Griffith's (1921) theory can determine the stress at which an elliptical hole/flaw

initiates and propagates, its formulation implies that a crack only extends in the original flaw's

plane. However, mixed mode I-II experiments showed that crack initiation took often place in a

direction different from that of the pre-existing flaw (Whittaker et al., 1992). This shows that

Griffith's energy formulation is not applicable to mixed mode I-II loading.
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Figure 2.9 - Sliding crack model modified from Tasdemir et al. (1990)

In order to deal with more complicated stress fields involving compression, Hoek and

Bieniawsky (1965) used the Griffith's stress approach (Griffith developed his stress approach in

1924). This approach is based on the equation developed by Inglis (1913) and Denkhaus (1958)

for and elliptical flaw:

a, m(m + 2)cos 2 a - sin 2 al+ f(, + 2m)sin 2 a - /H
2 cos 2 al- r, 2(1 + n12 )sin acos al

b12 cos2 a+sin2 a

(2.14)

In which

Gb - tangential stress on the boundary of the ellipse (flaw);

yx - stress acting parallel to the axis of the elliptical flaw, as shown in Figure 2.10 a);

ay - stress acting perpendicularly to the axis of the elliptical flaw, as shown in Figure 2.10 a);

xxy - shear stress acting along the axis of the elliptical flaw, as shown in Figure 2.10 a);

n7 - ratio between the minor and major axis of the ellipse (b/a) as shown in Figure 2.10 b);

a - eccentric angle of a point on the ellipse, as shown in Figure 2.10 b);
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The equation (2.14) can be simplified by taking a = 0. (Gb is expected to be maximum near the

flaw tip). For this condition, one obtains:

(2.15)2(a m -
b 2  2

mi +t a-

0

Differentiating (2.15) in order of a, so one can determine the maximum tangential stress Gb on

the boundary of the elliptical flaw, one obtains:

as m a2 + 2

7C

0/

4 44

I

0~
3

b0)

b)

Figure 2.10 - a) Stress system acting on a potential failure plane in rock (Stagg and Zienkiewicz, 1968), and b)

geometry of an elliptical flaw
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Considering ay = o, and ,xy = 0, with at being the tensile resistance of the material, the equation

(2.16) becomes:

ab -m = 2a, (2.17)

Substituting (2.17) in (2.16), the following equation of a parabola in the rxy - ay plane is

obtained, as illustrated in Figure 2.11 a):

T = 4a,(a, -a) (2.18)

Hoek and Bieniawsky (1965) also proved that the initiation of a new crack from the existing

elliptical flaw in a compressive stress field does not occur in the major axis of the existing flaw,

but at an angle y, as shown in Figure 2.11 b). The Griffith stress approach is therefore able to

predict the initiation of primary cracks in a plate subjected to compressive stresses. However,

this approach is only applicable to open elliptical flaws, and even though it is valid for primary

crack initiation, it can not model crack propagation (after a first crack initiates, equation (2.14) is

not valid any longer). Moreover, secondary crack initiation can not be predicted.
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Figure 2.11 - a) Relation between the normal and shear stresses required to initiate tensile fracture from an elliptical

flaw and b) Cracks propagating from the existing flaw, at an angle y with its plane (Stagg and Zienkiewicz. 1968)

I

2.1.2 Crack initiation and propagation experiments in rock

The goal of this section is to briefly discuss the experiments perfonned to study crack initiation

and propagation in rocks in mixed mode I-II compressive loading. The studies performed by

Reyes (1991), Bobet (1997), Wong (2008) and Miller (2008) will be described. The studies

carried out by Wong are particularly important for this thesis, since the experimental

observations made in the current study are often compared with the experimental observations

made by Wong, especially regarding the types of cracks and categories of coalescence.

The tests performed at MIT are summarized in Table 2.1, while tests conducted by other

researchers are summarized in Table 2.2. The specimens used in the MIT experiments had the

dimensions 6"x3"xl.25" and were usually uniaxially compressed, with the exception of Bobet

(1997) who also tested specimens under biaxial compressive loads. The materials tested ranged

between molded gypsum, granite and marble. In most experiments, two flaws were introduced in

the specimens, creating double-flaw geometries whose parameters are shown in Figure 2.12 a).
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Wong (2008) also studied single flaw geometries, whose single parameter is the flaw inclination,

as illustrated in Figure 2.12 b). The flaw length used in the tests was 12.7mm or 0.5". Janeiro

(2009) also studied crack initiation, propagation and coalescence in gypsum with stiffer and

softer inclusions. Brooks (2013), on the other hand, studied the microstructure and nano-

mechanics of the process zone around prefabricated flaws in uniaxially compressed Carrara and

Danby marble specimens.
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Table 2.1 - Summary of experiments on crack propagation processes in rocks performed at MIT

Note: * means double-flaw geometries; ^means single-flaw geometries

Authors Material Dimensions Nature of pre-existing Loading
of specimens flaws/inclusions mode

Brace and
Bombolakis Columbia Resin 39 Prismatic Single- and array of Uniaxial

(1963) flaws

Mixture of hydrocal
Reyes B- 1 (gypsum),

(199 1)*, celite, and water at 6" x 3" x 12.7mm (0.5") long,
Reyes & mass ratios of 1.25" ~0.25mm wide open Uniaxial
Einstein 700:8:280; flaws flaws
(1991)* made by

displacement method

Shen et al. 6"1 x 3" x 12.7mm (0.5") long,

(1995) Gypsum 1.25', 0.1mm wide open and Uniaxial
closed flaws

Bobet (1997)*,
Bobet & 612.7mm (0.5') long Uniaxial and
Einstein Same as Reyes (1991) 1.25" 0.1mm wide open and biaxial

(1 998a)* closed flaws

12.7mm (0.5") long,
Martinez Barre granite and 6" x 3" x 2mm wide open flaws
(1999)* Ver We 1.25" with cylindrical tip

marbleshp______ shape
12.7mm (0.5") long,

Wong (2008) Gypsum (as Reyes) 6" x 3" x 0.1mm (gypsum) and Uniaxial*^ and Carrara marble 1.25" 1.3mm (marble) wide
open flaws

6") x 3" x 12.7mm (0.5") long,
Miller (2008)* Barre granite 1.25,, -1.3mm wide open Uniaxial

flaws
Gypsum (as Reyes) Single and double

Janeiro (2009) and inclusions with 6" x 3" x inclusions with several Uniaxial
stiffer and softer 1.25" shapes: circular,

gypsum square, diamond
Uniaxial

Brooks(2013) Carrara and Danby 6" x 3" x 1.3mm wide open flaws followed by
marble 1.25" nano-

indentations

Morgan 98.4 mm (0.33") long,

(2015)* Opalinus shale 4" x 2" x 1" 0.79 mm wide open Uniaxial
flaws
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Table 2.2 - Summary of experiments on crack propagation processes in rocks performed outside MIT

Authors Material

Nemat-Nasser and Horii (1982) Columbia Resin 39
Horii and Namet-Nasser (1985)

Hoek and Bieniawsky (1965) Glass
Bieniawsky (1967)

Lajtai (1970)
Nesetova and Lajtai (1973) Plaster of Paris

Pettit and Barquins (1988) PMMA
Chaker and Barquins (1996)

Sagong (2001) Molded gypsum
Sagong and Bobet (2002)

Wong (1997)
Wong and Chau (1997 and 1998) Sandstone-like molded barite

Wong et al. (2001

Mughieda and Alzo'ubi (2004) Sandstone-like concrete mix

Wang and Shrive (1995) Ice

Natural Rocks

Petit and Barquins (1988) Sandstone

Ingraffea and Heuze (1980) Granodiorite

Ingraffea and Heuze (1980) Limestone

Huang et al. (1990)
Chen at al. (1995) Marble

Li at al. (2005)
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L Pre-existing flaw

Pre-existing flaw

a) b)

Figure 2.12 - Parameters used to describe a) double-flaw and b) single-flaw geometries.

P is the flaw inclination angle, a is the bridging angle and L is the ligament length.

White patching and fracture process zone

The lightening of grains, also called "white patching" by some authors, has been observed during

uniaxial-compressive tests in Carrara (Wong, 2008 and Brooks, 2010 and 2013) and Danby

(Brooks, 2013) marble and in Barre granite (Miller, 2008 and Morgan et al., 2013), before visible

cracking develops. The white patching observed by Wong (2008) in marble and by Morgan

(2013) is shown in Figure 2.13 a) and b), respectively. Because of the uniform color and size of

the marble grains, white patching can be more easily observed in marble than in granite (Miller,

2008 and Morgan et al., 2013 have observed and described different white patching phenomena

in granite). Wong (2008) observed that the phenomenon macroscopically seen as white patching

was in fact caused by networks of micro-cracks, as seen in the SEM (scanning-electron

microscope) image shown in Figure 2.14 a). While white patching was not observed in gypsum

specimens, a network of micro-fractures was also seen in gypsum specimens imaged with the

ESEM (Environmental SEM), as shown in Figure 2.14 b). The process zones in granite has also

been assessed by studying the acoustic emissions produced by the micro-cracks that develop near

the flaw tips when the rock is uniaxially compressed (Labuz et al. 1987; Zietlow and Labuz,

1998; Zang et al. 2008), as well as by optical examination (Moore and Lockner, 1995 and

Nasseri et al. 2006).
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Figure 2.13 - White patching, or fracture process zone, observed in a) Carrara marble (Wong, 2008) and b) Barre

granite (Morgan, 2013)

801m 400X
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Figure 2.14 - Micro-cracking observed in a) marble and b) gypsum process zones. (Wong and Einstein, 2009)

Crack propagation and coalescence

In his study of fracture processes in single-flaw geometries in molded gypsum and Carrara
marble, Wong (2008) identified seven major types of cracks, as illustrated in Figure 2.15. Wong
(2008) also observed that wing cracks were often the first cracks to initiate, usually followed by
shear cracks. For the marble specimens, Wong also reported that white patches formed in the
location where tensile cracks would subsequently develop.
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Figure 2.15 - Types of cracks observed in single-flaw geometries. (Wong, 2008)

S - Shear crack, T - Tensile crack

The results obtained by Wong (2008) for single-flaw geometries are very useful to understand

the crack initiation and propagation processes; double-flaw geometries were more frequently

tested (see Table 2.1), in order to evaluate the interaction between flaws.

Reyes (1991) tested gypsum specimens with open flaws in double-flaw geometries. She

concluded that when the pre-existing flaws did not overlap, coalescence occurred through

secondary cracks, while for overlapping flaws, coalescence was caused by the linkage of primary

cracks. It should be noted that Reyes and Bobet distinguished between primary and secondary

cracks in contrast to Wong, who distinguished tensile from shear cracks. Reyes also observed

that the propagation of secondary cracks was associated with surface spalling and material

crushing, which indicated that the secondary cracks were probably shear-induced.

62



Bobet (1997) also performed tests in gypsum specimens with double-flaw geometries. Moreover,

he studied specimens with open and closed pre-existing flaws, and submitted to uniaxial and

biaxial loading conditions. Bobet (1997) observed that tensile (wing) cracks were usually the

first cracks to initiate, followed by shear cracks. Bobet and Reyes determined the nature of the

cracks (tensile, shear) through post-mortem fractography analysis. Since this type of analysis can

only be performed after failure, the type of cracks and their sequence might be misjudged when

using the post-mortem fractography analysis, since following displacements may destroy the

fractography of the first crack to develop. Bobet (1997) distinguished five different types of

coalescence, as illustrated in Figure 2.16.
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Type Scheatic path of Coalescence Description of Coalescence

S

S

II

S

S

IIT,

S

K

IV

T

S
V S

S
S

I

Iype 2 S , I
(Cateeorv 5)

I ype 2 S

Type of coalescing fracture: secondary shear crack. Initiation
position: preexisting flaw tips. Crack surface characterization:
rough, with many small kink steps, contains crushed gypsum

Type of coalescing fracture: secondary shear and tensile cracks.
Initiation position: preexisting flaw tips. Crack surface
characterization: some parts are clean and smooth while other
parts arc rough with crushed gypsum

Type of coalescing fracture: secondary shear crack and wing
crack. Initiation position: precxisting flaw tips. Crack surface
characterization: some parts are clean and smooth while other
parts are rough with crushed gypsum

Type of coalescing fracture: wing crack. Initiation position:
preexisting flaw tips. Crack surface characterization: smooth
and clean.

Type of coalescing fracture: secondary crack. Initiation
position: preexisting flaw tips. Crack surface characterization:
very rough. coated with a lot of crushed gypsum

Figure 2.16 - Coalescence types observed in double-flaw geometries. (Bobet, 1997)

S - Shear crack, T - Tensile crack

In order to more accurately determine the crack development sequence, Martinez (1999) used a

high-speed video camera to record the specimen's failure process. Martinez (1999) tested marble

and granite specimens with open flaws in double-flaw geometries, submitted to uniaxial

compressive loading. The five different types of crack coalescence identified in the tests are

illustrated in Figure 2.17.
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Figure 2.17 - Coalescence types observed in double-flaw geometries. (Martinez, 1999)

S - Shear crack, T - Tensile crack

Wong (2008) also used the high-speed camera in his tests performed on specimens with double-

flaw geometry subjected to uniaxial compressive loading. The materials used by Wong (2008)

were molded gypsum and marble and the pre-existing flaws were open. The double-flaw

geometry specimens tested by Wong were divided into coplanar (bridging angle a equal to zero)

and stepped (bridging angle a different from zero) geometries. Wong (2008) summarized the

coalescence patterns observed in the tests, using the types of cracks he identified for the single-

flaw geometries, as illustrated in Figure 2.15. The nine coalescence patterns identified by Wong

(2008) are shown in Figure 2.18.
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Category Coalescence patterns Crack types involved

1 *0000 0No coalescence

Indirect coalescence by two or multiple

cracks (crack types vary)

(2 cracks) ( cracks)

3 Type 2 S crack(s)

4 s Type I S crack(s)

5 T.One or more type 2 S crack(s) and type 2 T

crack segments between mnex flaw tips

Type 2 T crack(s). There may be occasional

6 T short S segments present along the

coalescence crack

7 Type I r crack(s)

Flaw tips of the same side linked up by T

crack(s) not displaying %ng appearance

8 (crack type not classified)- There may be

occasional short S segments present along the

coalescence crack

Type 3 T crack(s) linking nght tip of the top

flaw and left tip of the bottom flaw. There
9

may be occasional shon S segments present

along the coalescence crack

Figure 2.18 - Coalescence types observed in double-flaw geometries. (Wong, 2008)

S - Shear crack, T - Tensile crack
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As a part of Wong's (2008) study, the influence of the geometric parameters and specimen

material on the crack propagation and coalescence processes was also assessed. The conclusions

reached by Wong (2008) can be summarized as follows:

Material - Tensile cracks occurred more frequently in marble than in gypsum specimens, for

both coplanar and stepped geometries;

Ligament length (L) - The longer the ligament length, the less important were the effects of the

interaction between flaws. This was observed more frequently in coplanar geometries rather than

in stepped geometries;

Flaw inclination (f) - Shear cracks usually governed the coalescence process for high inclination

angles. "No coalescence" was usually reported for horizontal i.e. P equal to zero, coplanar

geometries.

Bridging angle (a) - For the geometries experiencing direct coalescence, shear coalescence was

usually associated with a low bridging angle, while tensile coalescence occurred for very high

bridging angles. For medium bridging angles, coalescence took usually place through a

combined tensile-shear crack. Also, no relation was found between the bridging angle and the

type of coalescence that occurred in stepped geometries i.e. no coalescence, direct coalescence,

or indirect coalescence.

Morgan (2013) analyzed the uniaxial compression tests conducted by Miller (2008) and Martinez

(1999) and classified the coalescence patterns observed. Figure 2.19 shows the patterns obtained

for different bridging and flaw angles for a bridge length of 2a.
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Figure 2.19 - Coalescence patterns for various double-flaw
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geometries tested in granite with flaw spacing L = 2a.
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2.2 Hydraulic fracturing

While this section will present recent numerical studies performed to simulate hydraulic

fracturing of rocks, it will emphasize the description of laboratory testing, including test setup

development and major experimental observations, performed to better understand the

phenomena involved in the hydraulic fracturing of rocks. Subsection 2.2.1 will focus on relevant

experimental studies involving hydraulic fracturing and Subsection 2.2.2 will discuss recent

numerical developments in the modeling of hydraulic fracturing.

2.2.1 Laboratory Testing

Hydraulic fracturing is a method used routinely in oil and gas exploitation and in engineered

geothermal systems. While used frequently, there are many aspects of hydraulic fracturing,

such as the direction of propagation of the newly-created fractures, interaction between

natural and newly-created fractures, mechanisms of initiation and development of cracks,

among others, which are not well understood. Since data obtained from field hydraulic

stimulations may be difficult to obtain and interpret, laboratory testing plays a major role in

understanding the way fractures initiate, propagate and interact when a rock is hydraulically

stimulated.

Various authors have performed hydraulic fracturing experiments using different rocks and

test setups throughout the last decades, as shown in Table 2.3. In this subsection, the

experiments marked with a * will be described in greater detail.
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Table 2.3 - Hydraulic fracturing experiments conducted by other researchers

Authors (year) Materials tested Shape of specimens

Zoback et al. (1977) * Ruhr and Weber sandstones Cylindrical and cubic

Papadopoulos et al. (1983) PMMA, Dislash Blocks and cylinders

Arizona-, Berea-, Coconino-, Rectangular/prismatic

Teufal and Clark (1984) * and Tennessee sandstones; composite three-layer

Lueders limestone specimens

Tennessee and NuggetCyidca
Warpinsky et al. (1982) * Cylindrical

sandstone

De Pater et al. (1994) * Cement and Dislash Blocks

Song et al. (2001) * Tablerock sandstone Cylindrical

Casas and Miskimins
Colton sandstone Block

(2006)

Athavale and Miskimins Laminated and

(2008) homogeneous cement Blocks

Indiana limestone and
Moreno et al. (2010) pyrophyllite Cylindrical

South Australian
Bunger et al. (2014) gabbronorite Blocks

Flechtingen Rhyolite,

Molenda et al. (2015) Bebertal Sandstone, Cubic

Fredeburg Slate

Ramos et al. (2016) Berea sandstone Cylindrical

Basaltic tuff cores
Bakshi et al. (2016) (Newberry EGS field) Cylindrical

Xing et al. (2016) Polyurethane Blocks

Marcellus shale and
Ingraham et al. (2016) Westerly granite Cylindrical
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Zoback et al. (1977) are amongst the first researchers to simulate hydraulic fracturing in the

laboratory. Zoback at al. (1977) tried to understand the dependence of the breakdown

pressure (or the critical borehole pressure required to induce a tensile fracture perpendicular

to the least principal compressive stress) on the rate of borehole pressurization, as well as

the influence of pre-existing cracks on the orientation of newly-formed fractures. While

cubical and cylindrical specimens were tested, emphasis is given here to the tests performed

on cylindrical specimens. Hydraulic fracturing tests were performed on cylindrical (6 cm in

length, 3 cm in diameter) rock specimens under constant triaxial stress conditions. A

pressurized axial borehole with 2 to 3 mm in diameter was used to inject lubricating oil

through the base-plate of the triaxial pressure vessel. Before being hydraulically fractured,

the specimens of Ruhr sandstone and Weber sandstone were pre-loaded by a constant axial

stress of about 40 MPa and a confining stress of 10 MPa. Fluid was injected into the

boreholes at either constant pressurization rates or constant flow rates. The results presented

by Zoback et al (1977) indicate that the breakdown pressure for both rocks increases with

pressurization rate, as shown in Figure 2.20 a) and b) for Weber and Ruhr sandstone,

respectively.
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Figure 2.20 - Breakdown pressure versus pressurization rate for a) Weber and b) Ruhr sandstones (Zoback et al.,

1977)

By using AE sensors to monitor microseismic activity in the tests performed in the cubic

specimens, Zoback et al. (1977) also observed a sudden increase in seismic activity seconds
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before the breakdown pressure PB, as shown in Figure 2.21. This increase was interpreted as

the tensile fracture initiation and was called P1 (pressure at fracture initiation).
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Figure 2.21 - Borehole pressure and acoustic emission activity measured in a hydraulic test performed in a Ruhr

sandstone specimen, showing breakdown pressure PB and pressure at fracture initiation (Zoback et al., 1977)

Other researchers, such as Teufel and Clark (1984), have been trying to understand the

conditions necessary to contain a hydraulic fracture. Teufel and Clark (1984) performed

hydraulic fracturing experiments on rectangular composite three-layer specimens 9.5 in- (24 cm)

long, 7.9 in- (20 cm) thick, and 7.9 in- (20 cm) wide, as shown in Figure 2.22. A 0.27-in (0.65-

cm) borehole was open through the center of the composite specimens and a hollow steel packer

was inserted into it and subsequently cemented with epoxy. This steel packer was used to inject

the fluid into the rock being tested. A solid steel packer was cemented by epoxy into the other

end of the borehole, and a 0.8 in (2-cm) long openhole section was therefore created in the center

of the middle layer. This ensured that fracture initiation occurred in the center of the middle layer

when fluid pressure was applied to the borehole through the hollow steel packer. The

experiments used oil to pressurize the borehole made in specimens of Arizona-, Berea-,

Coconino-, and Tennessee sandstones, as well as Lueders limestone. Different combinations of

layers were used in the experiments, namely outer Layers A and C different from middle Layer

B, a condition called dilithologic, and all the layers the same, a condition which was called

monolithologic. Constant vertical stresses up to 25 MPa (3,626 psi) were applied to the

specimens, while the fluid pressure in the borehole was increased. The surface roughness of the
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interfaces was varied by polishing them with different abrasives, and measured with a surface

profilometer. The interfacial shear strength was then determined by multiplying the nonnal stress

used in the experiment by the coefficient of static friction (which is dependent on the rock type

and surface roughness of the interface) measured using a direct friction apparatus.

As can be seen in Figure 2.23, there is a clear distinction in fracturing behavior depending on the

interface strengths and for different tensile strengths (based on unconfined direct-pull tension

tests) of the materials used. For lower interfacial shear strengths the fracture is contained at the

interface while for higher shear strengths the hydraulic fracture crosses the interface. Therefore,

Teufel and Clark (1984) demonstrated there is a critical interfacial shear strength that had to be

exceeded before fracture growth across the interface occurred.
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Figure 2.22 - Schematic diagram of the specimen configuration for hydraulic fracture experiments (Teufel and

Clark, 1984)
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Figure 2.23 - Relation of interfacial shear strength to tensile strength of monolithologic specimens on the extent of

hydraulic fracture propagation. (Teufel and Clark, 1984)
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Warpinski et al. (1982), on the other hand, studied the effect of in-situ stress variations on the

containment of hydraulic fractures. The experiments were performed in Tennessee- and Nugget

sandstone specimens, which were cut and ground into cylinders with 8 in (20 cm) diameter, and

either 4 in (10 cm) or 8 in. (20 cm) length. The samples 4 in. (10 cm) long were stacked in order

to obtain a material interface in which no bonding material was used. The 8-in long samples

were not stacked so no material interface was produced; the results obtained with these

specimens are not addressed here. A hole with 0.75 in (1.90 cm) in diameter was drilled 2.25 in

(5.72 cm) into the top of the specimen, and an aluminum casing was epoxied in the hole, as

shown in Figure 2.24. A 0.5-in (1.27-cm) hole was farther drilled 1-in (2.54 cm) into the top

specimen .This is the zone where the hydraulic fractures were expected to initiate, also called

open-hole. Figure 2.24 a) shows that the setup also allowed one to apply confining stresses

around the bottom specimen through a cylindrical stress ring, or around both specimens if two

cylindrical stress rings were used, as well as vertical stresses. Figure 2.24 b) shows the apparatus

mounted in a loading frame.

The results of several tests performed with different overburden and confining stresses suggest

that a 300- to 400-psi (2- to 3-MPa) differential confining stress across adjacent rock strata was

sufficient to restrict the growth of a hydraulic fracture for the sandstones tested in these

experiments. The differential confining stress is obtained by subtracting the confining stress

applied to the top specimen (Rock Specimen A in Figure 2.24 a)) to the confinement stress

applied to the bottom specimen (Rock Specimen B in Figure 2.24 a)). The restriction to the crack

growth is shown, for example, in Figure 2.25, in which a 3,000 psi (20.7 MPa) overburden was

applied in Tennessee sandstone specimens and the differential confining stresses between the

two rock specimens were varied between 0 and 1,000 psi, or 6.9 MPa (this differential confining

stress is defined here as the confining stress used in the bottom rock specimen, since no

confining stress was used in the top specimen). As the wet region indicates, the fracture

propagates through the interface in the tests performed with the lowest confining pressure (0 and

250 psi) but is contained when the confining stresses are higher. The mechanical properties of

the rock were not found to significantly affect the differential confining stress necessary to

restrict the growth of the fracture, since the same conclusions were reached for the hydraulic

fracturing tests conducted with Nugget sandstone.
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One of the major issues concerning hydraulic fracturing experiments in the laboratory is their

scalability to field problems. De Pater et al. (1994) derived scaling laws that relate experimental

parameters of a physical model of hydraulic fracture propagation to the prototype parameters.

The scaling laws presented by de Pater et al. (1994) aimed at the correct representation of the

elastic defornation, fluid viscosity, crack propagation, and fluid leakoff. Based on the model

laws derived it was found that high viscosity fluid and low fracture toughness are required in the

laboratory tests in order to appropriately simulate the physical processes that occur in field

hydraulic fracturing. Hydraulic fracturing tests were performed on cement blocks (CIA and COV

in Table 2.4) and on Dislash (in which fracturing was achieved by pumping fluid in the interface

of a rubber block and a transparent PMMA block) specimens using fluids with different

viscosities to confirm that the model laws derived were universal. The parameters used in these

tests are shown in Table 2.4. Figure 2.26 plots the ratio between the radius of a propagated

fracture rt- and of the wellbore r, (fluid was injected into the specimens through a circular

borehole) versus the characteristic time for the propagation of a hydraulic fracture (t/,r*) defined

thoroughly in de Pater et al. (1994), but not in the scope of this section. As can be seen, there is a

universal relation between rf/rw and t/T* which proves that the scaling laws derived are valid for

different materials and fluid viscosities.

Table 2.4 - Experimental parameters used in hydraulic fracturing experiments (de Pater et al., 1994)

TABLE 2-EXPERIMENTAL PARAMETERS OF RECENTLY REPORTED EXPERIMENTS USED FOR FIGS. 4, 5, AND 2
Block Confining
Size rw Stress pi E Kic k

Experimnent (m) (mm) (MPa) Fluid (Pa - s) (CM3/Min) (GPa) [MPa(mnV)l (mnd)
DislashC 0.1 1.5 0.28 Polymer 10300 2.4 0.001 0 0

CIA2y 0.3 2.8 12.4 Polymer 600 0.02, 7.6 0.22 0.
(DC200) 0.08

COV No. 146 0.3 10 9.7 al 0.3 1 is 0.5 0.0
2

COV No. 2 0.3 10 9.7 Oil 0.3 0.2 is 0.5 0.0
2

COV No. 5 0.3 10 9-7 Polymer 100 0.2 24 0.6 0.2
COV No. 6 0.3 10 9-7 Polymer 100 0.2 24 0.6 0.2
COV No. 7 0.3 10 9.7 Polymer 12.5 1 24 0.6 0.2

COV No. 11 0.3 10 9 Polymer 100 0.2 24 0.6 0.2
COV No. 12 0.3 10 9.7 Polymer 100 0.2 24 0.6 0.2 1
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Figure 2.26 - Universal relation between rf/rw and time t/t* (de Pater et al., 1994)

Hydraulic fracturing experiments were also conducted by Song et al. (2001) to better understand

the breakdown pressure in Tablerock sandstone. A setup was developed, as shown in Figure

2.27, in which several parameters could be controlled, namely the vertical stress Tv, the

horizontal confining stress 71, which was uniform around the rock specimen, the initial pore

pressure Po and the fluid pressure P applied in a borehole drilled through the center of the

cylindrical specimen. The tests were performed in thick-walled cylindrical Tablerock sandstone

specimens, in which small slots were cut in the outside wall of the cylindrical specimen, in order

to apply the initial pore pressure Po. The specimens were initially subjected to constant vertical

and horizontal stresses as well as to pore pressure; the fluid pressure P was subsequently

increased inside the borehole until a fracture propagated and the fluid pressure dropped. The

maximum fluid pressure reached before the fracture propagated is called the breakdown

pressure, Pc.

The results showed that as Pc - Po is linear dependent on Gh - Po, as shown in Figure 2.28. In this

figure, Song et al. (2001) plot Pc - Po against Ti - Po. This supports the hydraulic fracturing

criterion proposed by Detoumay and Cheng (1992), which states that:

PC PO= T + 3u - u- 2
c o 1 + (1 - 2rl)h(y)
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In which uh and (H are the minimum and maximum horizontal principal stresses, respectively.

and Thf is tensile strength of the rock. q is a poroelastic parameter given by:

a(1 - 2v)
r, 2(1 - v)

Where v is the Poisson ratio and x is the Biot parameter defined by Hubbert and Willis (1957).

h(y) is derived from the diffusion equation and represents the pore pressure distribution in the

vicinity of a wellbore, as shown for example in Figure 2.29 for a specific q = 0.27. y is a

dimensionless pressurization rate defined as y AX2/4cS, where A, k and c are the borehole

pressurization rate, micro-crack lengthscale, diffusivity coefficient, respectively and S is the

numerator of the Detournay and Cheng (1992) criterion.
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PT: pressure transducer
><. hydraulic valve
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Fig. 1. (a) Prepared specimen for hydrofracturinq test and (b) schematic of experimental setup.

Figure 2.27 - Test setup used in the laboratory hydraulic fracturing of Tablerock sandstone (Song et al.. 2001)
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Figure 2.29 - Function h(y) derived from diffusion equation for l = 0.27

Ingraham et al. (2016) studied the hydraulic fracturing of Westerly granite and Marcellus shale

in the laboratory. The granite specimens were cylindrical with a diameter of 10.2 cm and a length

of 20.3 cm. The shale specimens were cylindrical with a diameter of 7.6 cm and a length of 15.2

cm; the bedding planes of the shale specimen were parallel to the axis of the cylinder. A borehole

was drilled along the axis of the cylinders so fluid pressure could be applied, as shown in Figure

2.30 a) and Figure 2.31 a) for the granite and shale specimens, respectively. A confining pressure

of 6.9 MPa was applied to the granite specimen and subsequently an axial stress of 3.3 MPa was

applied (total axial stress 6.9 + 3.3 = 10.2 MPa). A confining and axial stress of 20.7 MPa was

initially applied to the shale specimen. Subsequently, the axial stress was decreased from 20.7

MPa to 0.5 MPa while keeping the confining stress at 20.7 MPa; this was done to put the rock in

axial extension, which is the stress condition that the in-situ packers introduce to the rock in the

field. Water was the fracturing fluid used; more importantly, after fractures were created in the

granite specimens, the fluid was changed to a guar-based fluid laced with aluminum oxide

particles (average size of 104 pm). Aluminum oxide was used because of its high contrast when

viewed in the micro-CT scanner compared with the silicate rocks (Note: Ingraham et al., (2016)

replaced the aluminum oxide by silicon carbide particles in subsequent tests, since aluminum

oxide changed the rheology of the fluid). The water pressure inside the borehole was increased in

both specimens until fractures propagated. Ingraham et al., (2016) observed that the cracks

propagated parallel to the direction of maximum compression, which was vertical/axial for the

granite specimen and horizontal/lateral for the shale specimen, as shown in Figure 2.30 b) and

Figure 2.31 b), respectively. This meant that the fractures propagated perpendicularly to the

bedding planes in the test performed in shale, therefore indicating that the direction of fracture
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propagation is primarily dependent on the in-situ stresses to which the rocks are subjected.

Micro-CT images of the fractures obtained in the granite and shale tests are shown in Figure 2.30

b). The images obtained from the granite specimen show the distribution of the proppant within

the fracture, yielding useful information about the channels used by the fluid to move within the

fracture.

17m

a) b)

Figure 2.30 - a) Westerly granite specimen showing borehole used to inject water and hydraulic fracture the rock

and b) micro-CT scan images of the fracture propagated in granite (top) and distribution of proppant within the

fracture (bottom). (Ingraham. 2016)

a) b)

Figure 2.31 - a) Marcellus shale specimen showing borehole used to inject water and hydraulic fracture the rock and

b) micro-CT scan image of the fracture propagated in shale. (Ingraham, 2016)
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2.2.2 Numerical Modeling

Much effort has been put in trying to numerically model hydraulic fracturing. Researchers have

been modeling with some success hydraulic fracturing, using a coupled geomechanical model

embedded in Finite Element (FE) codes. In such an approach, the rock mass/matrix is modeled

as a continuum i.e. the fractures in the rock matrix are considered implicitly as quasi-porosity,

and an initial fracture propagates into this continuum. Once it propagates into the rock mass, the

propagating fracture changes the properties of the formation, particularly its permeability and

porosity, which are usually considered stress-dependent.

While the FE analyses have been the most used method to numerically analyze hydraulic

fracturing, other methods have been developed and used, such as the extended finite element

(XFEM), distinct element (DEM), boundary element (BEM), extended finite difference

(XFDM), and smoothed particle hydrodynamics (SPH) methods, amongst others. Table 2.5 lists

recent numerical efforts to model hydraulic fracturing numerically, distinguishing between the

types of model of each numerical method, namely continuum, discontinuum and hybrid

continuum/discontinuum (a thorough discussion on the characteristics of these types of models

can be found in Morgan, 2015). In this subsection, the three numerical methods marked with a *

in Table 2.5 will be analyzed in more detail, namely a Finite Element method used by Yao

(2012), an explicit Finite Difference method used by Zhou and Hou (2013), and a Distinct

Element method used by Shimizu et al. (2011).
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Table 2.5 - Numerical modeling of hydraulic fracturing

Type of model Numerical

(according to Morgan, 2015) method

Settari et al. (2002)

Ji et al. (2009)

Yao (2012) *

Yarushina et al. (2013)
FEM

Hou et al. (2013)

Wangen (2013)

Cheng and Ghassemi (2016)

Continuum Huang and Ghassemi (2016)

Fata (2016)

BEM Ghassemi (2016)

Kamali and Ghassemi (2016)

Gordeliy (2016)

XFEM Parchei-Esfahani and Gracie (2016)

Abbas et al. (2016)

XFDM Zhou and Hou (2013) *

Munjiza (2004)

Shimizu (2011) *
Discontinuum DEM

Zhou et al. (2016)

Zhangh (2016)

Hybrid SPH Pramanik et al. (2016)

FEM/DEM Profit et al. (2016)

Yao (2012), used a cohesive zone method embedded in a Finite Element code to model crack

initiation and growth in quasi-brittle materials. The cohesive zone method is a numerical tool

used primarily to consider the material softening effect, which may be important in soft rocks,

such as shale. Yao (2012) used this model to simulate a three-layer 3D system in which

overburden and lateral stresses were applied at the boundaries of the model as well as an initial
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pore pressure, as shown in Figure 2.32. The injection point was set at the center of the middle

layer, represented by a red arrow. In this model, no leakoff was considered, since one of the

objectives was to compare the numerical result with the analytical solution proposed by Dean

and Schmidt (2009), in which no fluid leakoff is assumed. A fracture with 45 m developed

through the center plane of the model, as shown in Figure 2.33 a) and b). This result compared

well with the analytical solution by Dean and Schmidt (2009), in which a 43.1 i-long fracture

was obtained.

Overburoen pressure

Upper
layer

middle
layer (pay
zone)

laye r

Figure 2.32 - 3D cohesive zone model and boundary conditions used to predict hydraulic fracture length with one

perforation zone (Yao, 2012)

a) b)

Figure 2.33 - a) Fracture prediction and b) fracture schematic obtained by using one perforation zone in a 3D

cohesive zone model (Yao, 2012)
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Zhou and Hou (2013) modeled hydraulic fracturing using a coupled hydro-mechanical model

embedded in an explicit finite difference code FLAC3D. In order to simulate the propagation of

a crack, elements with three levels of damage were defined: unfractured, completely fractured

and fracture front elements, as shown in Figure 2.34 a). The hydraulic part of the model used a

simplified flow equation based on the Navier-Stokes equation and Darcy law both in the fracture

and in the matrix. This was accomplished by dividing the elements where a fracture has

propagated into two, as shown in Figure 2.34 b); both parts have a contact area with the fracture

and therefore contribute to the flow calculation.

In order to validate their model, Zhou and Hao (2013) compared the numerical results from a

model with 0.38 m x 0.38 m x 0.46 m shown in Figure 2.35 with experimental results obtained

from hydraulic fracturing tests perfonned in a block of Colton sandstone with the same

dimensions of the model. The numerical results compared well with the experimental

observations, as shown in Figure 2.36 and Table 2.6.
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Figure 2.35 - Model used in FLAC3D to study hydraulic fracturing (Zhou and Hao. 2013)
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Figure 2.36 - a) Contour distribution of the fracture width after injection and b) fracture shape obtained in the

hydraulic fracturing test (Zhou and Hao, 2013)

i

Table 2.6 - Comparison between numerical results and experimental observations (Zhou and Hao. 2013)

Fracture geometry Experiment FLAC3D

Fracture half length (m) 0.32/0.36 0.273
Fracture height (m) 0.67 0.686
Average fracture width (m) 249.6 249.9
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A 2D distinct element method (DEM) was used by Shimizu et al. (2011) to study the effects of

fluid viscosity and particle size distribution in the hydraulic fracturing of hard rocks. In the

DEM, the intact rock is modeled as a dense packing of small rigid circular particles that are

bonded at their contacts by normal, shear and rotational springs, as shown in Figure 2.37. Two

criteria were used for crack formation: a tensile crack occurred if the normal stress applied to the

normal spring between two elements reaches a critical value; a shear crack occurred if the shear

stress applied to the shear spring between two elements reaches a critical value. When either of

these cracks occurs, the three springs bonding the two elements are removed from the model and

a crack is assumed between them. As shown in Figure 2.38, channels between the rigid circular

elements are considered in order to calculate the flow in the matrix and in the created fractures,

using the Poiseuille equation. Shimizu et al. (2011) modeled a borehole with the surrounding

rock showing two particle distributions - a heterogeneous and a homogeneous - as shown in

Figure 2.39, and two different viscosities of the fracturing fluid (0.1 mPa.s and 100 MPa.s).

Based on these conditions, four cases were considered: A-low - heterogeneous with low

viscosity fluid; A-high - heterogeneous with high viscosity fluid; B-low - homogeneous with

low viscosity fluid; B-high - homogeneous with high viscosity fluid. The results of fluid

penetration and consequent saturated area that develops around the borehole for the time step

immediately before crack initiation for the four cases analyzed are shown in Figure 2.40 (left). It

is clear that the fluid with less viscosity penetrated deeper into the rock, as expected. Figure 2.40

(right) shows the fractures produced for the cases studied; it can be observed that the direction of

propagation is always parallel to the direction of maximum compressive stresses. In addition,

Shimizu et al. (2011) showed that, according to their model, most of the cracks produced are of

tensile nature, as summarized in Table 2.7. In the same table, it can also be observed that the

crack initiation pressure is smaller than the breakdown pressure (which is the pressure at which

the fracture completely propagates and some of the fluid pressure is lost), and that this difference

increases significantly for the cases in which a more viscous fluid is used. Furthermore, the crack

initiation and breakdown pressures are always higher when the higher-viscosity fluid is used.
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Figure 2.37 - Rigid circular elements and respective bonds, modeled as normal, shear and rotational springs, used in

the discrete element method (Shimizu et al., 2011)
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Figure 2.39 - a) Loading conditions and b) heterogeneous and b) homogeneous particle

the DEC model (Shimizu et al., 2011)
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Table 2.7 - Summary of the simulation results (Shimizu et al., 2011)

Crack initiation pressure (MPa) Breakdown pressure (MPa) The number of microcracks

Tensile crack (%) Shear crack (%)

Case Al- low 19.73 21.40 151 (93.8) 10(6.2)

Case Al-high 23.84 26.09 144 (94.1) 9 (5.9)

Case A2-low 18.40 18.89 159 (94.6) 9 (5.4)

Case A2-high 21.14 37.41 260 (90.9) 26 (9.1)

Case A3-low 20.91 20.96 131 (95.6) 6 (4.4)

Case A3 -- high 23.39 27.20 154 (92.2) 13 (7.8)

Case B1-low 20.26 21.34 261 (98.5) 4(1.5)

Case B1-high 23.84 40.42 258 (91.2%) 25 (8.8)

Case B2 -low 20.02 22.32 236 (97.1) 7 (2.9)

Case B2-high 24.74 39.46 319 (90.9) 32 (9.1)

Case B3-low 17.32 20.21 314 (99.0%) 3 (1.0)

Case 83-high 23.79 37.95 247 (90.8) 25 (9.2)
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2.3 Micro-seismicity and Acoustic Emissions due to Rock Fracturing

The micro-seismicity, called acoustic emission activity in the context of this research, has been a

relevant issue in the hydraulic fracturing of rocks for oil, gas and heat exploitation. The micro-

seismicity might be negative on one hand, since it may cause damage of property or even loss of

lives if high-magnitude events are produced, but may also provide important information about

the fracturing processes that occur in the subsurface when a rock is hydraulically fractured. This

subsection will first give a brief overview of the principles of wave propagation and

subsequently present laboratory testing and field applications in which the micro-seismicity

produced when a rock is fractured has been used to obtain information about its fracturing

processes.

2.3.1 Principles of Wave Propagation

The wave equation for seismic waves in homogeneous media can be represented as follows

(refer for instance to Aki and Richards, 1980):

pu = (A + 2p)VV -u - yV x V x u

In which u is the vector of displacements (ux, uy and uz) and ii is the vector with the second time

derivatives, or acceleration, of a particle (ax, iy, iiz); p is the density of the material and p and X

are the Lame parameters, which are related with the Young's modulus E and Poisson's ratio v as

follows:

A =Ev
(1+V)(1-2v)

And

E

2(1+v)

If one applies the divergence to the wave equation, one obtains the solution for the P-wave

displacements, which are graphically represented in Figure 2.41 a):
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d(V -u) ( + 2p )V2(V)
0t p

from which the P-wave velocity x can be obtained as:

a (A +2py)
a-=

p

Which can also be written in terms of E, v and p:

E(1 - v)
a p(1 + v)(1 - 2v)

If one applies the curl to the wave equation, one obtains the solution for the S-wave

displacements, which are graphically represented in Figure 2.41 b):

d(V x u) p
=-V2(V x u)Otz p

from which the S-wave velocity P can be obtained as:

p

Which can also be written in terms of B, V and p:

E
2p(1+ v)
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It is clear that the P-waves are faster than the S-waves. In fact, if one plugs the Lam6 constants

into the expressions for the P- and S-wave velocities, one obtains:

2 2(1 - v) 2

(1 - 2v)

This means that the relation between the velocities of the P- and S-waves depends solely on the

Poisson ratio. If a Poisson ratio of v = 0.25 is assumed (common for rocks), then

a2 = 3.0 fl2 or a = 1.73 f

Which means that for the Poisson ratio assumed, the P-waves are 1.73 times faster than the S-

waves.

A/z

a)

b)

Figure 2.41 - a) P-wave and b) S-wave motions

While P- and S-waves are body waves, there are also surface waves produced when the body

waves reach boundaries. The surface waves can be classified as Love and Rayleigh.

The Love waves occur when S-waves with horizontal polarity (SH) reach the surface and

become "trapped" in an upper layer of finite thickness i.e. the SH waves bounce back and forth

between the surface and the bottom interface of the layer with finite thickness, as shown in
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Figure 2.42 a). The Love waves travel at approximately 90% of the velocity of the S-waves and

usually have higher amplitudes than the Rayleigh waves.

The Rayleigh waves occur when P- or S-waves reach the surface. They travel slightly slower

than the Love waves and are usually called ground roll waves because they travel as ripples with

motions that are similar to those of the waves observed on the surface of water. However, the

particle motion at shallow depths is retrograde, as shown in Figure 2.42 b).

Love wave Rayleigh wave

Ground Ground
surfacesrfc

Wave propagation

a) b)

Figure 2.42 - Motions of surface waves a) Love and b) Rayleigh

In order to represent the mechanism of a seismic event, seismologists use the moment tensor.

The moment tensor is a mathematical representation of the movement of an infinitesimal

fracture, as shown in Figure 2.43. It consists of nine generalized couples, or nine sets of two

vectors, three diagonal and six off-diagonal tenris. The three diagonal terms (Mi 1, M22 and M33 )

represent opening (positive) or closure (negative) of a fracture and the six off-diagonal terms

represent sliding mechanisms in the different planes. From the six off-diagonal terms, only three

are independent since M 12=M 2 1, M13=M31 and M 23=M 32.

94



3

11.11[1,1]

2

3

[1 ,2]

3

[22]

2

3

[3 
2]

[1,3]

[2.3]

2

3

[3,31

Figure 2.43 - Moment tensor with its different components (from Aki and Richards, 1980).

In order to represent seismic events with different magnitudes, the moment tensor described in

Figure 2.43 is multiplied by a scalar Mo, which represents the magnitude of the events, such as:

Mjj = MO (Mij + M1i)

The magnitude Mo of the seismic moment is given by:

Mo = MDA

In which p is the shear modulus of the material, D is the average displacement in the fault, or

crack, and A is the area of the fault. One can also calculate the moment magnitude Mw based on

the magnitude of the seismic moment:

logMo
M 1.5 -10.73
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The moment tensor is often decomposed into different components in order to simplify the

interpretation of seismic events. Researchers have used various ways to decompose the moment

tensor, depending on the type of analysis made. Here, the standard decomposition, as described

for instance by Vavryouk (2015), is given. The moment tensor M can be decomposed into an

isotropic (Miso), double-couple (MDC) and compensated linear vector dipole (MCLVD):

M = MISO + MDC + MCLVD= MISOEIS + MDCEDC + MCLVDECLVD

In which Elso, EDC and ECLVD are the elementary tensors defined as:

1
EIso = 0

-0

-1

EDC=0

-0

0
0
0

1
ECLVD ~2

0
1
0

01
0
1-

0 0

-1 1

2 0
0 -1
-0 0

0
0
0

11
0

0
0

--

A3

*
1

A3

t
1

1

*2

A3

22
4-

pK 2

And Miso, MDC and MCLVD are scalars that can be defined using the principal moments (or

eigenvalues) MI, M2, and M3 assuming Mi > M2 > M3:
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1
MIso= -(M 1 + M 2 + M 3)3

1
MDC =(M1 -M3 -IM1 +M 3 -2M 2 1)

2
MCLVD = -(M 1 + M 3 - 2M2 )3

2.3.2 Micro-seismicity in Laboratory Testing

The laboratory tests described in this subsection use micro-seismicity to better understand the

mechanisms involved in the fracturing of rocks. These tests do not focus exclusively on

hydraulic fracturing but on fracture mechanics of rocks in general. A brief description will be

given of the experiments and how the micro-seismic monitoring enhanced the knowledge of the

fracturing processes in rocks.

Savic et al. (1993) used arrays of AE sensors along the edges (6 on each edge) of prismatic

cement specimens with a central borehole in which water was injected, as shown in Figure 2.44.

The experiments consisted in increasing the water pressure inside the borehole in order to

propagate a fracture. While the fracture propagated, the AE sensors worked actively sending

signals from ones to the others, in order to capture waves reflected by the propagating fractures,

as shown in Figure 2.45. In this figure, several waves are stacked for different times (left are

earlier signals) near the propagation of the hydraulic fracture; the bottom diagram, for instance,

shows waves received by sensor 6 and emitted by sensor 7 in which the effect of the propagating

fracture is observed in the curved shaded part of the stacked waveforms. Savic et al. (1993)

concluded that using the sensors to actively send and passively capture reflected signals

produced a clear image of the propagating fracture.
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Figure 2.44 - Typical specimen geometry and sensor layout (Savic et al., 1993)
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Figure 2.45 - Waveforms produced by different combinations of sending and receiving sensors showing the effect of

the propagating fracture in the received waves (Savic et al., 1993)
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Matsunaga and Kobayashi (1993) tested blocks of three different rocks, namely Inada granite,
Akiyoshi marble and Komatsu andesite, subjected to a biaxial state of stress, as shown in Figure

2.46. The micro-seismic activity was passively measured by four transducers and water and oil
were used as fracturing fluids. As shown in Figure 2.47, microscopic observation of the

specimens tested showed that the aperture of fractures initiated by oil was larger than of those
initiated by water. Furthenrmore, the micro-seismic data indicated that the events produced during
the hydraulic fracturing of the different rocks were, in their majority, of shear nature.

dx

Y AE transducer

Packer

Injection Mud Baock

500kHz 2OkIz

Folier Buffe FM
Amp Amp A/D-D/A~ Ree

Pre Amp

4OdB 40dB

Figure 2.46 - Experimental layout of the seismic monitoring system. Matsunaga and Kobayashi (1993)

Water

Oil

1 mm

Figure 2.47 - Sketch of hydraulic fractures observed in thin sections obtained from the marble blocks with water and

oil used as injection fluids. Matsunaga and Kobayashi (1993)
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Ohtsu (1995), on the other hand, was one of the first researchers to study the moment tensors of

acoustic emission, or micro-seismic, events and to relate them to the source mechanisms of the

events. In this study, the seismic waves were created by propagating fractures and captured

passively by sensors. In his research, Ohtsu (1995) created a methodology named SiGMA

(simplified Green's function for moment tensor analysis), in which Green's functions were used

to calculate the moment tensor of seismic events based on the amplitude of the first P-wave

arrivals. Based on the moment tensor determined using this procedure, the source mechanisms of

the events were calculated by decomposing the moment tensor into three components (as

explained in Subsection 2.3.1). The different weights of each component yielded the type of

source mechanism of the seismic event (mainly tensile, mainly shear, or mixed tensile and

shear). In order to test the proposed procedure, Ohtsu (1995) tested a reinforced concrete beam in

bending and measured the acoustic signals with six sensors. Based on the tests, Ohtsu (1995)

found that the dominant and reliable events were of shear nature, while tensile cracks were

mainly found around the reinforcement for the stages studied, as shown in Figure 2.48.

Stage I : 0 - 49 kN

shear or mixed

Ztensile

Reinforcement

Stage III : 0 - 78.4 kN
tensile

shear or mixed

Reinforcement

- -------------------- P----- ---------------

Stage IV : 0 - 107.8 kN

shear or mixed

tensile N 4
Reinforcement I-----------

Figure 2.48 - Source mechanisms obtained with the SIGMA analysis in the bending test of the reinforced concrete

beam. Ohtsu (1995)
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The influence of the grain size in the fracturing processes was studied by Ishida (2001), by

testing four types of granite with different porosities, namely Pink granite (China), Ashio-Sohri

granite, Makabe-Kome granodiorite and Nukame granodiorite. The specimens were cubes of

20x20x20 cm 3, and the loading applied is illustrated in Figure 2.49 a). A borehole was drilled

from the center of the top to the center of the bottom face of the specimen and a packer, as

shown in Figure 2.49 b), was introduced inside the created borehole. The water pressure was

increased until fractures propagated, and the AE activity was monitored through nine sensors.

Ishida (2001) observed that the shear events were dominant due to water injection and further

pressurization whereas tensile events were dominant due to viscous oil injection. Based on the

experimental observations, Ishida (2001) stated that the distributions of AE sources were

consistent with the location of cracks observed in post-mortem specimens. It was also observed

that while the AE sources caused by water injection spread from the borehole to two surfaces of

the specimen, as illustrated in Figure 2.50 a) with an orange ellipse, they only spread to one

surface in the case of oil injection, indicated in Figure 2.50 b) with an orange ellipse.

Yrift plane

5 2silicon rubber pressurizing section
-X Px 6MPa

0 AE 20.0 injection hol~e

8 sensor

a) b)

Figure 2.49 - a) Specimen geometry, loading conditions, positioning of AE sensors and b) packer used to inject

water into the borehole (Ishida, 2001)

101



19

0 9.S 1

I

a)

*h

1L

0

9

0' 00

9

b)

Figure 2.50 - Located AE sources projected on XY. YZ and ZX planes. Broken lines indicate positions of the

boreholes. a) Water injection. b) Oil injection (Ishida, 2001). Orange ellipses show extent of the area with acoustic

emissions.
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In his doctoral research, Luke (2007) hydraulically fractured cubical blocks of acrylic, concrete,

granite and limestone with sizes up to 300x300x300 mm 3 with a central borehole, as shown in

Figure 2.51. Different loading conditions were used, namely no confinement and true-triaxial

confinement; water, brine, oil and epoxies were used as the fracturing fluids, and heat was used

in some of the tests. Acoustic emissions (AE) were monitored throughout the tests, which in

some cases, included various cycles of hydraulic fracturing. The AE events generated in a test

which was initially fractured, and re-fractured twice, are shown in Figure 2.52. One of the main

observations made was that the events are located further away from the borehole with the

successive treatments made, indicating fracture growth at each stimulation stage.
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Figure 2.51 - Granite specimen showing borehole and layout of the AE sensors Luke (2007)
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(bottom row). Luke (2007)
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Graham et al. (2010) studied the applicability of two different methods of determining the source

mechanisms of fractures, namely the polarity and the moment tensor inversion methods, in

laboratory tests. The polarity is a simple method that uses the polarity of the first P-wave arrivals

of an event at k sensors to find the average polarity (pol) of an event, using the expression:

k

pol = sign(A)
i=1

In which Ai is the amplitude of the first P-wave arrival, and sign(Ai) is its polarity. The moment

tensor inversion method used by Graham et al. (2010) was the SiGMA procedure developed by

Ohtsu (1995), which was described earlier. In order to evaluate the two methods, a triaxial test

was performed on an Aue granite core, around which 11 AE sensors were attached, as shown in

Figure 2.53 b). The granite core was initially subjected to a constant confining pressure and the

vertical load was then increased until a fracture plane developed, as shown in Figure 2.53 a). It

was found that the two techniques showed predominant tensile events in the early stages of

acoustic emission and mainly shear events closer to the peak strength of the granite core, as

shown in Figure 2.54 a) and b). In fact, the tensile events corresponded to 50% of all events and

increased to almost 80% between 3,000 sec and 4,000 sec of the test using the polarity method

and are approximately 50% of all the events for the same time window using the moment tensor

inversion method. After 8,000 sec of the test, shear events represented approximately 60% and

50% of the events using the polarity and moment tensor inversion methods, respectively. These

shear events were localized near the eventual fault plane, which can be seen in Figure 2.53 a).
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Figure 2.53 - a) Aue granite specimen after failure and subsequent unloading and b) projected specimen surface

showing position of AE sensors during testing. Graham et al. (2010)
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Figure 2.54 - Temporal variance in source type dominance classified using a) the polarity method and b) moment

tensor inversion method. Graham et al. (2010)

Stanchits et al. (2010) used cylindrical specimens of Flechtingen sandstone to study the acoustic

emissions induced by fluid injection, by using 16 AE sensors placed around the specimens, as

shown in Figure 2.55. A confining and a vertical stress of either 40 MPa or 50 MPa was initially

applied to the specimen; distilled water was then injected into a borehole drilled along the axis of

the cylinder to a pressure of either 5 MPa or 30 MPa. The injection of water at these pressures

produced a cloud of AE events as the water migrated inside the specimen from the central

borehole to the outside of the cylinder, as shown in Figure 2.56. A brittle fault also developed in

the tests performed, accompanied by a cloud of AE events (red dots in Figure 2.56).
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Figure 2.55 - a) Projected specimen surface showing position of AE sensors during testing and b) sample assembly

showing vertical gauges V 1 and V2 used to measure the shortening of the sample and lateral extensometer H used to

measure the sample diameter. Stanchits et al. (2010)
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Figure 2.56 - Time sequence of cumulative hypocenter distributions of AE events induced by injection of distilled

water into the boreholes. Color code of dots indicates time sequence of AE events for each snap-shot starting with

yellow through green, blue and finally, red hypocenters. Stanchits et al. (2010)
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A device capable of propagating fractures without using any fluid was developed by Stoeckhert

et al. (2015), as shown in Figure 2.57. Using this device and cubic (edge length = 150 mm)

specimens of Fredeburg slate with a central borehole, hydraulic fracturing tests under uniaxial

and triaxial loading were performed. For comparison, specimens of the relatively isotropic

Bebertal sandstone were also tested under the same loading conditions. Stoeckhert et al. (2015)

introduced an approach based on first motion P-wave polarity statistics to characterize the source

mechanism without having to use shear wave data. Using this approach, it was found that the
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source mechanisms during fracture growth are primarily tensile (T-type) and during fracture
closure are mainly compressive (C-type) in the tests performed in sandstone specimens. In the
tests performed in slate specimens, the source mechanisms are predominantly shear (S-type)
during fracture growth and closure.

I

Figure 2.57 - Schematic drawing of the experimental setup. The principal stresses 02 and m3 are applied by two

super flat cylinders through pressure intensifiers 2 and 3, the principal stress 0i (vertical) is applied by the hydraulic

ram I and the fluid pressure is applied in the borehole through the pressure intensifier on the right. Stoeckhert et al.
(2015)
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Figure 2.58 - Acoustic emission source

al. (2015)
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2.3.3 Micro-seismicity in Field Applications

While the seismicity produced when cracks, or fractures, initiate and propagate is useful to

enhance the understanding of the fracturing mechanisms that occur in laboratory tests, it has also

been extensively used to better characterize hydraulic fracturing in the field. Not only is

seismicity being used to determine the location and source mechanism of events produced during

hydraulic stimulation in oil and gas exploitation, it has also been extensively used in Enhanced

Geothermal Systems (EGS) projects. This subsection will briefly describe how micro-seismicity

has been used to better understand the hydraulic fracturing processes in oil and gas as well as in

EGS developments. Table 2.8 shows research using micro-seismicity obtained from field

hydraulic stimulations in oil and gas, and EGS projects; the research marked with * will be

further discussed in this subsection.

Clarke et al. (2014) studied the micro-seismicity that occurred during the hydraulic fracturing of

Bowland shale, in the United Kingdom. Between March and August of 2011, almost 60,000

BBL (or US oil barrels) of water were injected into the well, represented by the red line in

Figure 2.59. During the injections that occurred at the end of March and May, there was

seismic activity with local seismic magnitudes ML, also known as Richter scale magnitudes,

of almost 2 (represented by the purple circles and green triangles).The maximum bottom-

hole water pressure (BHP) reached was almost 8,000 psi (or 55 MPa), as illustrated in

Figure 2.60. The source mechanism of the seismic event that occurred in early August of

2011, represented by the yellow triangle in Figure 2.59, was studied by Clarke et al. (2014)

in greater detail. Based on the source mechanism of this event and on the similarity between

the waveforms of most of the events felt, it was shown that the predominant seismic activity

was caused by the reactivation of an existing fault in a strike-slip mode.
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Table 2.8 - Use of micro-seismicity data from hydraulic fracturing projects in the field

Type of
Rock Authors (year)

development

Wasler and Roadarmel
Eagle Ford shale (USA) (2012)

(2012)

Marcellus shale (USA)

Barnett shale (USA)

Eagle Ford shale (USA) Warpinski et al. (2012)
Woodford shale (USA)

Oil and gas Haynesville shale (USA)

exploitation Muskwa/Evie shale (Canada)

Ordos sandstone and shale

(China) Xu et al. (2013)

Viegas and Von Lunen
Horn River shale (Canada) (2015)

(2015)

Bowland shale (United Kingdom) Clarke et al. (2014) *

Woodford shale Holland (2013)

Baisch et al. (2006)
Granite (Cooper Basin, Australia) Baisch et al. (2009)

Baisch et al. (2009)

Michelet and Toks~z (2007)
Granite (Soultz-sous-Forets, Hilet ad (2010 7)

France)Horillek et al. (2010)*

Cornet (2013)

Granite (Basel, Switzerland) Eto et al. (2013)

Enhanced Tuff (Yanaizu-Nishiyama, Japan)
Sandstone (The Geysers, USA)

Granite (Cooper Basin, Australia)

Andesite and basalt (Berlin, El

Salvador) Majer et al. (2007)

Granite (Soultz-sous-Forets,

France)

Granite (Basel, Switzerland)

Basalt (Newberry volcano, USA) Cladouhos et al. (2013) *
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Figure 2.59 - Injected volume (red line), and flow back volume (blue line) from the well head (BBL represents U.S.

barrels). Violet dots represent seismic events detected on regional seismic stations (more than 80 km away), the

green triangles represent events detected on two local stations. ML is the local seismic magnitude. The event that

provided the source mechanism is shown as a yellow triangle. (Clarke et al., 2014).
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Hordlek et al. (2010) studied the source mechanisms of micro-earthquakes felt during the

hydraulic stimulation of the EGS development in Soultz-sous-Forets in 2003. The injection well-

head pressures and injection rates used during the stimulation are shown in Figure 2.61. It can be

seen that well-head pressures of approximately 160 bar, or 16 MPa, were reached. The source

mechanism of several micro-seismic events were studied based on different velocity models of

the subsurface, as shown in Figure 2.62 a). Horilek et al. (2010) observed that most of the events

studied had a double-couple (DC) component - related to shear mechanisms - at a percentage

greater than 90%, as shown in Figure 2.62 b). Based on these results, it was concluded that the

larger micro-seismic events felt in this hydraulic fracturing project are nearly pure shear-slips.

In the context of their work in the EGS development in the Newberry volcano in Oregon, USA,

Cladouhos et al. (2013) defined hydro-shearing as the process of injecting water at moderate

pressure, below the minimum principal stress (Shmin), in order to cause existing fractures to dilate

and slip in shear. This is different from initiating and propagating fractures in tension, as occurs

in hydro-fracking used in oil and gas exploitation, which requires fluid pressures above Shmin.

The advantage of hydro-shearing is that the increase in permeability in the reservoir takes place

at lower fluid pressures and that it relies on displacement along preexisting fractures, as opposed

to hydro-fracking that creates new fractures which are more difficult to control. Furthermore,

hydro-shearing opens natural fractures that will dilate and remain open thanks to the

irregularities of natural fracture surfaces, even when the fluid pressure is reduced and without the

need for proppant.

Gischig and Preisig (2015) also defined and assessed the two methods to create fractures. As

shown in Figure 2.63 a), hydraulic fracturing aims to open new or pre-existing tensile fractures

along a packed-interval, where fluid is injected until the tensile strength of the rock is reached. If

one analyzes Figure 2.63 a), the pre-existing fracture is initially (before injection takes place)

subjected to (3 and Ti stresses, as represented by the red Mohr circle. The hydraulic fracturing

method increases the pressure in the fracture by applying a fluid pressure pf, which moves the

Mohr circle to the left, until it reaches the intact tensile strength of the rock or, in other words,

intersects the envelope of the intact rock represented in grey. Hydro-shearing, on the other hand,
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aims to reactivate natural pre-existing fractures in shear, by reaching the failure envelope defined

by the existing fracture. If one analyzes Figure 2.63 b), the pre-existing fracture is initially

(before injection takes place) subjected to (3 and Ti stresses, as represented by the red Mohr

circle. By injecting a moderate fluid pressure pi, the Mohr circle moves to the left enough to

reach the failure envelope of the fracture, which slides. By doing this, the hydro-shearing method

avoids failing the intact rock in tension and only reactivates existing fractures.
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Figure 2.61 - Injection data from boreholes GPK3 and GPK2 in Soultz-sous-Fordts EGS development, France.

(Hordlek et al., 2010). Note: Red lines - well-head pressures; Blue lines - flow rates; Green line - pumping out rate

(fluid was pumped out in order to more rapidly reduce the pressure)
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1 91.4 -4.2 -4.4 92.7 -3.6 -3.7 90.7 -4.7 -4.6 98,9 -1.0 -0.1
4 92.7 -3.1 -4.2 93.7 -2.6 -3.7 93.2 -3.7 -3.1 99.4 0.1 -0.5

I1 97.0 1.5 -1.5 96.7 2.5 -0.8 96.9 0.9 -2.2 94.0 4.0 2.0
16 94.8 1.7 3.5 91.8 2.3 5.9 93.0 0.0 7.0 88.0 5.0 7.0
17 91.9 4.4 3.6 90.8 5.7 3.5 97.3 2.2 0.5 86.4 .9
20 95.1 -2.3 -2.6 97.6 -1.2 -1.3 96.6 -2.0 -1.3 96.2 1.8 2.0
22 96.1 -1.7 -2.2 99.5 -0.4 -0.2 99.9 -0.1 0.0 94.5 2.0 3.6
38 95.3 -0.2 4.6 93.6 0.6 5.9 89.4 -1.5 9.1 88.5 .5 8.1
55 97.3 -0.8 -1.9 98.5 -0.6 0.9 94.3 -2.5 3.3 94.1 1.2 3.7
67 96.2 -1L6 -2.1 98.3 -1.0 0.7 92.4 -3.2 4.4 94.8 3' 3.1
75 99.9 0.0 0.1 98.8 1.1 0.1 94.9 -. 4 3.7 94.4 3.9 1.7
96 97.2 -1.4 -1.4 99.2 -0.3 -0.5 93.4 -2.8 3.9 96. 5 '.7 0.8
106 94.8 1.6 3.6 94.4 2.9 2 7 92.8 0.6 6.6 8P.4 5.5 5.1

Figure 2.62 - a) Velocity models of the subsurface considered to determine the location and determine the source

mechanisms of the micro-seismic events felt and b) components of the moment tensor for the events studied.

(Horalek et al., 2010) Note: DC - double couple; ISO - isotropic; CLVD - compensated linear-vector dipole
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Figure 2.63 - a) Hydraulic fracturing versus b) hydro-shearing. Hydraulic fracturing opens new or pre-existing

tensile fractures from a small packed-interval, where fluid is injected until the tensile strength of the rock is reached;

Hydro-shearing aims to reactivate natural pre-existing fractures in shear, by reaching the failure envelope defined by

the existing fracture. (Gischig and Preisig, 2015)
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3 Hydraulic fracturing experiments in granite using water

pressure enclosure

3.1 Introduction

Hydraulic fracturing has been extensively used in field applications, but the fracturing processes

involved in this method are not completely understood. Because data from field hydraulic

stimulations may be difficult to obtain and interpret, laboratory testing plays a major role in

understanding the way fractures initiate, propagate and interact when hydraulically stimulated.

For this reason, the fracturing mechanisms occurring in rocks with and without prefabricated

flaws under uniaxial compressive loading have been extensively studied by several authors.

Bobet and Einstein (1998) studied the fracturing mechanisms of gypsum, while Martinez (1999),

Miller (2008), Wong and Einstein (2009) and Morgan et al. (2013) used a high-speed video

camera to better capture the fracturing mechanisms in gypsum, marble and granite. Zhang et al.

(1998), in turn, created new fractures by uniaxially compressing granite cores without

prefabricated flaws, while Mayr et al. (2011) propagated fractures in sandstone cores by applying

a confining stress and increasing the pore pressure; both measured acoustic emissions in order to

identify newly-formed fractures. Chen and Yu (2015) studied the effect of the in-situ stresses in

the laboratory hydraulic fracturing of sandstone specimens, while Stanchits et al. (2009 and

2011) monitored the acoustic emissions to study the changes of velocity in sandstone specimens

caused by hydraulic fractures. Ishida (2001) also monitored acoustic emissions caused by the

laboratory hydraulic fracturing of four different granites using water and oil, in order to

understand the cracking mechanisms involved.
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3.2 Objectives

The objectives of the hydraulic fracturing tests in granite were:

- Understand the fracturing processes that occur when prefabricated fractures are

hydraulically loaded;

- Investigate the influence of the vertical load on the fracturing patterns, maximum water

pressures reached, water pressures at which white patching initiated, and volume of water

injected;

- Investigate the influence of different bridging angles in the hydraulic fracturing

processes;

- Relate acoustic emission activity with visible fracturing processes, such as white patching

and visible crack development captured with High-Resolution (HR) and High-Speed

video (HSV) cameras;

3.3 Basic Test Setup

The test setup described in this chapter is capable of simultaneously applying a hydraulic

pressure in prefabricated, or pre-cut, flaws and a vertical load on prismatic granite specimens, as

shown in Figure 3.1 a), with simultaneous visual and acoustic image monitoring. Two different

vertical loads were applied, namely 0 MPa and 5.0 MPa, and one single- and five double-flaw

geometries were tested. The double-flaw geometries are defined based on the parameters

described in Figure 3.1 b). The granite specimens used in the hydraulic fracturing tests were 6"

high x 3" wide x 1" thick, and the flaw length and aperture were 0.5" (12.7 mm) and 0.7 mm

(slightly under 1/32"), respectively, as shown in Figure 3.2. While the vertical load was kept

constant throughout each test, the water pressure was increased in increments of approximately

0.5 MPa until fractures initiated and propagated. The fractures propagated due to the hydraulic

pressure until they reached the boundaries of the specimen. Consequently, the specimen could no

longer be sealed and water pressure was lost, which dictated the end of the test.
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3.4 Material Properties

The material used in the hydraulic fracturing tests was the Barre granite. This granite was

obtained from a quarry near Barre, Vermont, and was provided by North Barre Granite Inc. The

Barre granite has an average grain size of 2.54 mm and is composed of plagioclase (36.5%),

quartz (31.9%), potash feldspar (17.8%), biotite (8%), muscovite (3%), and granophyre (2.8%),

as described in Goldsmith et al., (1976).

As thoroughly explained in Miller (2008) granite was extracted from the quarries by excavating

benches with a depth of 20 ft, a height of 20 ft, and a width of several hundreds of feet. Twenty-

foot cubes are extracted, with typical splitting planes, namely hardway, rift and grain, with the

orientations shown in Figure 3.3.

Grain

20'

20'

Figure 3.3 - Typical orientation of splitting planes for a block removed from a bench - after Miller (2008)

In order to cut the granite in the quarry, vertical holes (called deep holes) with 1 '% " diameter

and spaced 6 ft between each other (center to center) are drilled in the rock. A high pressure jet

flame is then used into the deep holes causing the granite to spall due to differential heating. The

same process is used in the bottom face (parallel to the grain plane), which is cut by drilling

horizontal holes, called lift holes. After this process, the obtained 20 ft x 20 ft x 20 ft block is

separated into four slabs by cutting three vertical planes parallel to the hardway. These slabs are

then cut into smaller ones by drilling holes perpendicular to the hardway direction produce slabs

with 5 ft x 5 ft x 10 ft, in which the face with 5 ft x 10 ft is parallel to the hardway direction.
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These smaller blocks are then cut into the desired sizes by drilling 6"-deep holes spaced 3"

(center to center), called plug-holes, perpendicular to the hardway plane; these slabs are then cut

parallel to the hardway direction into smaller ones (such as the slabs used to cut the specimens

for the hydraulic fracturing tests) by using a diamond saw. Some of the slabs that arrived from

North Barre Granite, Inc. had drill holes along one of their edges, as seen in Figure 3.4. These

holes were interpreted by Miller (2008) to be the plug holes perpendicular to the hardway

direction. The plane cut through by the plug holes is taken to be the grain plane, since only this

plane was split using these types of holes. The 6" x 3" x I" bricks were cut with sides parallel to

the rift and grain planes, as shown in Figure 3.5, in which the two possible orientations of the

specimens are shown. It should be noted, however, that these directions are assumed and may not

be exact.

Hardway

Figure 3.4 - Example of a slab from North Barre Granite, Inc., showing drill holes along one edge and split along the

other three. The largest face was cut with a diamond wire-saw - after Miller (2008).
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Figure 3.5 - Assumed possible directions of the hardway, rift and grain in the granite specimens tested

The mechanical properties of the Barre granite have been reported by different researchers and

are summarized in Table 3.1. The modulus of elasticity measured in the US Geological Survey

Bulletin (1986) was based on sonic measurements made on cylindrical cores. Martinez (1999)

and Miller (2008) measured the mechanical properties of Barre granite on prismatic specimens

with the same size as the ones tested in the present study. Kessler et al. (1940) determined the

compressive strength and modulus of elasticity of various US granites using cores and Goldsmith

et al. (1976) also determined the tensile strength of Barre granite.

Table 3.1 - Mechanical properties of Barre granite

Kessler (1940) Goldsmith (1976) US Geological Survey (1986) Martinez (1999) Miller (2008)

Compressive Strength (MPa) 170-192.5 N/A N/A 140 151

Tensile Strength (MPa) N/A 5.08-10.65 N/A N/A N/A

Modulus of Elasticity (GPa) 11.9-23.1 N/A 26.6- 48.8 17.5 19.2
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3.5 Methodology

In order to perform and analyze the hydraulic fracturing tests performed on granite specimens,

pre- and post-testing activities had to be performed. In this subsection, the specimen preparation,

the water pressure enclosure designed and built specifically for the hydraulic fracturing tests, the

test setup and procedures, and the post-processing analyses of the tests will be described.

3.5.1 Specimen preparation

The granite specimens with 6"x3"x I" were cut from the 36"x24"xI" slabs with a wet-saw. The

flaws were then created with an OMAX waterjet. In order to avoid an enlarged flaw tip caused

by piercing the rock with the waterjet, a cutting path starting in the middle of the future-flaw was

used. A flaw obtained with this cutting approach is shown in Figure 3.6. After the initial pierce,

the flaw was then cut from the middle to the lower corner (1), then to the opposite corner (2), and

finally back to the center (3). This allowed one to consistently produce round tips, leading to

well-controlled stress concentrations around the tips and consequently more consistent and

repeatable test results. Other waterjet settings were tested beforehand in order to optimize the

cutting of the flaws, as described in Appendix A.

Figure 3.6 - Flaw created in granite with a waterjet using a cutting path which initiates at the middle point of the

future flaw (initial piercing), then cuts the flaw towards the lower tip (1), subsequently to the opposite end (2) and

finally back to the center of the flaw (3)
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3.5.2 Water pressure enclosure

The water pressure device encloses the rock specimen and allows one to apply water pressure in

the precut flaws. This device was based on a design developed by Miller (2008), which was

modified to reach higher pressures and avoid local stresses around the flaws caused by the

proximity of the O-rings to the flaws.

As shown in Goncalves da Silva and Einstein (2015) and in Figure 3.7, the device consists of:

* Two outside steel plates connected by six bolts. The front steel plate has a window for

viewing the front of the rock specimen.

" A polycarbonate plate between the rock specimen and the front steel plate for viewing the

front of the specimen.

" Two O-rings, one located between the specimen and the polycarbonate plate, and the other

located between the specimen and the back steel plate. These are used to seal the specimen,

while allowing high water pressures to be reached. Only the O-rings are in contact with the

specimen; therefore, since (1) the O-rings are located near the edges of the specimen and (2)

there is one O-ring on each face of the specimen, symmetrical to each other, the area of

influence of the compressive forces introduced by the O-rings does not affect the vicinity of

the flaw(s). This is shown schematically in Figure 3.8, in which a 450 load degradation was

assumed.

" A water supply access located in the back steel plate.

The different components of the device were designed to safely reach water pressures of 10 MPa.

In the tests performed, water pressures of more than 8.0 MPa were reached without structural

problems for the device.

While the pressure enclosure design allowed one to apply fluid pressure in the flaws, it also

pressurizes both front and back faces of the rock specimens tested. This pressure squeezes the

specimen, which deforms due to Poisson effect. Simultaneously, the "friction" (shear) applied by

the O-rings to the specimen, when the fluid pressure is increased in the enclosure may also

deform the specimen. Appendix E describes the theoretical calculations and discusses the results

of experiments performed to measure the Poisson and O-ring-to-specimen friction effects and

their influence in the hydraulic fracturing tests.
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Figure 3.7 - a) Front and b) side view of the water pressure device used in hydraulic fracturing tests; c) schematic

showing the different parts of the device
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Figure 3.8 - Sketch showing the compressive forces applied by the O-rings to the specimen and their area of

influence
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3.5.3 Detailed Test Setup

The setup used to perform the hydraulic fracturing tests on granite specimens is shown in Figure

3.9 a) and, schematically, in Figure 3.9 b). It consists of several components, namely:

- Water pressure device, or enclosure, which was described in Subsection 3.5.2. The device

encloses the rock specimen for water pressure application. The device is connected to a

water pressure application system;

- The water pressure application system consists of a computer controlled actuator, which

controls a piston. The movement of the piston is measured by a LVDT; since the area of

the piston is known, its movement can be converted into the volume of water injected

into the pressure enclosure.

- A BaldwinTM loading machine, shown in more detail in Figure 3.10, applies a vertical

load to the specimen, as schematically explained in Figure 3.9 b). In these tests, the

specimens are subject to either a constant vertical load of 5.0 MPa, or to no load. The

load is applied in a displacement-control mode until a load of 200 lbs is reached and in

load-control mode thereafter.

- A HSV camera, shown in Figure 3.10, records the last 1.61 sec before and during failure

of the specimen, after being manually triggered. The High-Speed camera used is a

PhotronTM Fastcam SA5 with a 90 mm TamronTM lens, used in the tests to record 1.61

sec of video at 14,000 frames per second with 640 pixel by 742 pixel of resolution.

- Still frames of the specimen are taken by a HR camera NikonTM D90 with a 105 mm lens

with a 24 Mpixel resolution throughout the test at constant intervals, every 5 sec during

most of the test and every 2 sec in the last two water pressure increments of each test.

The HR camera is shown in more detail in Figure 3.10. As can be seen in Figure 3.9 b),

the HR camera is the only device that is not synchronized with the data acquisition

system; therefore it was assumed that the first HR frame in which visible cracks were

observed (which always occurred after the loss of pressure) was obtained at the same

time as the end of the HS video, as explained in Figure 3.11.

- Fiber optic lights Dolan-JennerTM Fiberlite MI- 150 were used to illuminate the specimen

in order to obtain good-quality pictures with the HR and HSV cameras.

- Eight Acoustic Emission sensors Micro3sTM from Physical Acoustic Corporation (PAC)

shown in Figure 3.12 are attached to the vertical sides of the specimens (four on each
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side) using double-sided tape, followed by hot-glue around the perimeter of the contact

between the sensors and the specimen. This process is schematically explained in Figure

3.13. The sensors are connected to pre-amplifiers which, in turn, are connected to the data

acquisition system.

The data acquisition system is embedded in the Acoustic Emission system from PAC and

logs the different variables of the test: the water pressure, the piston movement, the

vertical load and the trigger time of the HS video camera, which are called parametric

variables in the context of this study; and the waveforms generated by the acoustic

emissions captured during the tests. Using only one central data acquisition system has

the great advantage of having all these variables synchronized, as illustrated in Figure 3.9

b) by the dashed lines. The waveforms are logged at 5MHz and the parametric variables

at 100 Hz or every time an acoustic hit occurs, as explained in detail in Subsection 3.6.8
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Figure 3.9 - a) Overall view and b) schematic of the test setup used in the hydraulic fracturing tests
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Figure 3.10 - Test setup showing specimen inside the pressure enclosure, imaging devices, loading frame and optical

lights
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Figure 3.11 - Synchronization of imaging data. The dashed lines indicate that the HR camera frames are not

continuous but taken every 2.0 sec
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Figure 3.12 - Acoustic emission sensors used in the hydraulic fracturing tests
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Figure 3.13 - a) Side and b) plan view of the attachment between the sensor and the specimen using double-tape and

hot-glue
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3.5.4 Geometries and loading conditions tested

Different flaw geometries and loading conditions were used in the hydraulic fracturing tests. One

single-flaw geometry and five double-flaw geometries were tested, and two vertical loads were

applied to the specimens. For each geometry/vertical load condition three specimens were tested,

in order to ensure the repeatability of the results obtained. Table 3.2 shows the flaw geometries

and vertical loads used in the specimens tested.

Table 3.2 - Flaw geometries, vertical loads and specimens tested

Vertical Load
Geometry etPa d Specimen

0 A

0 B

0 c
30

5 A

5 B

5 C

0 A

0 B

0 C
2a-30-0

5 Al

5 B

5 C

0 A

0 B

2a-30-30
5 A

5 B

5 C

Vertical Load
Geometry Specimen

0 A

0 B

0 C
2a-30-60

5 A

5 B

5 C

0 A

0 B

0 C
2a-30-90

5 A

5 B

5 C

0 A

0 B

0 C
2a-30-120

5 A

5 B

5 C
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3.5.5 Test Procedures

This subsection describes the main tasks performed during each test. It includes tasks performed

before, during and after each test performed.

Installation of acoustic emission sensors

Before the specimen is placed into the pressure enclosure, the acoustic emission sensors are

installed. The sensors are attached to the specimen using double-sided tape, followed by hot-glue

around the perimeter of the contact between the sensors and the specimen, as explained in

Subsection 3.5.3. After the sensors are placed, they are connected to the pre-amplifiers and to the

AE system; pencil-lead break tests are then performed on the surface of the specimen to make

sure that all the sensors are working properly. If so, the sensors are disconnected from the AE

system and pre-amplifiers and the specimen is placed in the pressure enclosure; if some sensors

are not working properly i.e. not capturing the pencil-lead breaks, they need to be reinstalled.

Placement of specimen in pressure enclosure

After making sure that the AE sensors are working properly the specimen is placed inside the

pressure enclosure shown in Figure 3.7. The following steps are followed in the experiments:

- The six bolts are inserted in the back steel plate of the enclosure;

- The polycarbonate plate is cleaned with a cloth in order to remove dust or other debris

that can compromise the clarity of the images captured with the cameras. Cloth is used to

avoid scratching of the polycarbonate;

- Both front- and back-face O-rings are lubricated with vacuum grease before being placed

in their respective groves;

- The specimen is placed in the enclosure and the bolts are tightened. The bolts are

tightened incrementally until a torque of 40 lb.in is reached, in the same order as

suggested in Figure 3.14, to avoid overstressing of one side of the specimen.
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Figure 3.14 - Suggested order of tightening of the bolts

Application of vacuum to the specimen

After placing the specimen in the enclosure, it is taken to the loading machine. The back plate of

the enclosure is connected to the water supply tubing and the specimen is subjected to a vacuum

of approximately 29 inHg (3.87 kPa or 0.038 atm) in order to 1) remove the air from the

specimen as shown in Figure 3.15 a) and 2) fill in the pressure enclosure with water once the

vacuum is turned off, as shown in Figure 3.15 b); this allows one to quickly fill the enclosure

with water while avoiding having to use water from the cylinder of the pressure actuator (PVA

system in Figure 3.15). While applying the vacuum, it is also possible to check if the specimen is

well sealed by looking at the amount of air bubbles that can be observed in a flask. The setup

used to vacuum the specimen is shown in Figure 3.15, distinguishing between the Stage 1, in

which a vacuum pressure is applied to the specimen, and Stage 2, in which the vacuum is turned

off and the water in the flask is "sucked" into the pressure enclosure.

STAGE 1 STAGE 2

VALVE (CLOSED) PECLSURE

PVA SY STEM

VALVE AIR

(OPEN)
Negative pressure

AIR generated

AIR

VACUUM PUMP

AIR (ON)

WATER BUBBLES

a)

VALVE (CLOSED) PRESSURE

PVA SYSTEM ENCLOSURE

VALVE WATER
(OPEN)

\EWaer sucked"

WATER into the enclosure

VACUUM PUMP
(OFF)

b)

Figure 3.15 - Schematic of the setup used to a) vacuum the specimen and b) fill in the pressure enclosure with water
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ADplication of vertical load to the specimen

Following the vacuuming of the specimen, the AE sensors are connected to the pre-amplifiers,

the optical lights are turned on, and the HSV and HR cameras are focused. It is important to

focus the cameras only after filling the pressure enclosure with water, since the granite specimen

becomes darker once there is water on its surface.

The vertical load is applied (for the tests with vertical load) using the Baldwin loading machine

shown in Figure 3.9 a) and Figure 3.10. The first stage of loading is done in displacement-control

at a rate of 10 mm/min until a load of 200 lbs is reached; then the load is applied in load-control

at a rate of 1,000 lbs/min until the target load is reached. The target vertical load (approximately

2,000 lbs in order to reach 5 MPa of vertical stress, based on the area of the top and bottom faces

of the granite specimens) is kept constant throughout the test.

Application of water pressure in the specimen

The water pressure is applied in increments of 0.5 MPa until crack initiation and propagation

occurs. At each pressure increment, the target pressure is kept constant for 60 seconds.

Storage of the equipment and tested specimens

After each test is completed, the pressure enclosure is disconnected from the water supply tubing

and the AE sensors are disconnect from the pre-amplifiers. The bolts are untightened following

the order suggested in Figure 3.14, in order to avoid overstressing of some of the bolts or of the

specimen. The steel plates, nuts and bolts are lubricated with WD40 to avoid the development of

rust, and the polycarbonate plate is dried with a cloth. The AE sensors are carefully detached

from the specimen, which in turn is stored in a labelled cardboard box.
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3.5.6 Post-testing analyses

A comprehensive post-test analysis was conducted for each test, as shown in Appendix B - Data

and analyses of the hydraulic fracturing tests. Each analysis consisted of different sections,

namely:

- Plots showing the water pressure and volume of water injected versus time for the entire

test and for shorter periods of time near the end of the test, as shown in Figure 3.16 a) ,b)

and c). These plots also show the time at which some High-Resolution and High-Speed

video frames, which were later used to visually evaluate the fracturing processes, were

captured during the test;

- Plot showing the water pressure versus the volume of water injected, as shown in Figure

3.17;

- A detailed evaluation of the fracturing processes occurring in each test, based on the

selected HR and HSV frames, two of which are shown in Figure 3.18 a) and b). In this

figure, the HR frame used to produce Sketch 0 was taken at the beginning of the test and

does not show any damage; the HSV frame used to produce Sketch 9 shows visible

cracks developing from the tips of the flaws. This evaluation was made through several

sketches, ranging usually from seven to nine for each test, showing the relative

movement of the fractures (opening or sliding), their type based on the classification

proposed by Wong and Einstein (2008) and their order of initiation, as shown in Figure

3.19;

- Plots and descriptions of the spatial distribution of the acoustic emission activity in each

specimen at different stages of the test, as shown in Figure 3.20. The plots show the

location of the AE events as well as their amplitudes at different time intervals during the

test;

- Plots simultaneously showing the amplitude of the acoustic events and the water pressure

versus time for the entire test and for a time-window near the end of the test when

acoustic activity is usually higher, as shown in Figure 3.21 a) and b).

- Plots simultaneously showing the hit and event count of the acoustic activity as well as

the water pressure versus time for the entire test and for a time-window near the end of

the test when acoustic activity is usually higher, as shown in Figure 3.22 a) and b). It

should be noted that an AE hit occurs every time a sensor captures a waveform with an
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amplitude larger than a user-defined threshold; on the other hand, an AE event occurs

when 1) six or more (as was defined in this study) sensors capture waveforms and 2) the

AE system is capable of localizing an event based on them.

The analysis performed for specimen Gr-2a-30-90-VL5-INC5-C is shown from Figure 3.16

to Figure 3.22. It should be noted that the wavy aspect of the plots of the water pressure and

volume of water injected is mainly due to noise in the system rather than to physical

phenomena occurring during the tests. The noise in the water pressure and volume of water

injected data was minimized by using a moving average for both variables; since different

data acquisition systems and sampling rates were used to collect these data, the level of noise

varied from test to test. Depending on the level of noise in each test, different time intervals

were used for the moving average, as documented in Table B. 1 of Appendix B. Very noisy

data, for instance, required using longer time intervals for the moving average.
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Figure 3.16 - Water pressure and volume injected vs time for a) the entire test, b) the last 30 sec of the test and c) the

last 1.2 sec of the test for specimen Gr-2a-30-90-VL5-INC5-C. The "sketches" shown in the figures relate to the

visual interpretations of the HS video- and HR frames.
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Figure 3.18 - a) High-Resolution camera frame and b) High-Speed video camera frame used to produce sketches 0

and 9, respectively, of the analysis of specimen Gr-2a-30-90-VL5-INC5-C. The HR frame used to produce Sketch 0

was taken at the beginning of the test and does not show any damage: the HSV frame used to produce Sketch 9

shows visible cracks developing from the tips of the flaws.

136

r-Sketch e

7.0
I.- -



a) ~b) c

BCIT)II

d) &TIna

; T)i

acT)11w

e)

DIT)m

Figure 3.19 - These sketches represent the fracturing patterns for specimen Gr-2a-30-90-VL5-INC5-C. The sketches

are based on the HR and HSV cameras: a) Sketch 0, b) Sketch 1 and c) Sketch 3 are based on HR images and d)

Sketch 7, e) Sketch 8 and f) Sketch 9, are based on HSV images.. A, B, C... represent the order of initiation of the

cracks; T - Tensile, S - Shear; I, II, III... represent the types of cracks after Wong and Einstein (2008)
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Figure 3.20 - Acoustic emission events captured during the test performed on specimen Gr-2a-30-90-VL5-INC5-C

at different stages of the test, namely a) from Start to Sketch 0, when the vertical load is applied, b) from Sketch 2 to

3, before visible cracks propagate and c) from Sketch 3 to 9, when visible cracking occurs
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sec of the test performed in specimen Gr-2a-30-90-VL5-INC5-C

138

8 $fmsors

Eents<sUOdB

50db< Eventt , 65dB

Events> 65dB

-x

- Water Pressure Sketch 3

High-Res Sketches Sketch 2L Acoustic Events

Sketch 1 *.

Sketch 0

II

I

7

II

I I



6.0

5.0

4.0

A 3.0

a)
2.0

1.0

0.0

5.6

5.5

5.4

! 5.3

b)
5.2

5.1

5

6000
- Water Pressure Sketch 2

'Sketch 3High-Res Sketches Sketch 1 - 5000
-- Cumulative Hit Count

- Cumulative Event Count 4000

3000
E

2000 V

Sketch 0 1000

0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0 2250.0 2500.0

Time (s)

.0

6000

5000

4000 Y
0

3000 .0
E
M

2000

1000 E

0
1925.0 1950.0 1975.0 2000.0 2025.0 2050.0 2075.0

Time (s)

Figure 3.22 - Water pressure and cumulative event and hit count vs time for a) the entire test and b) for the last 30

sec of the test performed in specimen Gr-2a-30-90-VL5-INC5-C
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3.6 Test Results

This section discusses the results obtained in the hydraulic fracturing tests. First, a description of

the fracturing processes observed in the single- and double-flaw geometries tested will be given

in Subsection 3.6.1 and 3.6.2, followed by an explanation on the development of white patching

and visible cracking in Subsection 3.6.3. The observed crack coalescence patterns, maximum

water pressures reached, water pressures at white patching initiation and volume of water

injected will be discussed in Subsections 3.6.4 to 3.6.7, including the effect of the vertical

stresses and bridging angle on these variables. The variation of the amplitude of the acoustic

emissions throughout the tests and the relation between the acoustic emission rate and the

fracturing processes will be analyzed in Subsections 3.6.8 and 3.6.9, respectively. Finally, the

fracturing processes observed for different loading conditions used in this and past research will

be briefly discussed in Subsection 3.6.10.

Throughout this section and chapter, the terms micro-cracks and visible cracks are used. In the

context of this thesis, visible cracks are discontinuities that can be observed with the imaging

devices used in the hydraulic fracturing experiments, namely the HSV or HR cameras, therefore

their aperture is in the order of tenths of millimeter. Micro-cracks, in turn, are discontinuities that

can not be observed with the HSV or HR cameras, but only with the Scanning-Electron

Microscope (SEM), corresponding to apertures of approximately 10 micrometers, as will be

shown in Chapter 5.
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3.6.1 Fracturing processes - Single-flaw geometries

The fracturing processes that occurred in the single-flaw geometry tested (flaw making a 30-

angle with the horizontal) will be described in this subsection. Three stages of crack

development will be discussed, namely white-patching initiation, visible crack initiation and

visible crack propagation.

White-patching initiation

White patching usually initiates at or near the flaw tips of the single-flaw specimens tested, as

can be observed in Figure 3.23. In specimen C with a vertical load of 5 MPa, white patching also

initiated above the upper face of the flaw, but this was never observed in the other single-flaw

specimens tested, regardless of the vertical load applied. In the upper flaw tip of specimen B

without vertical load and in the lower tip of specimen A with 5 MPa of vertical load, one can see

that white patching can also simultaneously initiate at and near the flaw tips. The white patches

generated are usually narrow and not long, with the exception of the white patching initiating at

the upper flaw tip of specimen A with no vertical load, which is longer than what is usually

observed.

VL=0MPa VL=5.0MPa

A B C A B C
a) b)

Figure 3.23 - White-patching initiation for single-flaw geometry with a) no vertical load and b) vertical load of 5

MPa
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Visible-cracking initiation

As shown in Figure 3.24 ,the visible cracks observed in the single-flaw specimens tested usually

initiated at and near the flaw tips of the flaw, with the exception of the upper tip of the specimen

C without vertical load and both tips of the specimen A with vertical load of 5 MPa. In these

flaw tips, the visible cracks appear to initiate only near the flaw tips. Most of the times, the

visible cracks initiate in locations where white patching already developed. This supports the fact

that the white-patching may be process zones and therefore the predecessor of visible cracks.

VL=0MPa VL=5.0MPa

A B C

a,&0 
00 A Tm

A B C
A B C

a) b)

Figure 3.24 - Visible-crack initiation for single-flaw geometry with a) no vertical load and b) vertical load of 5 MPa

Crack propagation

In the single-flaw geometries analyzed and presented in Figure 3.25, the visible cracks propagate

with a vertical or almost vertical orientation (type III tensile cracks as proposed by Wong and

Einstein (2008), which will be discussed in detail in Subsection 3.6.3). The exception appears to

be specimen C without vertical load, in which the cracks appear to develop in almost the same

direction as the axis of the flaw (type II tensile cracks). While it is expected that the cracks

would propagate in a vertical fashion for the case in which the vertical is 5 MPa (since the

fractures tend to propagate perpendicular to the direction of maximum stresses), the vertical

propagation of the cracks was not expected for the condition without vertical load. In fact, since
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there are neither vertical nor horizontal stresses applied, one would expect the cracks to

propagate in the same direction as the axis of the flaw, as will be discussed in the numerical

analysis presented in Chapter 6. The fact that the cracks propagate almost vertically may be

caused by the Poisson effect that is created due to the application of the water pressure in the

both front and back faces of the specimen; the effect of the Poisson effect in the loading

conditions considered will be discussed in detail in Appendix E.

In addition to these vertical and almost-vertical cracks, one can observe a horizontal crack (C(T))

developing in the specimen C without vertical load; these horizontal cracks will be further

discussed in Subsections 3.6.2 and 3.6.3.

VL=OMPa
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IILT 0

C
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VL= 5.0 MPa
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B

Figure 3.25 - Crack propagation for single-flaw geometry with a) no vertical load and b) vertical load of 5 MPa
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3.6.2 Fracturing processes - Double-flaw geometries

The fracturing processes that occurred in the five double-flaw geometries tested will be

described in this subsection, namely 2a-30-0, 2a-30-30, 2a-30-60, 2a-30-90 and 2a-30-120.

Three stages of crack development will be discussed, namely white-patching initiation, visible

crack initiation and visible crack coalescence.

3.6.2.1 Geometry 2a-30-0

White-patching initiation

The white patching seems to initiate at the flaw tips in most of the tests performed, regardless of

the vertical load considered, as can be observed in Figure 3.26. However, at the outer tip of the

right flaw of specimens A and B without vertical load and at the inner tip of the right flaw of

specimen A with a vertical load of 5 MPa, white patching is visible only near the flaw tips.

Furthermore, there are tips in some specimens in which no white patching is observed; this may

likely be because the material at the flaw tips of these specimens has a higher resistance to white

patching (or to micro-crack if one considers that white patching is caused by micro-cracking)

than the material at the other flaw tips.

VL = 0 MPa VL = 5.0 MPa

A B C A B C

a) b)

Figure 3.26 - White-patching initiation for geometry 2a-30-0 with a) no vertical load and b) vertical load of 5 MPa
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Visible-cracking initiation

As shown in Figure 3.27, in five out of the six tests performed with the geometry 2a-30-0 the

cracks initiate only at one of the flaws. Only in the specimen A without vertical load can one

observe cracks initiating at both flaws. Similar to what was observed in the single-flaw

geometry, the cracks may initiate at and/or near the flaw tips, in places where white patching

developed before. The place where the cracks initiate i.e. at, near or simultaneously at and near

the flaw tips, does not depend on the loading conditions of the test.

VL= 0 MPa VL=5.OMPa

A B C A B C

a) b)

Figure 3.27 - Visible-crack initiation for geometry 2a-30-0 with a) no vertical load and b) vertical load of 5 MPa

Crack coalescence

The cracks coalesce in the three specimens tested without a vertical load as can be observed in

Figure 3.28. According to the classification proposed by Wong and Einstein (2008) and further

discussed in Subsection 3.6.3, the coalescence observed in the three specimens tested without

vertical load is classified as direct of Category 6. All the cracks propagated in a direction which

is almost the same as the axis of the flaws (type II tensile cracks).

The cracks never coalesce when a vertical load of 5 MPa is applied to the three specimens tested.

This is considered a Category 1 - no coalescence - according to Wong and Einstein (2008). The

cracks propagated as wing cracks, with their convexity facing the flaw from where they

propagated, and therefore were classified as type I tensile cracks. This classification may be
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subjective, since cracks with low convexity are similar to vertical cracks; therefore they could be

classified as type I or type III tensile cracks. The types of cracks observed in the tests will be

discussed in detail in Subsection 3.6.3.

VL=0MPa

A B

Coalescence
Direct Category6

C

a)

VL=5.0MPa
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A B
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C
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Figure 3.28 - Coalescence patterns for geometry 2a-30-0 with a) no vertical load and b) vertical load of 5 MPa
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3.6.2.2 Geometry 2a-30-30

White-patching initiation

In most of the specimens tested with this geometry, the white-patching appears to initiate at the

flaw tips, as can be observed in Figure 3.29. Only the white patching observed near the inner tip

of the upper flaw of specimen B with a vertical load of 5 MPa and the outer tip of the upper flaw

of specimen C with a vertical load of 5 MPa oppose this trend. The white patching is not

available for the specimen B without vertical load because the HR images were not captured

during the last increments of the test. At initiation, the shape of these white patches, which can

be viewed as a process zone, is usually of a small bulb.

VL=0MPa

Not
Available

A B C
a) b)

Figure 3.29 - White-patching initiation for geometry 2a-30-30 with a)

VL= 5.0 MPa

A B

no vertical load and b) vertical load of 5 MPa

Visible-cracking initiation

As opposed to what was observed for geometry 2a-30-0, it is frequent to see cracks initiating at

or near the tips of two distinct flaws, as shown in Figure 3.30. It can be observed that the cracks

initiate from the same flaw tip for the specimens tested with a vertical load of 5 MPa: both tips of

the lower flaw (cracks A and B) and outer tip for the upper flaw. As in the previous geometries,

the cracks initiate from locations where white patching had developed before.
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Figure 3.30 - Visible-crack initiation for geometry 2a-30-30 with a) no vertical load and b) vertical load of 5 MPa

Crack coalescence

As shown in Figure 3.31, direct coalescence Category 6 occurs in the three specimens tested

without vertical load. For this loading condition, all the cracks propagated in a direction which is

almost the same as of the axis of the flaws (type II tensile cracks). A horizontal tensile crack

E(T) can also be observed to the left of the outer tip of the lower flaw; these types were

frequently observed in the tests performed without vertical load. They probably develop because

of the equivalent vertical stress that the specimen is subjected to due to the Poisson effect

generated by the water pressure applied in both front and back faces of the specimen, as

explained in Appendix E. In the specimens with a vertical load of 5 MPa, the vertical load

applied counteracts the equivalent vertical stress caused by the Poisson effect and therefore the

horizontal tensile cracks are never observed.

The cracks coalesce indirectly when a vertical load of 5 MPa is applied to the three specimens

tested. This is considered a Category 2 - indirect coalescence - according to Wong and Einstein

(2008). Most of the cracks propagated as wing cracks, with their convexity facing the flaw from

where they propagated, and therefore were classified as type I tensile cracks. However, some

cracks propagated almost vertically, such as tensile crack D(T)iii in specimen B with a vertical

load of 5 MPa and all the cracks in specimen C with a vertical load of 5 MPa; therefore, these

cracks were considered type III tensile cracks. The propagation of the central crack in the

specimens with vertical load of 5 MPa is unusual because it does not follow a path perpendicular
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to the maximum stress direction. In fact, tensile crack B(T)i in specimens A and B, and tensile

crack B(T)m1 in specimen C deviate from their original vertical or sub-vertical direction after they

interact with the stress field or with a crack (probably deep in the specimen since it can not be

seen at the surface of the specimen) initiating from the opposite flaw. After this interaction, the

cracks propagate in a direction that makes approximately 600 with the horizontal until they reach

the boundaries of the specimen. This observation is important, since it proves that it may be

possible to control the direction of propagation of cracks if one is capable of controlling the

stress field near them.
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A

a)

Iflk

I

B

Coalescence
Direct Category 6

C

I
VL= 5.0 MPa

LIU'Z

ikIh

A B

ILI.

C

Category 2

b)

Figure 3.31 - Coalescence patterns for geometry 2a-30-30 with a) no vertical load and b) vertical load of 5 MPa
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3.6.2.3 Geometry 2a-30-60

White-patching initiation

White patching initiates at some of the inner tips of the flaws in the specimens that are not

subject to any vertical load, as can be observed in Figure 3.32. For this loading condition, the

white patches look like bulbs and occur ahead of the flaw tips. No white patching was observed

in Specimen C without vertical load; this specimen showed odd fracturing patterns as will be

discussed in the following subsections.

For the specimens loaded vertically, the narrow white patches initiated at some inner flaw tips,

usually in an almost vertical direction pointing towards the opposite inner flaw tip. White

patches were also observed near the inner tips and outer tip of the upper flaw of Specimen B. No

white patching was observed at the outer flaw tips.

VL=0MPa VL=5.0MPa

No white
patching

observed before
visible cracking

A B C
A B C

a) b)

Figure 3.32 - White-patching initiation for geometry 2a-30-60 with a) no vertical load and b) vertical load of 5 MPa

Visible-cracking initiation

For the specimens tested with no vertical load, the visible cracks initiated at the flaw tip - A(T)i

in Specimen A - at and near the flaw tip - B(T)ii in Specimen A - and near the flaw tip - A](T)ii

in Specimen B. These cracks occur where white patching previously developed, as can be seen in

Figure 3.33. The tensile cracks A(T) and B(T) observed in Specimen C without vertical load
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initiated at and near the faces of the upper flaw. These cracking behavior was never seen in the

other tests regardless of the flaw geometry and loading applied. Hence, one can infer that this

odd cracking pattern might have occurred because of a pre-existing weak zone in the specimen,

possibly a fracture that could not be seen at the naked eye, along which the tensile cracks A(T)

and B(T) initiated and developed.

The specimens tested with a vertical load of 5 MPa show different patterns of crack initiation. In

Specimen A tensile cracks initiated simultaneously at and near the four flaw tips. Two cracks

initiated simultaneously at and near the left tips of both flaws in Specimen B and at and near both

tips of the lower flaw in specimen C.

VL=0MPa VL=5.0MPa

AaT)11 UT)

&T)m

A B C A B C

a) b)

Figure 3.33 - Visible-crack initiation for geometry 2a-30-60 with a) no vertical load and b) vertical load of 5 MPa

Crack coalescence

As shown in Figure 3.34, direct coalescence Category 7 occurs in two out of three specimens

tested without vertical load. For this loading condition, all the cracks propagated in a direction

which is almost the same as of the axis of the flaws (type II tensile cracks). Specimen C shows

an odd cracking pattern without coalescence between the flaws. As discussed earlier, the odd

cracking pattern observed may have been caused by a pre-existing weak zone, or fracture, in the

specimen from where visible cracks A(T) and B(T) propagated.
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Since coalescence took place by tensile cracks that linked the two inner flaw tips, Category 6

coalescence is considered for the three specimens tested with a vertical load of 5 MPa. Most of

the cracks propagated almost vertically, such as the cracks observed in Specimens B and C and

cracks B(T)iii and C(T)II in Specimen A; therefore, these cracks were considered type III tensile

cracks. Tensile cracks A(T) and D(T)i in Specimen A propagate in a wing crack manner,

therefore they were considered type I tensile cracks.
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Figure 3.34 - Coalescence patterns for geometry 2a-30-60 with a) no vertical load and b) vertical load of 5 MPa
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3.6.2.4 Geometry 2a-30-90

White-patching initiation

White patching initiates at some flaw tips in the specimens to which no vertical load is applied,
as shown in Figure 3.35. In Specimen A, a small white patch can be seen near the right tip of the
lower flaw. The white patches usually consist of narrow bands that initiate in an almost vertical
direction.

The specimens with a vertical load of 5 MPa also show white patches at some flaw tips and near
the right tip of the lower flaw for Specimens A and C. Similar to the specimens without vertical
load, these white patches initiate from the flaw tips in an almost vertical direction.

VL = 0 MPa

A B C

VL = 5.0 MPa

A B C
b)

Figure 3.35 - White-patching initiation for geometry 2a-30-90 with a) no vertical load and b) vertical load of 5 MPa

I
Visible-cracking initiation

Only one crack initiated at the left tip of the upper flaw of Specimen A and at the left tip of the
lower flaw of Specimen B with no vertical load applied, as can be seen in Figure 3.36. However,
while tensile crack A(T)1 initiated in a vertical direction pointing towards the lower flaw in

Specimen A, crack A(T)1 initiated in almost the same direction as the axis of the flaw in
Specimen B. In Specimen without vertical load, cracks A(T) 1 , B(T)m1 and C(T)1 initiated

simultaneously at and near the flaw tips in an almost vertical direction.
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In the specimens tested with a vertical load of 5 MPa, tensile cracks initiated simultaneously

from both flaws. While in some cases, such as B(T)i and C(T)iii in Specimen A, the cracks

initiated at the flaw tips, in other cases, such as A(T)ui in Specimen A, the crack initiated away

from the flaw tip. Other tensile cracks, such as B(T)i in Specimen B and C(T)1i1 in Specimen C,

initiated through a segment at the flaw tip and other near the flaw tip.

Regardless of the loading condition considered, the visible cracking initiated at the same location

where white patching had developed before.

VL= 0 MPa VL =5.0 MPa

ULT)u

Nil ALT)ui

ALI)m,

A B C A B C

a) b)

Figure 3.36 - Visible-crack initiation for geometry 2a-30-90 with a) no vertical load and b) vertical load of 5 MPa

Crack coalescence

As shown in Figure 3.37, direct coalescences Category 7 and 8 occur in the specimens tested

without vertical load. Specimens A and C are considered to have a Category 7 coalescence, since

the coalescence cracks link the tip of one flaw with the face of the opposite flaw; Specimen B is

considered Category 8, since the coalescence crack links the two right tips of the flaws. For the

specimens tested without vertical load, the tensile cracks that developed from the outer flaw tips

(B(T)ii and C(T)II in Specimen A, A(T)II and D(T)II in Specimen B and A(T)ii and C(T)j in

Specimen C) propagate in a direction that is not vertical but is closer to the direction of the axis

of the flaw from where they initiated, therefore they are classified as type II tensile cracks. The

coalescence cracks (located in the bridge between inner flaw tips) developed 1) in an almost
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vertical direction, such as E(T)m1 in Specimen B and B(T)mj1 in Specimen C and 2) with a wing

crack shape, such as B(T)i in Specimen B. In the three specimens tested without vertical load, a

horizontal crack was observed: D(T) in Specimen A, C(T) in Specimen B and E(T) in Specimen

C. As discussed in Subsection 3.6.2.2, these horizontal cracks only occur in the specimens

without vertical load and are probably due to the equivalent stresses caused by the Poisson effect

which occurs because the water pressure is applied in both front and back faces of the specimen.

The impact of the Poisson effect will be discussed in Appendix E.

Since coalescence took place by tensile cracks that linked a flaw tip with the face of the opposite

flaw, Category 7 coalescence is considered for the three specimens tested with a vertical load of

5 MPa. Most of the cracks propagated almost vertically, such as the cracks observed in Specimen

C and cracks A(T)m1 and B(T)i11 in Specimen A; therefore, these cracks were considered type III

tensile cracks. All the tensile cracks observed in Specimen B and cracks C(T) and D(T)i in

Specimen B propagate in a wing crack manner, and therefore were considered type I tensile

cracks.

VL=OMPa VL=5.0MPa

CLTiT

UTmm

LL

A B C A B C
Coalescence Coalescence

Direct Category 7/8 Category 7

a) b)

Figure 3.37 - Coalescence patterns for geometry 2a-30-90 with a) no vertical load and b) vertical load of 5 MPa
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3.6.2.5 Geometry 2a-30-120

White-patching initiation

White patching initiates at some flaw tips in the specimens to which no vertical load is applied,

as shown in Figure 3.38. Specimen C shows white patching initiating at the four tips of the flaws.

In general, the white patches initiate in a vertical or almost vertical direction.

In Specimens B and C, white patching is visible at and near the four tips of the flaws. Specimen

A only shows white patching initiating from the tips of the lower flaw. Similar to the specimens

without vertical load, these white patches initiate from the flaw tips in an almost vertical

direction.

VL=0MPa

A B C
a)

A B C
b)

Figure 3.38 - White-patching initiation for geometry 2a-30-120 with a) no vertical load and b) vertical load of 5

MPa

I
Visible-cracking initiation

For the specimens tested with no vertical load, the visible cracks initiated at and near the flaw tip

- A(T)ni in Specimen B and C(T)II in Specimen C - and near the flaw tip - A(T)ii in Specimen A,

B(T)ii in Specimen B, and A(T)ji and B(T)iii in Specimen C. These cracks occur where white

patching previously developed, as can be seen in Figure 3.39.
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In the specimens tested with a vertical load of 5 MPa, tensile cracks initiated simultaneously

from both flaws in the two specimens in which HSV footage was captured - Specimens A and C.

Cracks A(T)iii and B(T)iII in Specimen A initiated near the flaw tips. Cracks A(T)I and C(T)i

initiated at and near the flaw tips and B(T)III initiated at the flaw tip in Specimen B.

The visible cracking initiated at the same location where white patching had developed before,

regardless of the loading condition considered,.

VL=0MPa VL=5.0MPa

Not
Available

A B C A B C
a) b)

Figure 3.39 - Visible-crack initiation for geometry 2a-30-120 with a) no vertical load and b) vertical load of 5 MPa

Crack coalescence

As shown in Figure 3.40, a direct coalescence Category 7/8 occurs in the specimens tested

without vertical load. Category 7/8 is considered because the coalescence cracks link the tip of

one flaw with the opposite tip (Specimen B) or to a region in the face of the opposite flaw but

very close to its tip. For the specimens tested without vertical load, the tensile cracks that

developed from the outer flaw tips (A(T)1 and B(T)ii in Specimen A, A(T)ii and B(T)1 in

Specimen B and A(T)II and C(T)i in Specimen C) propagate in a direction that is not vertical but

is closer to the direction of the axis of the flaw from where they initiated, therefore they are

classified as type II tensile cracks. The coalescence cracks (located in the bridge between inner

flaw tips) developed 1) in an almost vertical direction, such as C(T)1 and D(T)lii in Specimen B

and B(T)I in Specimen C and 2) with a wing crack shape, such as C(T)i and D(T)i in Specimen
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A. In the two of the specimens tested without vertical load, a horizontal crack was observed:

E(T) in Specimen B and D(T) in Specimen C.

Since coalescence took place through tensile cracks that linked a flaw tip to a region in the face

of the opposite flaw but very close to its tip, Category 7/8 coalescence is considered for the three

specimens tested with a vertical load of 5 MPa. All the cracks propagated vertically or almost

vertically in Specimens A and C; therefore, these cracks were considered type III tensile cracks.

Since HSV footage was not captured in the test perfonned in Specimen B, the cracks generated

were not classified. The cracks shown in Figure 3.40 were traced based on the HR images.

VL = 0 MPa

Bun

ILI

B

Coalescence
Direct Category 7/8

C

VL = 5.0 MPa

A

b)

Figure 3.40 - Coalescence patterns for geometry 2a-30-120 with a) no vertical load and b) vertical load of 5 MPa

158

A

A

a)

WII

C

c

B

Coalescence
Category7/8



3.6.3 Development of white patching and visible cracking

White patching (permanent)

Development of permanent (called permanent to distinguish from the short-lasting white

patching described in the following subsection) white patching could be observed in all the tests

performed. The white patching regions were observed in the images using the HR camera by

overlapping frames obtained in the later water pressure increments of each test with a reference

frame (without white patching) taken at the beginning of the test. This was done, because the

white patching in granite is very subtle and difficult to be seen if no overlapping with a reference

image is done. Images from the HR and HSV cameras at different stages of one of the tests are

shown in Figure 3.41, in which the white patching is highlighted with a darker color in order to

be visible in the figure. Visually, permanent white patching consists of the brightening of the

rock grains. The white patching developed progressively usually during the last two or three

pressure increments of each test. The permanent white patching developed as follows:

1- White patching initiation was usually observed at (most common) or near (less frequent)

the flaw tips (Sketch 1 in Figure 3.41 shows initiation at the left tip of the lower flaw and

at and near the right tip of the lower flaw). In some cases, white patching was observed at

all the tips; in other cases white patching could not be observed at all flaw tips but only at

some (Sketch 1 in Figure 3.41 shows no white patching initiating at the tips of the upper

flaw);

2- The white patching developed from the flaw tips forming a) a narrow patch, as observed

above the right tips of the upper and lower flaws identified with blue ellipses in Sketch 3

in Figure 3.41, or b) a more diffuse patch, as observed below the left tip of the lower flaw

identified with a yellow ellipse in the same figure;

3- White patching continues to develop until visible cracking initiates and propagates. In

most cases, the white patching is the predecessor of the visible cracks, as can be observed

in the "After crack propagation" image in Figure 3.41.
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Figure 3.41 - White patching initiation and development in specimen Gr-2a-30-90-VL5-INC5-C

White patching (short-lasting)

This type of white patching was observed in approximately a third of the tests performed. As

opposed to the permanent white patching, the short-lasting white patching develops and

disappears quickly within the HSV window. In the example shown in Figure 3.42, the short-

lasting white patching indicated by the red ellipse developed and disappeared in approximately

0.4 milliseconds, corresponding to a speed of propagation of 40 m/s;. As it disappears, a crack

develops in the same location where the short-lasting white patching occurred. This crack

propagates at a speed of approximately 10 i/s. From the images captured with the HSV camera,

the short-lasting white patching is probably water moving through a deep fracture, which

eventually emerges at the surface of the specimen causing a visible crack. This needs to be

confirmed in future experiments.
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Figure 3.42 - a) Development of short-lasting white patching and initiation of crack E(T), b) fading away of most of

the short-lasting white patching and propagation of crack E(T) in the same location and c) total fading away of the

short-lasting white patching and full development of crack E(T) in specimen 2a-30-90-VLO-INC5-C. The short-

lasting white patching is identified by the red ellipse. A, B, C... represent the order of initiation of the cracks; T -

Tensile, S - Shear; I, II, III... represent the types of cracks after Wong and Einstein (2008)

Visible tensile and shear cracking

In this subsection, the initiation and development of visible cracks will be discussed. In Chapter

5, the development of micro-cracks and their source mechanism will be addressed.

All visible cracks observed in the tests initiated and developed quickly in the last second before

the water pressure was lost (which dictates the end the test). From the HSV data, the speed of

propagation of the visible cracks ranged from 8 m/s to 15 m/s. More than 90% of the visible

cracks observed were tensile while only short segments of cracks were identified as

shear/sliding, as shown in Figure 3.43. It should be noted that these short shear cracks were part

of longer tensile cracks, therefore were assumed to be a segment of the latter in the analyses

shown in Appendix B. As shown in Figure 3.44, while the tensile cracks could be inter- and

intra-granular, the few shear crack segments observed were always inter-granular. In this figure

it is possible to see that the crack initiating at the left tip of the upper flaw has an initial segment

(blue) which develops in tension along the boundaries of the grains - inter-granular - and

propagates further in tension through two larger grains (red) hence becoming intra-granular; at
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this point the crack slides (green) along a short segment of the boundary between two grains -

inter-granular - becoming again an intra-granular tensile crack (red) as it propagates through a

large granite grain.

Most cracks initiated at the flaw tips but some initiated near the flaw tip or simultaneously at and

near the flaw tip, as shown in Figure 3.45. It should be noted, however, that the cameras used

allow one to observe cracks only at the surface of the specimen. Therefore, the cracks that were

observed to initiate near the flaw tips may have in fact initiated at the flaw tip deeper in the

specimen.

The cracks observed were classified according to Wong and Einstein (2008), as shown in Figure

3.46. Only types I, II and III tensile cracks were identified in the tests, as summarized in Table

3.3 and Table 3.4 for the single- and double-flaw geometries, respectively. Even though the

cracks may have initiated at or near the flaw tips, they eventually were all linked to the closest

flaw tips. Therefore, in this classification, no distinction was made between the cracks that

initiated at and near the flaw tips. In the context of this study, the crack types I, II and III have

the following characteristics:

- Type I is the typical wing crack, which propagates upwards or downwards with its

concavity facing the flaw from where initiates;

- Type II tensile crack occurs whenever a tensile crack developed in approximately the

same direction as the orientation of the flaw;

- Type III tensile crack occurs whenever a tensile crack developed in an approximately

upward or downward vertical direction.

From Table 3.3 one can state that in the single-flaw geometries:

- Types II and III cracks were observed when no vertical load was applied;

- Only type III cracks propagated when a vertical load of 5 MPa was applied.
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From Table 3.4 one can observe that in the double-flaw geometries:

- Only Type II cracks propagated from the outer tips of the flaws when no vertical load is

applied;

- Types I and III cracks propagated from the outer tips of the flaws when a vertical load of

5 MPa was applied in geometries with low bridging angles (00, 300);

- Only Type III cracks propagated from the outer tips of the flaws when a vertical load of 5

MPa was applied in geometries with high bridging angles (600, 900 and 1200);

- Only Type II cracks propagated from the inner tips of the flaws when no vertical load

was applied in geometries with low bridging angles (0', 300 and 600);

- Types I and III cracks propagated from the inner tips of the flaws when no vertical load

was applied in geometries with high bridging angles (900 and 1200);

- Only Type I cracks propagated from the inner tips of the flaws when a vertical load of 5

MPa was applied in coplanar geometries (bridging angle of 00). Type I and III cracks

were observed for the remaining bridging angles
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Figure 3.43 - Shear crack segments observed in the hydraulic fracturing tests performed in specimens a) Gr-2a-30-

90-VLO-INC5-A, b) Gr-2a-30-90-VL5-INC5-C and c) Gr-2a-30-120-VL5-INC5-A. The shear crack segments are

identified with the orange circles

a

Figure 3.44 - Different types of cracks observed in specimen Gr-2a-30-90-VL5-INC5-C. On the right, the red lines

indicate intra-granular tensile cracks, the blue line indicates an inter-granular tensile crack and the green line

indicates an inter-granular shear crack.
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Figure 3.45 - Visible cracks initiating a) at the flaw tip in specimen Gr-2a-30-90-INC5-VL0-B, b) near the flaw tip

in specimen Gr-2a-30-60-INC5-VLO-B and c) simultaneously at and near the flaw tip in specimen Gr-2a-30-60-

INC5-VL5-C. A, B, C... represent the order of initiation of the cracks; T - Tensile, S - Shear; I, II, III... represent

the types of cracks after Wong and Einstein (2008).

Figure 3.46 - Types
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(a) Type I tensile crack (b) Type 2 tensile crack (c) Type 3 tensile crack (d) Mixed tensile-shear
(tensile wing crack) crack

S

S

S

(e) Type I shear crack (f) Type 2 shear crack (g) Type 3 tensile crack

of cracks initiated from pre-existing flaw after Wong and Einstein (2008). T - Tensile, S

I

165



Table 3.3 - Types of cracks identified in the hydraulic fracturing tests in specimens with single-flaw geometries

Vertical Load Types of cracks
(MPa)

Single-flaw 0 Type I and Ill

geometry 5 Type III

Table 3.4 - Types of cracks identified in the hydraulic fracturing tests in specimens with double-flaw geometries

Types of cracks

Bridging Angle (0)

0 Type I Type Il
0

5 Type I Type I

0 Type 11 Type 11
30

5 Type I and Il Type I and III

Double-flaw 0 Type I Type II
geometries 5 Type Ill Type Ill

0 Type I and lIl Type l1
90

5 Type I and III Type ill

0 Type I and Il Type l1
120

5 Type III TypelIII

Closure of tensile cracks

While opening/tensile cracks were the most common types of visible cracks observed in the

tests, there were some instances in which closure of developed tensile cracks was observed. This

occurred only in specimens with a vertical load of 5.0 MPa. As shown in Figure 3.47, which

represents the mechanism observed in tests in which closure of cracks was observed, tensile

cracks Ai(T) and A2(T) first develop downwards from the outer tip of the left flaw (Sketch 7,

Figure 3.47 a). Subsequently, tensile crack D(T) propagates downwards from the inner tip of the

right flaw and its opening appears to cause the partial closing of the parallel cracks Ai(T) and

A2(T) - (Sketch 8, Figure 3.47 b). Finally, the crack AI(T) and a segment of crack A2(T) fully

close as D(T) opens downwards (Sketch 9, Figure 3.47 c).
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Figure 3.47 - Sketches and HSV camera frames showing a) open tensile cracks A 1(T) and A2(T)I below the lower

flaw, b) closure of some and c) most segments of the same cracks in specimen Gr-2a-30-30-VL5-INC5-B. A, B.

C... represent the order of initiation of the cracks; T - Tensile, S - Shear; I, II, III... represent the types of cracks

after Wong and Einstein (2008)
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3.6.4 Effect of vertical stresses and bridging angle on coalescence patterns

The coalescence patterns were investigated, related to the vertical load and the bridging angle

(for double flaw geometries), as well as classified using the categories suggested by Wong and

Einstein (2008), which are presented in Figure 3.48. For the double-flaw geometry 2a-30-0 the

coalescence patterns are shown in Figure 3.49. As mentioned earlier, three specimens were tested

for each condition of vertical load and bridging angle, in order to ensure the repeatability of the

tests. For the geometry 2a-30-0 with vertical load of 0 MPa, a direct coalescence of Category 6

was observed in the three specimens tested while for a load of 5 MPa a no coalescence -

Category I - was consistently observed in the three specimens tested.

I

Figure 3.48 - Crack coalescence categories after Wong and Einstein (2008). T - Tensile, S - Shear
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Category Coalescence patterns Crack types involved

I ~No coalescence

2 Indirect coalescence by two or multiple
2 cracks (crack types vary)

(2 cracks) (3 cracks)

3 Type 2 S crack(s)

4 Type 1 S crack(s)

5 One or more type 2 S crack(s) and type 2 T
crack segments between inner flaw tips

Type 2 T crack(s). There may be occasional
6 short S segments present along the

coalescence crack.

7 Type 1 T crack(s)

Flaw tips at the same side linked up by T
crack(s) not displaying wing appearance

8 (crack type not classified). There may be
occasional short S segments present along
the coalescence crack.

Type 3 T crack(s) linking right tip of the top
flaw and left tip of the bottom flaw. There

9 may be occasional short S segments present
along the coalescence crack.



Example: Gr-2a-30-0

VL= 0 MPa VL =5.0 MPa

A B C A B C

Coalescence No Cooescec
Direct Category 6 Category 1

Figure 3.49 - Fracturing patterns for geometry 2a-30-0 showing direct coalescence when VL = 0 MPa and no

coalescence when VL = 5 MPa. A, B, C... represent the order of initiation of the cracks; T - Tensile, S - Shear; I, 11,

III... represent the types of cracks after Wong and Einstein (2008)

Figure 3.50 shows the coalescence patterns for the different bridging angles (only double-flaw

geometries are analyzed) and vertical loads tested. One can observe that the coalescence patterns

are strongly dependent on the vertical load for lower bridging angles (00 and 300) and become

less dependent as the bridging angles increase (900 and 1200). In fact, for bridging angles of 00

and 300, direct coalescence Category 6 was observed for a vertical load of 0 MPa while no

coalescence Category I and indirect coalescence Category 2 were observed for a vertical load of

5 MPa. For bridging angles of 900 and 1200 direct coalescence of Categories 7 and 8 was

observed regardless of the vertical load applied. For the intermediate bridging angle (i.e. 600) the

coalescence patterns depend on the vertical load to a lesser extent than for double-flaw

geometries with lower bridging angles. In fact, coalescence of Category 7 was observed for a

vertical load of 0 MPa and Category 6 for a vertical load of 5 MPa; these categories of

coalescence are relatively similar, as shown in Figure 3.50.

It should be highlighted that the tests were repeatable, since the coalescence patterns observed

were similar for the same geometries and loading conditions. The black numbers in parenthesis

underneath each coalescence pattern in Figure 3.50 indicate how many tests of the same

geometry and vertical load were similar to the image shown. Only for the bridging angle 600 and

no vertical load did one test show different coalescence patterns than the other two (therefore the

2/3 in the figure); for all other bridging angles and vertical loads, the coalescence patterns were

similar for the three specimens tested (therefore the 3/3 in the figure).
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VL =0 MPa

Direct Coalescence Direct Coalescence Direct Coalescence Direct Coalescence Direct Coalescence
Cateory 6 Category 6 C a teory 7 Catgory 7/8 Category 7/8

(3/3) (3S) (213, (33) (3,3)

No Coalescence
Catgory 1

(3/3) (3M3

Different patterns

Direct Coalescence
C ategory 6

(313)

Direct Coalescence
Category 7

(33)3

Similar patterns

Figure 3.50 - Coalescence patterns for the different bridging angles and vertical loads tested. The ratio in parenthesis

represents the number of patterns with the same geometry and vertical load similar to the one shown. The

coalescence categories shown are based on the classification suggested by Wong and Einstein (2008)
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3.6.5 Effect of vertical stresses and bridging angle on maximum water pressures

The maximum water pressure of a given test is reached near the end of test, usually seconds or

fractions of a second before visible cracking initiates and propagates, as shown in Figure 3.51 for

the specimen Gr-2a-30-0-VL5-INC5-C. This image shows that visible cracking takes place

within HSV range, between Sketches 4 and 9 at approximately 1,856.1 sec of the test, while the

maximum water pressure of 5.14 MPa occurs at approximately 1,855.9 sec of the test.
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Figure 3.51 - Water pressure and volume of water injected versus time for specimen Gr-2a-30-0-VL5-INC5-C. The

maximum water pressure occurs fractions of second before visible crack propagation (between Sketches 4 and 9)

and consequent loss of water pressure.

Figure 3.52 shows the maximum water pressure for single- and double-flaw geometries with

different bridging angles for the two vertical loads applied. Table 3.5 presents the averages for

each loading condition and bridging angle shown in Figure 3.52. It can be observed that:

- The maximum water pressures are higher for the geometries with fewer flaws (single-

flaw geometries). The average maximum water pressures for the single-flaw geometries

are 5.67 MPa and 6.43 MPa for a vertical load of 0 MPa and 5 MPa, respectively. These

are higher than any average maximum water pressures reached in specimens with double-

flaw geometries.
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The maximum water pressures are higher when a vertical load of 5 MPa is applied to the

specimens. This is true for single- and double-flaw geometries with the exception of the

double-flaw geometry with bridging angle of 1200, which shows relatively similar

maximum water pressures, namely 5.33 MPa for a vertical load of 0 MPa and 5.11 MPa

for a vertical load of 5 MPa.

There is not a strong correlation between the maximum water pressures and the bridging

angles of the double-flaw geometries used in this study, regardless of the vertical load

applied, as shown by the low R2 obtained for linear regressions applied to the data from

the double-flaw tests with vertical loads of 5 MPa and 0 MPa.

WPrmax Versus Bridging Angle
8.0 _

N Vertical Load = 0 MPa

A Vertical Load = 5 MPa

Vertical Load = 0 MPa (Single Flaw)
*Vertical Load = 5 M Pa (Single Flaw)

4.0

4rdgn AnA * obeFa

wih Ma =n 5. M~ fvriAlld

E- - -- - - ------ A-

Single-Flaw 1 0 30 60 90 1201

Bridging Angle (0) DoleFa

Figure 3.52 - Maximum water pressure for single-flaw and double-flaw specimens with different bridging angles

with 0 MPa and 5 MPa of vertical load

Table 3.5 - Averages of maximum water pressures for single- and double-flaw geometries with 0 MPa and 5 MPa of

vertical load

Average maximum water pressure

Vertical Load Single- Bridging angle of double-flaw geometries

(MPa) flaw 0 30 60 90 120

0 5.67 4.72 4.82 5.18 5.04 5.33

5 6.43 5.51 5.41 5.67 5.59 5.11
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Even though there is no strong correlation between the bridging angles and the maximum water

pressures in the tests, the ratio between the average maximum water pressures at 5 MPa

(WPnax(5 MPa)) and at 0 MPa (WPmax(OMPa)) appears to decrease as the bridging angle increases, as

illustrated in Figure 3.53. In fact, a linear regression of these data yields a R 2 of 0.75. By looking

this figure, one can observe that for a bridging angle of 00, the maximum water pressure reached

in the tests for a vertical load of 5 MPa is almost 20% more than the maximum water pressure

for a vertical load of 0 MPa. This percentage decreases as the bridging angle increases; for a

bridging angle of 1200, for instance, the average maximum water pressure at 5 MPa is

approximately the same as the maximum water pressure at 0 MPa i.e. the ratio shown in Figure

3.53 is approximately 1. This observation is consistent with the fracturing patterns discussed in

Subsection 3.6.1, since similar patterns are obtained for high bridging angles regardless of the

vertical load applied, while very distinct patterns are obtained for low bridging angles when one

varies the vertical load. Summing up, it was observed that 1) the ratio WPnax(5 MPa/WP max(OMPa)

approaches 1.0, i.e. WPmax(5 MPa) = WPmax(OMPa) when higher bridging angles are considered and 2)

the crack coalescence patterns shown in Figure 3.50 look more similar for higher bridging

angles. This indicates that the processes involved in the fracturing of double-flaw specimens with

lower bridging angles (<600) may vary depending on the vertical load applied while they may

not differ significantly when the bridging angle is high (>600).

Ratio WPmax 5MI /WP maxOMPa Vs Bridging Angle
1.3

a Double-flaw geometries

0 Single-flaw geometries

1.2
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0.9
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Bridging Angle (0) '* Double-Flaw

Figure 3.53 - Ratio of the maximum water pressures for specimens with vertical load of 5 MPa to a vertical load of 0

MPa for single-flaw and double-flaw specimens with different bridging angles.
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3.6.6 Effect of vertical stresses and bridging angle on water pressures at white patching

initiation

The water pressure at which the white patching was first observed was determined based on the

HR images taken at constant time intervals during the tests. Because the identification of white

patching may differ slightly from operator to operator, it should be noted that the water pressures

at which white patching initiates are subjective and should be viewed as an estimate.

In Figure 3.54, the water pressures at which the first white patches were observed are plotted

against the bridging angles (for double-flaw geometries) and single-flaw geometries for the two

vertical load conditions tested i.e. 0 MPa and 5 MPa. Table 3.6 shows the average white patching

initiation pressure for each geometry and vertical load. It can be observed that:

- The water pressure at which white patching initiates is higher for the specimens with

fewer flaws, i.e. single-flaw geometries. Table 3.6 shows that white patching initiates at

4.93 MPa and 5.27 MPa for the single flaw specimens for a vertical of 0 MPa and 5 MPa,

respectively. These water pressures are higher than any white patching initiation

pressures obtained in the double-flaw geometries for the same vertical loads;

- The water pressure at which white patching initiates is higher when a vertical load of 5

MPa is applied, regardless of the number of flaws of the specimens;

I
White patching initiatiation pressure for different verticalloads and bridging angles
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Figure 3.54 - Water pressure at white patching initiation for single-flaw and double-flaw specimens with different

bridging angles with 0 MPa and 5 MPa of vertical load
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Table 3.6 - Averages of water pressures at which white pressures initiate for different bridging angles and for single-

flaw geometries for 0 MPa and 5 MPa of vertical load

Average water pressure at white patching initiation

Vertical Load Single-flaw Bridging angle of double-flaw geometries

(MPa) geometries 0 30 60 90 120

0 4.93 3.98 4.32 4.38 4.23 4.18

5 5.27 4.61 4.45 4.54 4.53 4.60

Figure 3.55 and Table 3.7 show the water pressures at which white patching initiates normalized

by the maximum water pressures for each test. By normalizing the white patching pressures, one

can observe that all the normalized pressures range between 0.80 and 0.90. Furthermore, the

normalized white patching pressures do not appear to depend on the number of flaws in the

specimen, the vertical load applied in the specimen or the bridging angle for the double-flaw

geometries.

Normalized white patching initiatiation pressure for different vertical loads and
bridging angles1.0

UMmU

10.8

0.6
R= 0,0123

U Vertical Load = 0 M Pa
R= 0.1121

0.4 A Vertical Load = 5 MPa

Vertical Load = 0 MPa (Single Flaw)

0 Vertical Load = 5 M Pa (Single Flaw)

0.2
Single-Flaw 1 0.0 30.0 60.0 90.0 120.0

Bridging Angle (0) Double-Flaw

Figure 3.55 - Normalized water pressure at white patching initiation for single-flaw and double-flaw specimens with

different bridging angles with 0 MPa and 5 MPa of vertical load
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Table 3.7 - Normalized averages of water pressures at which white pressures initiate for different bridging angles

and for single-flaw geometries with 0 MPa and 5 MPa of vertical load

Normalized Average water pressure at white patching initiation

Vertical Load Single-flaw Bridging angle of double-flaw geometries
(MPa) geometries 0 30 60 90 120

0 0.87 0.84 0.89 0.85 0.84 0.78
5 0.82 0.84 0.82 0.80 0.81 0.90
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3.6.7 Effect of vertical stresses and bridging angle on the volume of water injected

The volume of water injected (VWin!j) is measured from the end of the first water pressure

increment to the end of the test, when fractures propagate and the water pressure drops to zero,

as shown in Figure 3.56. This is done because the volume of water injected in the first pressure

increment, identified as VWist increment in Figure 3.56, varies significantly from test to test, as the

enclosure does not get completely filled with water after the vacuuming procedure described in

Subsection 3.5.5 is performed. Therefore, during the first water pressure increment, there is

usually a varying volume of water that needs to be injected into the pressure enclosure in order to

completely fill it out.
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Figure 3.56 - Volume of water injected (VWm j) used in the analyses of the test in the context of the present study,

from the end of the first pressure increment to the end of the test on specimen Gr-2a-30-60-VL5-INC5-C

Figure 3.57 shows the volume of water injected into the enclosure for the specimens tested and

Table 3.8 shows the average volumes for the vertical loads versus bridging angles (or single-flaw

geometry) used in the tests. One can observe that:

- The volume of water injected is higher for the single-flaw geometries. The average

volumes injected for single-flaw geometries with 0 MPa and 5 MPa of vertical load

applied were 6.60 cm 3 and 6.22 cm3, respectively. The largest volume injected for the
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double-flaw geometries was 5.13 cm 3 for a bridging angle of 00 and vertical load of 5

MPa. The volume injected to the single-flaw specimens is higher than the volume

injected to the double-flaw specimens, because it is necessary to apply higher water

pressures to propagate visible cracks in the single-flaw specimens, as explained in Table

3.5. To reach higher water pressures it is necessary to inject more volume of water, and

consequently the single-flaw specimens required the injection of more water.

The vertical load applied does not appear to significantly influence the volume of water

injected into the pressure enclosure, for both single- and double-flaw geometries. In fact,

the linear regression lines applied to the data with and without vertical loads are relatively

similar;

The bridging angle appears to have little effect on the volume of water injected for both

vertical loads considered, as the low R2 for a linear regression indicates. There appears to

be a slight upwards trend in the data without vertical load and downwards in the data with

vertical load. However, the author considers that these trends are not sufficiently strong

to obtain a relation between the volume injected and the bridging angles used.

There is a clear outlier in one of the single-flaw geometries tested with 0 MPa of vertical

load. In this test, the volume of water injected was almost 11 cm3, more than twice the

volume of water injected in the other two tests with the same flaw geometry and vertical

load. Since this volume of water is significantly larger than that injected in the remaining

experiments, this specimen possibly had a higher porosity or a high density of micro-

cracks. In order to confirm this hypothesis, it may be necessary to measure the porosity of

all single-flaw geometry specimens tested so one can have a baseline to compare the

porosity of the specimen to which almost 11 cm 3 had to be injected.
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Volume of water injected for different vertical loads and bridging angles

U Vertical Load = 0 MPa
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Figure 3.57 - Volume of water injected for

with 0 MPa and 5 MPa of vertical load

1.0 1
Bridging Angle (*) Double-Flaw

single-flaw and double-flaw specimens with different bridging angles

Table 3.8 - Averages of the volume of water injected for different bridging angles and for single-flaw geometries

with 0 MPa and 5 MPa of vertical load

Average volume of water injected

Vertical Load Single-flaw Bridging angle of double-flaw geometries

(MPa) geometries 0 30 60 90 120

0 6.60 3.95 3.57 4.29 4.23 4.79

5 6.22 5.13 4.31 4.48 4.32 4.37

Since intuitively higher maximum water pressures should correspond to larger volumes of water

injected, the volumes of water injected were plotted against the maximum water pressure reached

in each test, as shown in Figure 3.58. One can observe that:

- As the maximum water pressure necessary to propagate the visible cracks and fail the

specimen increases, the volume of water injected also increases for both vertical loads

and for single- and double-flaw geometries. In fact, a R2 of more than 0.5 is reached if a

linear regression is applied to the data obtained in the double-flaw geometries with a

vertical load of 5 MPa (blue line in Figure 3.58), and a R 2 of more than 0.3 for the

double-flaw geometries with a vertical load of 0 MPa (red line in Figure 3.58). The

single-flaw specimens with a vertical load of 5 MPa (green circles) seem to follow the

same trend as the double flaw geometries with the same loading; the R2 for all the tests
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(considering single- and double-flaw geometries) with a vertical load of 5 MPa is 0.7

(which is not shown in Figure 3.58 to avoid overloading the figure). The single-flaw

specimens with a vertical load of 0 MPa (dark yellow diamonds) seem to fit reasonably

well the data obtained for the double-flaw geometries with a vertical load of 0 MPa. It

should be noted that the outlier mentioned earlier, in which a volume of water of almost

11 cm 3 had to be injected is not plotted in this figure.

The same volume of water injected results in a higher maximum water pressure at failure

for the tests with a vertical load of 5 MPa (blue line) than for 0 MPa (red line).

Volume of water injected for different vertical loads and bridging angles
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* Vertical Load = 0 M Pa

A Vertical Load = 5 M Pa R= 0.5049
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A
AA- R2  0.3289

E 4.0

2.0
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Volume of Water Injected (cm3)

Figure 3.58 - Maximum water pressures versus volume of water injected for single- and double-flaw geometries

with 0 MPa and 5 MPa of vertical load
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3.6.8 Variation of the amplitude of acoustic emissions at different stages of the tests

While the study of the source mechanisms of selected acoustic emission (AE) events will be

described in detail in Section 4.4, the study of the amplitude of the acoustic emission events was

integrated in the general analysis of the hydraulic fracturing tests performed in granite. The

specimens considered in this subsection were selected in order to have a direct comparison

between tests performed with the same AE settings, namely in terms of the threshold of event

detection, the pre-amplification and the use of a hit-based sampling rate for the parametric

variables, which is important to accurately log the water pressure and volume injected near the

end of the test.

The AE settings described earlier will be briefly described. These are settings of the AE system,

provided by the Physical Acoustic Corporation (PAC), which can be defined by the user:

- The threshold of event detection is defined in dB. It is a limit above which the AE system

is triggered and consequently a waveform is captured. The lower the limit, the larger is

the number of hits and events are captured; however, it is also easier to capture noise

instead of actual waveforms of cracking events. A higher threshold guarantees that the

system is triggered by actual AE events, but there may be low-amplitude AE events that

are not captured by the system and consequently lost. Thresholds of 36 dB and 40 dB

were used in the tests discussed in this subsection.

- Pre-amplification is used to enhance the AE signals, or waveforms, without significantly

impacting the signal-to-noise ratio. The pre-amplification used in the tests analyzed in

this subsection was 20 dB.

- The hit-based sampling is an option that logs the parametric variables (water pressure,

volume injected, HSV camera trigger) every time there is an AE hit. This option is very

useful near the end of the test; in fact, while the data acquisition is logging the parametric

variables at 100 Hz during most of the test, their sampling frequency increases

substantially near the end of the test since the AE hits occur more frequently than 100

times per second.
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Based on Table B. 1 of Appendix B, the following groups of tests were studied:

- Tests with threshold of detection of 36 dB, pre-amplification of 20 dB and hit-based

sampling rate:

o Gr-30-VL5-INC5-B

o Gr-30-VL5-INC5-C

o Gr-2a-30-0-VLO-INC5-B

o Gr-2a-30-0-VL5-INC5-C

o Gr-2a-30-30-VLO-INC5-C

o Gr-2a-30-30-VL5-INC5-B

- Tests with threshold of detection of 40 dB and pre-amplification of 20 dB and hit-based

sampling rate:

o Gr-2a-30-0-VLO-INC5-C

o Gr-2a-30-0-VL5-INC5-Al

o Gr-2a-30-90-VL5-INC5-C

o Gr-2a-30-120-VLO-INC5-B

Three more tests were performed with a threshold of event detection of 36 dB and pre-

amplification of 20 dB, as can be seen in Appendix B.2. However, the data of these tests are not

analyzed in this subsection for the following reasons:

o Gr-2a-30-60-VLO-INC5-C - This test showed abnormal fracturing patterns,

possibly cracking through a pre-existing defect and failed at a very low water

pressure (approximately half of the other tests);

o Gr-2a-30-120-VL5-INC5-B - The HSV was not captured in this test. For this

study, capturing the HSV was important in order to define the stages (which are

based on sketches as will be following described) at which the AE events are

studied.

The AE events were studied at different stages of the tests; these stages are defined by the

sketches used in the analysis of the HR and HSV frames. The tests in which a vertical load of 5

MPa was applied were analyzed separately from those in which no vertical load was applied.
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Figure 3.59 shows the variation of water pressure and amplitude of AE events for one of the tests

studied in this subsection. The plots for the other tests studied can be found in Appendix B.

0.0 1 20.1)
- Waier Pessure Sketch 3-

5.0 High-e)sSkeich,, Sketch 2 100.0V

Acousti Event Sketch 1 - 7 Iw

80 k0.0

1 0 0.0Sketch]- 100.
0.0 2500 500.0 750.0 1000.0 1250.0 15000 1750.0 ?000.0

Time is)

5. 2 v- 120,0
--Water Presswre Sketch 3

5 1 High.Rc- Sketches 100.0
Acoustic [vents

Sketch 2 -

4 40 0
4 / 200

E

4 .60 --.-.- r--- . . .--. -- --- - 0.0
1725.0 1750.0 1775.0 1800.0 1825 0 1850.0 1875.0

Time (s)

Figure 3.59 - Water pressure and amplitude of AE events versus time for specimen Gr-2a-30-0-VL5-INC5-C

The amplitude of the first P-wave arrival at the source of the AE event is of interest in this study.

However, only the first P-wave amplitudes at the sensors/receivers are measured; hence, one

needs to find how the P-wave decays with distance and with the angle of incidence between the

source and the sensor (since the sensors only measure dislocations perpendicular to the edge of

the specimen). Intuitively, one expects the amplitudes of the P-waves to decay as the distance

and the angle of incidence between the source and the sensor increase. In this study, an

experiment was conducted to find how the amplitudes of the P-waves decay with varying

distance and angle of incidence between the source and the sensors.

The amplitude of the AE events studied in this subsection was calculated based on 1) the

amplitude of the first P-wave arrival captured by the first sensor to "feel" the wave (A ip stseflsor

2) the AE event location determined by the AE software used in the tests (the study in Chapter

4.4 uses enhanced AE event locations based on an algorithm developed by Bing Li) and 3) a

correction factor based on experimental data that takes into account the decay of the P-waves

depending on the distance and angle of incidence between the sensor and the source. These
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experimental data were obtained by dropping a steel ball several times in a flawless granite

specimen, varying the distance and angle between the source (ball drop location) and eight AE

sensors located in the edges of the specimen, as shown in Figure 3.60 a) for one sensor. Figure

3.60 b) and Table 3.9 show the results obtained from this study in terms of a correction factor

(CF) by which A IstSensor should be divided in order to have the amplitude of the first P-wave of

a given event at the source (AlstpSource

AlstpIstSensor = CF.AstpSource => AlstPSource = Aistp Istsensor/CF

Two examples will be given to better explain the calculation of the amplitude of the first P-wave

arrival at the event location.

1- The distance and angle of incidence from the location of the AE event (source) to the first

sensor to detect the first event are 10 mm and 50, respectively. The amplitude of the first

P-wave arrival of the event is 48 dB. Using Table 3.9, one can select the right correction

factor (CF) for this case - CF = 1.0. In this case, AlstPSource = 48/1.0 = 48 dB.

2- The distance and angle of incidence from the location of the AE event (source) to the first

sensor to detect the second event are 50 mm and 350, respectively. The amplitude of the

first P-wave arrival of the event is 38 dB. Using Table 3.9, CF = 0.83. In this case,

AistpSource = 38/0.83 = 46 dB.
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Figure 3.60 - a) Definition of source distance and angle of incidence in the experiment performed to calculate b) the

correction factor (CF) used to determine first P-wave amplitudes at the AE source based on its amplitude at a

receiver/sensor

Table 3.9 - Correction factor (CF) used to determine the first P-wave amplitudes at the source based on its amplitude

at a receiver/sensor

0-15

Incidence Angle (0

15-30 30-45 45-60 60-75

0-20 1.00 0.99 0.91 0.85 0.79

20-40 0.90 0.88 0.83 0.80 0.73

E 40-60 0.84 0.83 0.83 0.76 0.68

60-80 0.81 0.77 0.76 0.69 0.63

80-100 0.77 0.74 0.73 0.69 0.64
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Tests with Threshold = 36 dB, Pre-amplification = 20 dB

The averages of the first P-wave amplitudes are plotted in Figure 3.61 a) and b) for a vertical

load of 0 MPa and for a vertical load of 5 MPa, respectively, for different stages of the analyzed

tests. Two and four tests were analyzed for a no vertical load condition and a vertical load of 5

MPa, respectively.

From the two tests with no vertical load shown in Figure 3.61 a), one can observe:

- The tests show a clear linear trend in the amplitude of the first P-wave arrivals, with both

R2 of nearly 0.80.

- No events were captured in the first three stages ("Start to Sketch 0", "Sketch 0 to 1" and

"Sketch 1 to 2") for specimen Gr-2a-30-0-VLO-INC5-B, and in the first two stages

("Start to Sketch 0" and "Sketch 0 to 1") for specimen Gr-2a-30-30-VLO-INC5-C. This is

mainly because there is no vertical load applied to the specimen at the beginning of the

test, which usually causes acoustic activity near the top and bottom of the specimens, due

to the contact between the specimen and the loading frame. On the other hand, acoustic

activity starts to be felt from Sketch 1 (first white patching observed) to 2 in specimen

Gr-2a-30-30-VLO-INC5-C, which coincides with the stage at which white patching starts

to develop. In the specimen Gr-2a-30-0-VLO-INC5-B, AE events are captured only from

"Sketch 2 to 3"; this could be due to 1) the threshold being too high and therefore lower

amplitude events may not be captured by the AE system or 2) some of the initial white

patching processes may by aseismic.

- During crack propagation ("From Sketch 3 to 9"), the amplitude of the first P-waves

ranges from 60 dB to 65 dB for both tests studied;

- From "Sketch 3 to Sketch 9" (crack propagation) to "After Sketch 9" (after crack

propagation), the amplitude of the first P-waves appears to increase from 60 dB to 63 dB

in specimen Gr-2a-30-30-VLO-INC5-C and be approximately constant (65 dB) in

specimen Gr-2a-30-0-VLO-INC5-B. The average amplitude of events "After Sketch 9" is

relatively similar in both tests.
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From the four tests with a vertical load of 5 MPa shown in Figure 3.61 b), one can observe:

- The tests show a quadratic trend in the amplitude of the first P-wave at the different

stages analyzed, with R2 ranging from 0.70 to 0.82. The curve fitting was used to

understand if there is a common trend between the tests and not to find a function that

represents the variation of the first P-wave amplitudes at the various stages of the tests.

- When the vertical load is applied ("Start to Sketch 0"), the amplitude of the first P-waves

of the events captured ranged between 60 dB and 70 dB, approximately. Even though

there is no definite evidence, these initial events may be caused by 1) the contact between

the loading machine and the specimen which causes events in the top and bottom

boundary of the specimen and 2) the possible closure of existing micro-cracks or collapse

of existing pores in the entire specimen or 3) sliding between grains in the specimen.

- From the stage "Start to Sketch 0" (application of vertical load) to "Sketch 1 to 2", the

amplitude of the first P-waves appears to decrease to approximately 55 dB (in three out

of the four tests). Since white patching initiates approximately at Sketch 1, it is possible

that some of these events may be caused by the development of white patching near the

flaws. It is clear, however, that the events generated from "Sketch 1 to 2" have lower

amplitudes than the events generated during the application of the vertical load. This may

occur because the energy applied initially to the system is large and applied in a short

time when compared to the dissipation of the energy through the possible crack closure

and grain-to-grain friction, which dissipates less energy in each event and occurs

throughout a longer time-span. Furthermore, not all the energy applied to the specimen

through the vertical load is dissipated through the closure of cracks and grain-to-grain

friction; a percentage of this load is converted into strain energy that deforms the

specimen elastically and does not cause AE events. These may be the reasons why the

amplitudes of the AE events decrease after the initial application of the vertical load.

- In the last stages of the tests ("Sketch 2 to 3", "Sketch 3 to 9" and "After Sketch 9") the

amplitudes of the first P-waves increase but never reach the same amplitudes measured in

the first stage, when the "vertical load" was applied. The increase in the amplitudes of the

events from "Sketch 1 to 2" to "After Sketch 9" observed in 3 out of the 4 tests (with the

exception of specimen Gr-30-VL5-INC5-B in which the P-wave amplitudes decrease

until "Sketch 2 to 3") was also described in the tests with no vertical load.
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During crack propagation ("Sketch 3 to 9"), the amplitudes of the first P-waves are

slightly under 60 dB. consistent for the four tests analyzed, but slightly lower than the

two tests without vertical load, in which they ranged between 60 dB and 65 dB;

After crack propagation (After Sketch 9) the amplitude of the first P-waves appears to

increase in the tests studied. The average amplitude of the events ranges between 60 dB

and 65 dB, which is similar to what was observed in the two tests with no vertical load.

Averages of the Amplitudes of first P-waves vs Stages of the Test

100.0 VL=0, Threshold = 36 dB, Pre-Amplification = 20
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Figure 3.61 - Average of the amplitudes of the first P-waves at the source location at various stages of selected tests

with a) no vertical load and b) vertical load of 5 MPa, performed using a threshold for event detection of 36 dB and

pre-amplification of 20
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Tests with Threshold = 40 dB, Pre-amplification = 20 dB

The averages of the first P-wave amplitudes are plotted in Figure 3.62 a) and b) for a vertical

load of 0 MPa and 5 MPa, respectively, for different stages of the selected tests. Two tests were

analyzed for both a no vertical load condition and a vertical load of 5 MPa.

From the two tests with no vertical load shown in Figure 3.62 a), one can observe:

- The tests show a clear linear trend in the amplitude of the first P-wave arrivals, with both

R2 of nearly 0.90. This was also observed in the tests with the threshold of 36 dB.

- No events were captured in the first two stages ("Start to Sketch 0" and "Sketch 0 to 1")

for specimen Gr-2a-30-120-VLO-INC5-B, and in the first stage ("Start to Sketch 0") for

specimen Gr-2a-30-30-VLO-INC5-C. As in the tests with threshold of 36 dB, this is in

part because there was no vertical load applied to the specimen at the beginning of the

test, which usually causes acoustic activity particularly near the top and bottom

boundaries of the specimens. Acoustic activity starts to be felt from "Sketch 0 to 1" in

specimen Gr-2a-30-120-VLO-INC5-B and from "Sketch 1 to 2". Since white patching

initiates approximately at Sketch 1, the first events of both tests may be related to white

patching mechanisms (Sketch 1 represents the approximate time at which white patches

initiate but they can start some seconds before, since it may be difficult to identify the

exact time when they are start to be visible in the images obtained with the HR camera).

- During crack propagation (From "Sketch 3 to 9"), the amplitudes of the first P-waves

range from 60 dB to 70 dB for the tests studied, slightly more than what was observed in

the tests with lower threshold (60 dB to 65 dB). It makes sense that the average P-wave

amplitudes are higher in the tests with higher threshold, since lower amplitude events are

not captured as one increases the threshold;

- After crack propagation ("After Sketch 9") the amplitudes of the first P-waves increase to

a range between 70 dB and 80 dB, approximately. Again, these amplitudes are higher

than the ones measured for the same stage with a lower threshold.

From the two tests with a vertical load of 5 MPa shown in Figure 3.62 b), one can observe:

- The tests show a quadratic trend in the amplitude of the first P-wave at the different

stages analyzed, with R2 ranging from 0.83 to 0.93.

189



- When the vertical load is applied ("Start to Sketch 0"), the amplitude of the first P-waves

of the events captured ranged between 70 dB and 75 dB, for specimen Gr-2a-30-0-VL5-

INC5-A and Gr-2a-30-90-VL5-INC5-C.

- From the stage "Start to Sketch 0" (vertical load) to "Sketch I to 2" the amplitudes of the

first P-waves appear to decrease to approximately 60 dB. This decrease in the amplitude

of the first P-waves was also observed for the tests logged with the threshold of 36 dB.

- From "Sketch 1 to 2" to "After Sketch 9" the amplitudes of the first P-waves increase but

never reach the same amplitudes measured in the first stage, when the vertical load was

applied. This was also observed for the threshold of 36 dB.

- During crack propagation (From "Sketch 3 to 9"), the amplitudes of the first P-waves are

slightly above 60 dB, consistent in the two tests analyzed, but slightly lower than the two

tests without vertical load (60 dB to 70 dB);

- From "Sketch 3 to 9" to "After Sketch 9", the amplitudes of the first P-waves increase in

the tests studied from 60 dB to 65 dB. The amplitude "After Sketch 9" is lower than what

was observed in the two tests with no vertical load (70 dB to 80 dB).

An interpretation of the observations made in this subsection is given in the following Table

3.10. The two loading conditions and the different stages will be analyzed separately.

No vertical load:

- In the first two stages analyzed ("Start to Sketch 0" and Sketch 0 to 1") there were no AE

events recorded. The occurs mainly because there is no vertical load applied at the

beginning of these tests;

- In the stage "Sketch I to 2" the average amplitude of the AE events is the lowest of the

tests without vertical load studied in the section. Since this stage corresponds to white

patching initiation and the events are located relatively near the flaws, as shown in Figure

3.63 a), the events measured are likely caused by the white patching initiation near the

flaws.

- In the stage "Sketch 2 to 3", there are many events located around the flaws, as shown in

Figure 3.63 b), with a higher average amplitude than the previous stage. Since the only

damage observed is the white patching (which continues to develop as the test
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progresses) these events are likely caused by the continuous development of white

patching. The fact that the amplitudes are higher than in the previous stage indicates that

the micro-cracks responsible for the white patching may be larger (or release more

energy, since the water pressure increases as the tests progresses) as the tests progress. In

fact, the amplitudes of the first P-wave arrivals can be related to the magnitude, or

seismic moment magnitude, of the respective micro-seismic events i.e. to larger first P-

wave amplitudes correspond larger seismic magnitudes. The seismic moment magnitude

Mo of a seismic event can be defined as (refer to Aki and Richards, 1980):

MO = pAD

Where p is the shear modulus of the rock, A is the area of the fracture responsible for the

seismic event and D is the average displacement in the area A. Therefore, one infers that

the causes for the increase in the magnitude of the micro-seismic events in the tests

performed can be an increase in the area of the cracks, or an increase of the average

displacement in the fractures, since the shear modulus of the rock is always the same.

Since it is not possible to identify if it was either A or D increasing as the water pressure

was increased in the tests (or maybe both may have increased simultaneously), the author

assumes in this discussion that the increase in the magnitude of the seismic events

occurred due to the increase of the area of the micro-cracks.

From "Sketch 3 to 9", events with higher amplitudes than the previous stages were

mainly localized near the propagated cracks, as indicated with orange ellipses in Figure

3.64 a). Since this stage corresponds to the propagation of visible cracks and most of the

AE events were localized near the propagated cracks, the AE events are likely caused by

visible cracks. The higher amplitudes of the events indicate that these cracks are larger

than in the previous stages; this corresponds to the experimental observations, since these

cracks were visible with the HSV and HR cameras.

In the stage "After Sketch 9", the events observed have a higher amplitude than in the

previous stages (the average amplitudes of the events increase linearly for this loading

condition). Since these events are localized near propagated cracks, as indicated with the

orange ellipses in Figure 3.64 b), they are likely caused by after-shocks; the higher

amplitude of the events (when compared with the other stages) indicate a strong release

191



of the energy accumulated during the tests, which was not completely released during

visible crack propagation ("Sketch 3 to 9").

Vertical load of 5MPa:

- The amplitudes of the AE events that occurred between stages "Sketch 1 to Sketch 2" and

"After Sketch 9" follow the same upward trend as the tests without vertical load applied.

Therefore, the same interpretation is made of these events and their corresponding

amplitudes, as shown in Table 3.10.

- The events occurring from "Start to Sketch 0" were recorded while the vertical load of 5

MPa was being applied. Most of these events are probably caused by the contact and

seating of the loading frame in the specimens, since they are located near the top and

bottom boundaries of the specimens, as shown in Figure 3.65 a). Since other AE events

are localized throughout the specimen, they may have been caused by the closure of

existing micro-cracks or pores, or by the sliding of the grains.

- In the stage "Sketch 0 to Sketch 1", there were some events localized near the top and

bottom boundaries of the specimen and a few localized throughout the specimen, as

shown in Figure 3.65 b). The fact that many of the AE events were located near the

bottom boundary and some spread throughout the specimen, similar to the previous stage,

indicates that these events may have similar causes as the ones described in the previous

stage.

Based on the amplitude of the events recorded, there appears to be two sources for the AE

events, namely 1) the application of the vertical load, which causes events whose amplitude trend

downwards after the load is applied and 2) the increase in water pressure, which causes the

development of micro- and visible cracks and respective after-shocks, which, in turn, generate

AE events whose amplitude trends upwards. Since the tests without vertical load do not show the

downward trend caused by the load application, only the linear upward portion is observed. The

tests with vertical show the downward trend caused by the vertical load and the upward trend

caused by the development of the micro- and visible cracks. This is summarized in Figure 3.66.
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Averages of the Amplitudes of first P-waves vs Stages of the Test
Threshold = 40 dB, Pre-Amplification 20
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Figure 3.62 - Average of the amplitudes of the first P-waves at the source location at various stages of selected tests

with a) no vertical load and b) vertical load of 5 MPa, performed using a threshold for event detection of 40 dB and

pre-amplification of 20
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Figure 3.63 - a) Localization of the AE events from Sketch

2a-30-0-VLO-INC5-C
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Figure 3.64 - a) Localization of the AE events from Sketch 3 to Sketch 9 and b) After Sketch 9 for specimen Gr-2a-

30-0-VLO-INC5-C. Note: orange ellipses indicate events located near the visible cracks
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Figure 3.65 - Localization of the AE events from Start to Sketch 0 and from Sketch 0 to 1 for specimen Gr-30-VL5-

INC5-B
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Figure 3.66 - Amplitude of the first P-wave arrivals showing a) upward trend only for the tests without vertical load

and b) downward and upward trend for the tests with a vertical load of 5 MPa for the specimens tested with a

threshold of 40 dB (similar for the tests with 36 dB)
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3.6.9 Relation between the rate of acoustic emissions and fracturing processes

This subsection investigates the relation between the fracturing processes - white patching and

visible cracking - and the rate at which the acoustic emissions take place. As mentioned in

Subsection 3.6.1, the white patching initiates two or three water pressure increments before the

visible cracking propagates and consequently the O-ring seal is broken and the fluid pressure is

lost. The white patching initiation is identified in the water pressure vs time plots and in the

imaging analyses by Sketch 1, as shown, for instance, in Figure 3.67 a); in fact, the frame used to

create Sketch 1 was selected because it was the first in which the white patching could clearly be

observed, as explained earlier in this chapter. It should be noted, however, that the

correspondence between the white patching and Sketch 1 is approximate, since it is possible that

in some tests the white patching may have occurred seconds before Sketch 1. In fact, the white

patching in granite is very subtle and difficult to identify with the imaging devices used. In the

following Sketches 2 and 3 the white patching develops but no visible cracking initiates, as

shown in Figure 3.67 a) and b). It is only between sketches 4 and 9, shown for instance in the

final seconds of the test presented in Figure 3.67 b), that visible cracking initiates and develops,

usually within a time interval under two milliseconds.

In the context of the current research, the following terms are used in this subsection:

- Stable micro-crack development occurs when the hit/event rate (which corresponds to

the slope of the cumulative hit/event count versus time) is constant with time while the

water pressure is increased or held. A stable micro-cracking development occurs, for

instance, after the yellow circle shown in Figure 3.68. After the yellow circle, the slope of

the cumulate hit count versus time remains constant (Slope 2 in Figure 3.68 as the water

pressure is increased.

- Unstable micro-crack development occurs when hit/event rate changes with time while

the water pressure is increased or held. An unstable micro-cracking development occurs,

for instance, after the purple circle shown in Figure 3.69. After the purple circle, the slope

of the cumulate hit count versus time increases with time (Slope 3 is larger than Slope 2

as the water pressure is increased).
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It should be noted that these definitions may or may not correspond to the terminology

introduced by Bieniawsky (1967) or Brace and Bombolakis (1963). Further work is needed

to determine if what is used here mechanically corresponds to the earlier definition.

The tests analyzed in the previous subsection with a threshold for event detection of 40 dB and a

pre-amplification of 20 will also be analyzed in this subsection:

- Gr-2a-30-0-VLO-INC5-C

- Gr-2a-30-120-VLO-INC5-B

- Gr-2a-30-0-VL5-1NC5-A1

- Gr-2a-30-90-VL5-INC5-C

These tests were selected because they show more consistent acoustic activity between each

other. The two first tests analyzed have no vertical load and the two last have a vertical load of 5

MPa.

Specimen Gr-2a-30-0-VLO-INC5-C

Figure 3.70 shows the water pressure and hit and event counts versus time for the entire and for

the last 200 see of this test. The following can be observed:

- There are small "jumps" in the hit count every time there is a water pressure increment,

as identified by blue circles in Figure 3.70. These sudden increases in hit counts do not

translate into an increase in event counts. This may occur because 1) these hits are

created by waveforms with small amplitudes and therefore may not be captured by most

of the sensors - events are captured only if hits (waveforms) are felt i.e. are above the

threshold defined by the user, by six or more sensors or 2) these hits may come from

acoustic activity located at the pressure enclosure parts and therefore may be difficult to

locate with the 2D algorithm used by the AE system software. This activity may be

generated by the deformation of the bolts, by the friction or contact between the bolts and

the enclosure plates, by the deformation of the steel and polycarbonate plates, for

example. Because this acoustic activity does not come from the specimen it may mislead

the 2D localization algorithm, which does not expect out-of-plane events and therefore is

not capable of localizing them.
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There is a subtle increase in the slope of the hit count versus time curve slightly after

1,250 sec, which is identified by the yellow circle. This change in slope occurs

approximately 10 sec after Sketch 1 (Sketch 1 corresponds to the initiation of white

patching). The increase in slope in the hit count curve means that there is an increase in

the rate of the AE hits and consequently in the acoustic activity in the specimen. Since

the increase in acoustic activity occurs almost simultaneously (slightly after in fact) with

the initiation of white patching, it is very likely that the increase in acoustic activity may

be caused by the material damage involved in the initiation of white patching near the

flaws of the specimen. The fact that the change in slope is subtle and does not vary after

the yellow circle as the water pressure is increased i.e. the hit rate increases at the time

identified by the yellow circle but does not continue to increase with time, may mean that

the initiation and initial development of white patching (can also be seen as material

damage or a process zone development) is a relatively stable process. It should be noted

that the increase in slope is only noticeable in the hit count curve and not in the event

count curve, therefore one cannot know the source location of these hits (only events can

be located);

There is a second increase in the slope of the hit count curve at approximately 1,450 sec

of the test, identified by a purple line and circle in Figure 3.70. This change in slope is

more noticeable than the first, hence it can be observed in both the entire and last 200 sec

plots shown in Figure 3.70. This change occurs at the beginning of the last water pressure

increment, approximately 130 sec before visible crack propagation and consequent loss

of water pressure. Since one knows that 1) the only damage observed at and in the

following seconds after this change in slope is the development of white patching (which

initiated at Sketch 1, and 2) the slope of the hit count curve (can also be considered as the

hit rate) increases with time after the purple circle as the water pressure is increased and

subsequently held, it is interpreted that this increase in hit rate may be caused by an

unstable development of white patching near the flaws of the specimen.

There is an increase in the slope of the event count curve approximately 40 seconds

before the propagation of visible cracks (identified by a green circle in Figure 3.70),

while the water pressure was being held constant at 4.45 MPa. The slope of the event

count curve, which corresponds to the event rate, increases with time after the green
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circle as the water pressure is held. Based on the definitions presented before, the

cracking development involved in the increase of the event rate is considered unstable.

Furthermore, due to its time proximity to the propagation of visible cracks (after Sketch

3), this event rate increase may be related to cracking mechanisms responsible for the

transitioning between the white patching and the visible cracking, possibly a continuation

of the unstable white patching (micro-cracking) development hypothesized in the

previous stage (marked by the purple circle). These cracking mechanisms occur mainly

near the flaw tips, as can be observed in Figure 3.71, which shows the events taking place

from Sketch 2 to Sketch 3 of the analyzed test, and may eventually be investigated by

using a camera (or other device) capable of recording the fracturing processes of the last

seconds of a test at a sub-grain scale.
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Figure 3.67 - a) Typical development of white patching and b) water pressure and volume injected vs time for test

on specimen Gr-2a-30-90-VL5-INC5-C
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Specimen Gr-2a-30-120-VLO-INC5-B

Figure 3.72 shows the water pressure and hit and event counts versus time for the entire and for

the last 250 sec of this test. The observations similar to the previous specimen will be

commented, but more emphasis will be put in the differences between tests. The following can

be observed:

- As in the previous analyzed tests, there are "jumps" in the hit count curve in every water

pressure increment of the test;

- There is a subtle increase in the slope of the hit count curve identified by the yellow

circle in Figure 3.72, indicating an increase in the rate of AE hits. The slope does not

continue to increase with time until the second change in the hit count curve, as similarly

observed in the previously analyzed test. However, the increase in the rate of the AE hits

occurs after Sketch 2, as opposed to a few seconds after Sketch 1 (white patching

initiation) as observed in the specimen Gr-2a-30-0-VLO-INC5-C. In the current test, it

appears that the increase in the AE hit rate occurs much later (approximately 250 sec)

after the initiation of white patching. This may indicate that the white patching initiation

is a slow and gradual process and that the initial damage caused to the material may have

caused AE events lower than in the previous test, hence not captured in this test i.e. did

not reach the threshold for AE detection.

- There is a second increase in slope, or rate, in the hit count curve identified by the purple

circle in Figure 3.72. The hit rate increases at approximately 1,720 sec of the test at the

beginning of the last water pressure increment and appears to increase with time after the

purple circle. These observations are similar to what was observed in the previously

analyzed test.

- There is an increase in the slope of the event count curve approximately 25 seconds

before the propagation of visible cracks (identified by a green circle in Figure 3.72),

while the water pressure was being held constant at 5.30 MPa. The slope of the event

count curve, which corresponds to the event rate, increases with time after the green

circle which means the rate at which events occur is not constant but increases. These

observations are also similar to what was observed in the previously analyzed test.
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I
Specimen Gr-2a-30-0-VL5-INC5-AI

Figure 3.73 shows the water pressure and hit and event counts versus time for the entire and for

the last 250 sec of this test. More emphasis will be put in the differences between the tests than in

their similarities. The following can then be observed:

- As in the previous analyzed tests, there are "jumps" in the hit count curve in every water

pressure increment of the test;

- There is a subtle increase in the hit count curve indicating an increase in the rate of AE

hits. Timewise, this hit rate increase occurred near the Sketch 1 which corresponds to the

first frame where white patching could be observed. As observed in specimen Gr-2a-30-

0-VLO-INC5-C, there appears to be a direct relation between the increase in hit rate and

the initiation of white patching.

- There is a second increase in slope, or rate, in the hit count curve identified by the purple

circle in Figure 3.73. The hit rate increases at approximately 1,740 sec of the test at the

beginning of the last water pressure increment and appears to increase with time after the
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purple circle. These observations are similar to what was described in the two previously

analyzed tests.

- There is an increase in the slope of the event count curve approximately 35 seconds

before the propagation of visible cracks (identified by a green circle in Figure 3.73),

while the water pressure was being held constant at 4.95 MPa. The slope of the event

count curve, which corresponds to the event rate, increases with time after the green

circle as the water pressure is held. These observations are similar to what was described

in the two previously analyzed tests.
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Figure 3.73 - Water pressure and hit and event count versus time for the entire and for the last 30 sec of the test on

specimen Gr-2a-30-0-VL5-INC5-A1, showing changes in the slope of the hit and event counts
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Specimen Gr-2a-30-90-VL5-INC5-C

Figure 3.74 shows the water pressure and hit and event counts versus time for the entire and for

the last 130 sec of this test. More emphasis will be put in the differences between the tests than in

their similarities. The following can then be observed:

- As in the previously analyzed tests, there are "jumps" in the hit count curve in every

water pressure increment of the test;

- There is a subtle increase in the hit count curve indicating an increase in the rate of AE

hits. Timewise, this hit rate increase occurred near the Sketch 1 which corresponds to the

first frame where white patching can be observed, indicating a likely relation between the

increase in hit rate and initiation of white patching.

- There is a second increase in slope, or rate, in the hit count curve identified by the purple

circle in Figure 3.74. The hit rate increases at approximately 2,040 sec of the test at the

beginning of the last water pressure increment and appears to increase with time after the

purple circle. These observations are similar to what was described in the three

previously analyzed tests.

- There is an increase in the slope of the event count curve approximately 10 seconds

before the propagation of visible cracks (identified by a green circle in Figure 3.74),

while the water pressure was still being raised. The slope of the event count curve, which

corresponds to the event rate, increases with time after the green circle which means the

rate at which events occur increases as the water pressure is increased. As opposed to the

other analyzed tests, the increase in the event count rate occurs almost simultaneously

(less than 10 sec apart) with the second increase in the hit count rate identified by the

purple circle. This happened because the visible crack propagation and consequent loss of

water pressure occurred while the water pressure was being raised and not while it was

being kept constant as in the three previously analyzed tests. In fact, the second increase

in the hit rate always occurs at the beginning of the last water pressure increment in the

preceding and current tests. Furthermore, in the preceding and current tests, the increase

in the event rate always occurs a few seconds before visible crack propagation; in the

preceding tests it occurred more than a minute after the beginning of the last pressure

increment. Since in this test the visible crack propagation occurred just a few seconds
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I
after the beginning of the last pressure increment, then the second increase in the hit rate

and the increase in the event rate also occurred just a few seconds from each other.
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Figure 3.74 - Water pressure and hit and event count versus time for the entire and for the last 30

specimen Gr-2a-30-90-VL5-INC5-C, showing changes in the slope of the hit and event counts

The hypotheses regarding the fracturing mechanisms responsible for the changes in acoustic

activity put forward in this subsection are summarized in Figure 3.75. The arguments supporting

each hypothesis are also presented in the same figure. Summing up, the fracturing processes that

occur when flaws in granite are hydraulically loaded are 1) the stable initiation of white patching,

2) the unstable development of white patching and 3) the late development of white patching and

subsequent transition between white patching and visible cracking.
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Figure 3.75 - Hypotheses and supporting arguments on the fracturing mechanisms responsible for the changes in

acoustic activity
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3.6.10 Fracturing processes for different loading conditions

The fracturing processes obtained for uniaxial compressive and hydraulic fracturing tests are

investigated. The results shown for the uniaxial compressive tests were obtained by Miller

(2008) and for the hydraulic fracturing tests were obtained in the current study. Both white

patching and visible cracking development will be addressed; however, the time at which white

patching initiated is not available for the uniaxial compressive tests. In fact, only the white

patching visible in the HSV camera range (in the last seconds of the test) is reported in Miller

(2008) while this phenomenon initiates minutes before the end of the test. The geometry 2a-30-0

will be analyzed, since it was tested in both studies. Figure 3.76 shows the white patching and

visible cracking as well as the loads at which they occur for the uniaxial and hydraulic fracturing

tests. It can be observed that:

- The white patching patterns show similarities between the uniaxial compression case and

the hydraulic fracturing with a vertical load of 5MPa.

- The vertical load at failure is significantly higher in the uniaxial compression case than in

the hydraulic fracturing cases. In fact, it is necessary to apply a significantly higher

vertical load to fail a granite specimen in uniaxial compression (87.8 MPa) than to fail a

specimen subject to hydraulic pressure in pre-existing flaws (for a vertical load of 5 MPa

one has to apply a water pressure of 4.93 MPa).

- The fracture network created in the uniaxial compression tests is more complex than in

the hydraulic fracturing tests;
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3.7 Summary and Conclusions

The results of the hydraulic fracturing tests performed on granite will be summarized by topics.

Initially, the white patching and visible cracking will be discussed followed by the results related

to the water pressure and volume of water injected. Finally, the acoustic emission activity will be

discussed as well as the fracturing processes due to different loading conditions.

White patching and visible cracking

Permanent and short-lasting white patching were observed in the hydraulic fracturing tests

performed. The permanent white patching consists of the brightening of grains, usually initiates

at the flaw tips and develops gradually in the last two or three water pressure increments before

the propagation of the visible cracks and consequent loss of water pressure. The short-lasting

white patching occurs only in some tests and consists of a narrow brighter band that develops

and fades away in less than 1 millisecond, corresponding to a speed of propagation of 40 m/s.

The short-lasting white patching appears to be water moving through a deep fracture. Both

permanent and short-lasting white patching are the predecessors of visible cracks that propagate

at speeds between 8 m/s to 15 m/s.

Most of the visible cracks observed initiated at or near the flaw tips and were of tensile nature,

even though there were short crack segments where sliding/shear can be observed. For most of

the specimens tested with no vertical load, cracks type II (after Wong and Einstein, 2008) were

frequently observed. When a vertical load of 5 MPa was applied, only cracks types I (wing

cracks) and III (vertical cracks) were observed. The tensile cracks may be inter- or intra-granular

but the shear crack segments were always inter-granular. In a few cases, closure of previously

opened tensile cracks was observed, particularly when another tensile crack developed parallel to

an already developed tensile crack.

The coalescence patterns were strongly dependent on the vertical load applied for double-flaw

geometries with low bridging angles (0' and 300) and independent of the vertical load applied for

high bridging angles (900 and 1200).
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Water pressure and volume of water iniected

The maximum water pressure reached in the tests occurred seconds or fractions of seconds

before the propagation of visible cracking. The maximum water pressures are 1) higher for

single- than for double-flaw geometries and 2) higher when a vertical load of 5 MPa is applied

(with the exception of the specimens with a bridging angle of 120'). The bridging angle appears

to have little influence on the maximum water pressures reached in the tests.

The ratio between the maximum water pressures for the specimens with a vertical load of 5.0

MPa and no vertical load (WPinax(5 MPa)/ WPnax(OMPa)) appears to be bridging-angle dependent. For

coplanar bridging angles the ratio is nearly 1.2 and decreases to approximately 1.0 as the

bridging angle increases to 1200. The fact that this ratio is nearly 1.0 and the coalescence patterns

are similar for high bridging angles regardless of the vertical load applied may indicate that the

fracturing processes are independent of the vertical load for flaw geometries with high bridging

angles (>600). Higher WPinax(5 MPa)/ WPmax(OMPa) ratios and completely different coalescence

patterns were observed in geometries with lower bridging angles (<300), which indicates that the

fracturing processes may be vertical load dependent for coplanar and nearly coplanar geometries.

The water pressure at which white patching initiates is higher 1) when a vertical load of 5 MPa is

applied to the specimens and 2) for single-flaw geometries. This water pressure appears to be

independent of the bridging angle of the double-flaw geometries. If the water pressure at which

white patching initiates is normalized by the maximum water pressure reached in each test, one

observes that the normalized water pressure at which white patching occurs is approximately

0.80, regardless of the vertical load applied and number of flaws in the geometry tested. This is

important, since one can conclude that the damage (or process zone) responsible for the

formation of white patching starts to occur at approximately 80% of the maximum water

pressure obtained in each test.

More volume of water was injected in the specimens with one flaw than in the double-flaw

geometries. On the other hand, the bridging angle does not appear to have any effect in the

volume of water injected. By analyzing the relation between the maximum water pressure and

the volume of water injected, one learns that the tests, in which higher maximum water pressures

were reached, lead to higher volumes of water injected, for both vertical load conditions and flaw

geometries.
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Acoustic emission activity

For the tests without vertical load, the amplitudes of the first P-wave arrivals increase linearly

with time. The amplitude is lower earlier in the test, approximately around the time when white

patching initiates at the flaw tips, and increases as the test progresses indicating a possible

increase in the size of the cracks as the water pressure is increased. The highest P-wave

amplitudes actually occur after the propagation of the visible cracks, indicating a strong release

of energy that was accumulated throughout the test but not released when the visible cracks

propagated.

The tests with a vertical load of 5 MPa show an initial decrease in the amplitudes of the first P-

wave arrivals. The events with the highest amplitudes occur at the beginning of the test when the

vertical load is being applied, indicating that there is a significant transfer of energy from the

loading frame to the specimen when the vertical load is applied. After the application of the

vertical load, the amplitudes of the events decrease, indicating that some of the energy

transferred to the specimen by the vertical load may have been stored as strain energy and the

remaining is gradually released in the form of AE events as the test progresses and the water

pressure is raised. The events responsible for the energy release after the application of the

vertical load may be the closure of existing micro-cracks, the collapse of existing pores or the

sliding between grains in the entire specimen. The amplitude of the P-waves increases again in

the last stages of the tests with a similar upward trend as in the tests without vertical load,

probably due to the development of white patching and eventually due to the propagation of

visible cracks caused by the increase in the water pressure.

Based on the amplitude of the events recorded, there appears to be two sources for the AE

events, namely 1) the application of the vertical load, which causes large events and smaller

events as the test progresses and some of the energy transferred by the loading frame to the

specimen is being released and 2) the increase in water pressure, which causes the development

of micro- and visible cracks and respective after-shocks, which, in turn, generate AE events

whose amplitude trends upwards as the water pressure increases.

There are changes in the hit and event count curve that can be related to the fracturing processes

observed in the hydraulic fracturing tests:
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- There is a subtle increase in the slope, or rate, of the hit count curve at approximately the

same time as the white patching initiates, which supports a direct relation between the

increase in hit rate and white patching initiation. Since the hit rate does not continue to

vary as the water pressure is increased or held, the initial white patching development is

considered a stable process.

- There is a more noticeable increase in the hit rate at the beginning of the last water

pressure increment. Since the only observed damaging process is the development of

white patching and given the fact that the hit rate increases as the water pressure is

increased or held, this increase is considered to be caused by an unstable development of

white patching located near the flaws of the specimen.

- Finally, there is an increase in the event count 10 sec to 40 sec before the propagation of

visible cracks. Since the only visible damage at this point is the white patching and the

event rate increases as the water pressure is increased or held, this increase in the event

rate is related to the unstable transition between micro- and visible-cracking .

Fracturing processes for different loading conditions

The study of the fracturing processes in double-flaw granite specimens subject to different

loading conditions showed important differences between the uniaxial and hydraulic fracturing

tests, namely the fact that the vertical load at failure is significantly higher in the uniaxial

compression case than in the hydraulic fracturing cases, and that the fracture network created in

the uniaxial compression tests is more complex than in the hydraulic fracturing tests. This

indicates that real-scale hydraulic stimulations may create a simple fracturing networking of

newly-formed fractures which may become more complex if interaction between existing and

newly-formed fractures takes place.
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4 Experiments with pressurized flaws in granite and shale using

flaw pressurizing device

4.1 Introduction

The water pressure enclosure described in Chapter 3 is capable of applying fluid pressure to the

pre-fabricated flaws cut in rock specimens. However, this fluid pressure is not only applied to the

flaws but also to both front and back faces of the specimens generating in-plane strains by the

Poisson effect, as explained in detail in Appendix E.

In order to avoid the Poisson effect introduced by the pressure enclosure while allowing one to

have a clear view of the specimen so images can be taken during the tests, a flaw-pressurizing

device capable of applying fluid pressure in the flaws only was designed and built. Preliminary

tests were performed using the flaw-pressurizing device as a proof-of-concept. This chapter first

describes the flaw-pressurizing device, then presents the results obtained in the preliminary tests

performed in granite and shale, and finally presents the conclusions that were reached after the

preliminary tests performed with the device, as well as recommendations for further

improvements.
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4.2 Description of the flaw-pressurizing device

As shown in Figure 4.1 and Figure 4.2, the device is composed of:

- Rubber membranes (4A) to seal the flaw - these are located between the specimen (1)

and the inner (closer to the specimen) steel plates (5);

- Rubber O-rings (4B) were used to seal the music wires (2) and water supply needle (3) -

these are located between the inner and outer steel plates;

- Outer steel plates (7) to apply pressure to the rubber membranes and O-rings, and

therefore seal the flaw and the music wires;

- Two tensioned music wires to compress the steel plates;

- Four crimps (8), two at each end of the music wires, to apply tension to the music wires

through the friction crimp-wire. The copper and steel crimps used in the tests are shown

in Figure 4.3;

- Screws (6) to pull the crimps away from each other and therefore apply and adjust the

tension applied to the music wires.

- A water supply needle (3) to supply water/fluid to the flaw.

Cross-section B-B' (Parallel to axis of flaw)

3 -Water 4Cross-section A-A' (Perpendicular to axis of flaw) -1 Specimen
Supply Needle -

1  -Specimen
2 usMe Flaw

F 48]4K

a) b)

4 - Rubber A) membranes and B) 0-rings

5 - Inner steel plates

6 - Screws to adjust tension in wires

7 - Outer steel plates

8 - Crimps

c) d)
Figure 4.1 - a) Cross-section A-A' and b) B-B' of the flaw-pressurizing device as identified in c) and d) legend of

the different parts used in the design
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Front view

1 - Specimen (Acrylic)

8 - Copper crimp

4A - Rubber membrane

5 - Inner steel Platea

7 - Outer steel Plate

a)

t

Side view

1w-2 -Music wire

- 4A -Rubber membrane

a~ 8 -Copper crimp

6 - Screws to adjust 7 Outertension in wires steel plate

supply nedl -5 - Inner
supply needle cseepat

b)

Figure 4.2 - a) Front and side views of the flaw-pressurizing device showing its components in a test performed on

acrylic (not discussed in this thesis). Note that the rubber 0-rings are not seen in any of the views. since they are

located between the inner and outer steel plates.

In order to ensure the feasibility of the design, some of the components were tested individually.

The crimps are one of the critical parts of the design, since they are used to tension the music

wires and therefore efficiently seal the flaw. Therefore, the load-transfer by friction between the

crimp and the music wire is of paramount importance to the overall performance of the design.

Based on this, several crimping materials and methods were tested, namely:

- Copper crimps "crimped" to the music wire using a shop press shown in Figure 4.4 a);

- Copper crimps "crimped" to the music wire using a regular crimping tool shown in

Figure 4.4 b);

- Steel crimps "crimped" to the music wire using a regular crimping tool;

- Steel crimps "crimped" to the music wire using a shop press;

- Steel crimps "crimped" to the music wire at three locations using a regular crimping tool;

- Steel crimps "crimped" to the music wire at four locations using a regular crimping tool;

- Steel crimps glued with Loctite and cured for 12 hours;

- Steel crimps glued with Loctite and cured for 24 hours;

Figure 4.6 shows schematics of crimps "crimped" at one, three and four locations.
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The load vs displacement curves shown in Figure 4.6 in indicate that the use of Loctite glue

(Loctite retaining compound 6 4 8TM with Loctite primer 7 6 4 9 TM) is the best method to generate

shear resistance ("friction") between the music wire and the crimp. This method reaches an

ultimate load of almost 700 N, which is close to the resistance of the music wire of 0.61mm

diameter and a tensile strength of 2,400 MPa used in the preliminary tests performed with the

flaw-pressurizing device. However, in the three first preliminary tests discussed in Subsections

4.3.1 to 4.3.3 a copper crimp using a regular crimping tool was used, since copper is easy to

deform with the regular crimping tool. In the last test discussed in Subsection 4.3.4 steel crimps

glued with Loctite and cured for 24 hours were used. The tensile load applied to the system can

be subdivided into two components:

- Part of the load, T in Figure 4.7 a), is applied initially to the music wire when no fluid

pressure has been applied inside the flaw yet, in order to introduce a reaction in the

rubber membranes (T/2 in Figure 4.7 a)) and consequently seal the flaw. The necessary

tensile load T is difficult to be quantified, but should be in the linear elastic regime of the

load vs displacement curve shown in Figure 4.6 and not in the non-linear regime that is

reached when the load is higher;

- Part of the load is applied to the rubber membranes when the water pressure is increased

(AT/2 in Figure 4.7 b)) and actually counteracts the reaction between the rubber

membranes and the specimen (T/2 - AT/2 in Figure 4.7 b)) while maintaining the tension

in the music wire. One should apply enough tension to the music wire initially, so that

when the reaction between the membranes and the specimen decreases because of the

increase in water pressure one still has enough reaction to seal the specimen.
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Figure 4.3 - Steel and copper crimps used in the tests

a) b)

Figure 4.4 - a) Shop press and b) regular crimping tool used to deform the crimp around the music wire and

therefore generate friction between the crimp and the music wire
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Figure 4.5 - Crimping at a) one, b) three and c) four locations.
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Figure 4.6 - Load vs displacement curves for different types of crimping methods
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Before applying
water pressure

T/2
Specimen

T/2

Music wire
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Rubber
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-

a)

While applying
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Specimen
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-AT 2 -T1 2+
Music wire

+E-sAT/2 AT/2+
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T

b)

Figure 4.7 - Forces applied to the music wire and rubber membranes a) before the water pressure is applied and b)

while the water pressure is being applied
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4.3 Preliminary Tests Performed

The two first tests discussed in this section were performed with Barre granite, the third was

performed with Vaca Muerta shale and the last with Opalinus shale. Water was used as the

injection fluid in the first three tests presented and hydraulic oil was used in the last. All the

preliminary tests were performed on specimens with only one flaw. High-resolution pictures

were taken throughout Tests 1 and 4.

4.3.1 Test 1 - Granite

In the first test performed on granite, the water pressure was increased incrementally during

more than two hours as shown in Figure 4.8. At approximately 140 minutes of the test the water

pressure was raised from 7 MPa (point B) to 8 MPa but dropped suddenly to approximately 6

MPa, which was held for several minutes (point C). From the beginning of the test (point A) to

point B no water leaks could be observed. This shows that the conceptual design of the device

was capable of sealing the flaw and applying high fluid pressures inside of it without any

leakage. From point B to point C, there is a bulb of water that develops around the flaw, as

shown in Figure 4.9, which increases in size during approximately 5 minutes, from 140 to 145

min in Figure 4.8, stabilizing in size afterwards while the water pressure was held at 6 MPa. This

bulb of water is probably caused by the seepage of water through micro-cracks produced during

the last pressure increment (immediately after B). It should be noted that the water does not

appear to seep from the flaw tips only, where micro- or macro-fractures would be expected to

initiate, but around the entire flaw. This indicates that damage, possibly micro-cracking (since no

visible fractures can be observed in the pictures) occurred around the flaw and not only at the

tips, as schematically shown in Figure 4.10

The fact that the size of the bulb of water stabilized after 5 minutes indicates that after being

created and causing a drop in water pressure from 8 MPa to 6 MPa, this damage zone did not

increase in size. This may have occurred because the design of the flaw-pressurizing device only

allows one to apply pressure inside the flaw; after seepage started to occur through the created

damage zone, the water pressure could not be further increased and therefore the damage zone

could not be enlarged (if one were able to seal the micro-cracks created, the water pressure could

likely be increased).
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Figure 4.8 - Water pressure vs time for the preliminary test 1 performed in granite using the flaw-pressurizing device

b)

Figure 4.9 - a) Front face of the granite specimen from point A to B showing no water near the flaw and b) from

point B to C showing water seeping around the flaw.
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4.3.2 Test 2 - Granite

Test 2 was initially performed on a granite specimen measuring 6in x 3in x 1 in, as shown in

Figure 4.11. Similar to what was observed in Test 1, after incrementally increasing the water

pressure to 8 MPa there was a sudden pressure drop to 6 MPa. This pressure was then held for

several minutes as a water bulb developed around the flaw as observed in Test 1.

After the initial pressurization, the specimen was cut into two smaller prisms measuring 6in x I in

x I in, each of them including one flaw, as shown in Figure 4.12. The purpose of cutting the

initial specimen into smaller prisms was to have less material to fracture to the specimen

boundaries when the flaw was pressurized, in order to facilitate the creation of hydraulic

fractures with the flaw-pressuring device. In the test performed in one of the small prisms the

water was incrementally raised to 5 MPa, dropped suddenly to 0 MPa and leaked from the sides

of the prism. Observations made with an optical microscope after the test was completed showed

cracks on the side of the specimen and ahead of the flaw tip, as can be seen in Figure 4.12; the

cracks seem to initiate at the tip of the flaw. This indicates that after a first stage in which

damage/micro-cracking seems to occur around the entire flaw, larger cracks can be initiated and

propagated from the flaw tips. This is schematically shown in Figure 4.13. This is important

since the described two-stage fracturing mechanism in which cracks of two scales may be

produced may also occur in field stimulations of granite. However, experiments with larger

specimens and flaws are required to confirm this hypothesis. It should be noted that while in

these two preliminary tests performed on granite no leaks occurred, other tests showed leaks,

particularly from between the specimen and the back membrane/inner plate of the device.

Figure 4.1 1 - Initial preliminary test 2 performed in a granite specimen measuring 6inx3inxIin
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Figure 4.12 - Second part of preliminary test 2 performed in a granite specimen measuring 6in x 1 in x 1 in. showing

micro-cracks (red arrows) in images obtained with an optical microscope.
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Figure 4.13 - Cracks developing at the tips of the flaw after possible formation of a damage zone around the flaw
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4.3.3 Test 3 - Vaca Muerta shale

Preliminary test 3 was performed on a disc-shaped specimen obtained from a core of Vaca

Muerta shale (Argentina) with a single-flaw, as shown in Figure 4.14 and Figure 4.15. The

bedding planes are perpendicular to the axis to the disc/core (i.e. parallel to the visible face in

Figure 4.14 a).

The pressurizing sequence planned for this test was supposed to be similar to the previous tests

performed on granite in which the pressure was incrementally increased until a drop occurred.

However, it was not possible to increase the water pressure beyond 20kPa (0.020 MPa), two

order of magnitudes lower than the pressures achieved in the tests performed on granite. The

reason why the pressure inside the flaw could not be increased is that the water started to flow

through the bedding planes of the shale specimen, as illustrated in Figure 4.16 with arrows. It can

be seen that the water travelled from the flaw to the edges of the specimen. Since there was no

external load applied to the specimen which would have closed the bedding planes, the water

flow never stopped or decreased. (If one were capable of loading the specimen to the in-situ

stresses, the bedding planes would close (or their aperture would be reduced), and consequently

the flow through the bedding planes would be reduced and the pressure could probably be

raised.)

The flaw-pressuring device was also successful in this test since leakage did not occur through

the device but through the bedding planes of the shale specimen.

Figure 4.14 - Vaca Muerta shale specimen with a single-flaw tested with the flaw-pressurizing device
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Figure 4.15 - Flaw-pressurizing device being used in a Vaca Muerta shale specimen. a) back and b) fiont face

a) b)

Figure 4.16 - Water seeping through the bedding planes (arrows) of the Vaca Muerta shale specimen a) back and b)

front face
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4.3.4 Test 4 - Opalinus shale

In order to minimize the flow through the bedding planes which occurred in Test 3, another test

was performed in which the fluid (hydraulic oil in this case) pressure inside the flaw was applied

simultaneously with a vertical load perpendicular to the bedding planes of a prismatic Opalinus

shale (Switzerland) specimen. The vertical load was chosen based on the uniaxial compressive

tests performed by Morgan (2015) in Opalinus shale. Specifically, the load applied was 2 MPa

which is approximately 20% of the crack initiation stress observed by Morgan (2015) on

specimens with similar geometries. With this relatively low value it is likely that no cracking is

induced by the vertical load. While 2 MPa was selected as the initial vertical load, this could be

increased throughout the test depending on the amount of fluid flowing through the bedding*

planes. Hydraulic oil was the pressurizing fluid used in this experiment; the objective of using a

fluid with higher viscosity than water was to increase the resistance of the fluid flow through the

bedding planes and consequently more easily increase the pressure inside the flaw.

As can be seen in Figure 4.17, the oil pressure was raised to almost 3.5 MPa but dropped to

approximately 2.0 MPa, which was maintained from 900 sec to 1,250 sec. The vertical load

applied during this stage of the test was 2.0 MPa, as shown in Figure 4.18. The volume of oil

injected increased throughout this stage of the test, which indicated the existence of leakages

through the bedding planes, such as the one shown in Figure 4.19, and through the interface

between the back-seal and the specimen. The flow through a predominant bedding plane can

actually be observed in Figure 4.20 b) and c). The leakage through the interface between the

back-seal and the specimen was not captured by the HR camera but was observed by the author

during the test. This meant that even though higher pressures than in the Vaca Muerta specimen

were achieved, the flaw-pressurizing device was not capable of completely sealing the flaw in

the Opalinus shale specimen.

After this stage, the vertical load was increased to 3 MPa and 4 MPa in order to reduce the

aperture of the bedding planes, but one was never able to hold the fluid pressure higher than

approximately 2.6 MPa. For this fluid pressure, the volume of oil injected continued to increase

being lost through the bedding planes, as shown in Figure 4.20 d) and through the interface

between the back rubber membrane and the specimen.
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This might have occurred because the initial reaction force applied by the rubber membranes to

the specimen was not high enough and as it decreases as the water pressure was raised (as

explained in Section 4.2), it may have led to the fluid leakage. In order to solve this issue, a

system in which the sealing force is applied externally (rather than internally through the music

wires) may improve the sealing capabilities of the flaw-pressuring device.
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Figure 4.17 - Time variation of the water pressure and volume of hydraulic oil injected to an Opalinus shale

specimen, showing HR frames taken throughout the test
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Figure 4.18 - Time variation of the water pressure and vertical load applied to an Opalinus shale specimen, showing

HR frames taken throughout the test
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Figure 4.19 - Opalinus shale specimen tested with the flaw-pressurizing device, showing a bedding plane with a

large aperture (blue arrows). The image corresponds to Frame 0 in the two previous figures.

a) b) c) d)

Figure 4.20 - Opalinus shale at different stages of the test performed with the flaw-pressurizing device a) Frame 1

b) Frame 2, c) Frame 3 and d) Frame 4. See also Figure 4.17 and Figure 4.18.
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4.4 Conclusions and suggested improvements

This section intends to describe the conclusions reached throughout the development of the flaw

pressurizing device, not only regarding its performance but also in terms of the fracturing

mechanisms observed when a single flaw is internally pressurized in granite and shale

specimens. This section will first evaluate the performance of the designed flaw-pressurizing

device, describing the positive and negative aspects of the design, and then discuss the feasibility

of using it in future tests. Based on this critical analysis, improvements to the design will be

suggested. It should be noted that some improvements are already being made by other

researchers using the same conceptual design. Finally, the fracturing mechanisms observed when

single flaws were internally pressurized in granite and shale specimens will be summarized and

discussed.

Performance of the flaw-pressurizing device

The flaw-pressurizing device was capable of sealing the flaws in the two tests performed in

granite presented in this chapter. The pressure was raised up to 8 MPa and damage was created

around the flaws. In these tests, no leakage was observed from the rubber seals and no slippage

occurred in the copper crimps used. It should be noted that more tests were performed on granite

in which leakage occurred usually from between the specimen and the back rubber membrane at

a fluid pressure of approximately 3 MPa. Several crimping options were tried to solve this issue,

namely steel crimps and longer crimps glued to the music wire with Loctite glue. None of these

solutions completely solved the leakages that occurred at around 3 MPa of fluid pressure. This

might have occurred because the initial reaction force applied by the rubber membranes to the

specimen was not high enough and as it decreased with the increase in water pressure, it may

have led to the fluid leakage.

The tests performed on Vaca Muerta and Opalinus shale showed that the flaw-pressurizing

device is capable of sealing the flaw but flow through bedding planes and from the back seal (in

the case of the Opalinus shale test) did not allow reaching high enough pressures to initiate

fractures.
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Suggested improvements to the design of the flaw-pressurizing device

The main issue with the design of the flaw-pressuring device was the leakage that frequently

occurred from the back seal located between the specimen and the steel plate. This indicates that

the reaction between the seal and the rock was not high enough to completely seal the specimen,

which in turn means that 1) the tension initially applied to the music wire was not high enough or

that 2) slippage occurred between the crimp and the music wire causing the loss of tension in the

music wire. To improve the design, it is suggested that:

- The force to seal the specimen is applied externally rather than internally to the flaw. This

has been tried successfully by Morgan (2016) of the MIT rock mechanics group, in

Opalinus shale specimens using an external clamp, as can be seen in Figure 4.21.

- The use of an O-ring instead of a rubber membrane in order to seal the flaws. Given its

smaller area of contact with the specimen, the O-ring will generate a higher reaction

which may reduce the leaks in the interface between the specimen and the steel plate.

- Eventually, the application of fluid pressure inside the flaw could be done simultaneously

with the application of a different pressure to the faces of the specimen (Y3 stress, for

example) through a hybrid of the devices shown in Chapters 3 and 4. Ideally, this could

be done together with the application of biaxial load, which would allow one to

additionally apply and control the vertical and lateral stresses (cri and G2 stresses). A

schematic of this design is shown in Figure 4.22. In this design, one would be able to

separately control the vertical (a), horizontal (Y2) and out-of-plane stress (G3), as well as

the fluid pressure inside the flaw (pf), since the pressures G3 and pf would be applied

using fluids enclosed in two different sealed chambers, as shown in Figure 4.23. This

figure also shows two different ways that could be used to apply the out-of-plane stress

(03): the first does not use an impermeable transparent membrane between the specimen

and the fluid, as shown in Figure 4.23 a). In this case the out-of-plane stress (Y3) applied

is also the pore pressure (pi) inside most of the specimen, apart from the region where pf

is being applied. The second option uses a membrane to separate the pressurized fluid

from the specimen, as shown in Figure 4.23 b). In this case, there is no pore pressure

inside the specimen but the local pore pressure that may develop in the vicinity of the

flaw where pf is being applied. Both solutions may have advantages and disadvantages

234



that may need to be studied in the future, but they may be a great improvement and show

many similarities to the loading conditions that can be found in the field.

(racking along bedding planes

Flam

]

Figure 4.21 - Successful use of flaw-pressurizing device to hydraulic fracture Opalinus shale using external clamps

(Morgan, 2016)
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Figure 4.22 - Possible design to apply hydraulic pressure inside a flaw (pf) while independently controlling three

directions of external stress
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Figure 4.23 - Two different approaches to apply the out-of-plane stress in the design suggested a) without and b)

with membrane in both faces of the specimen

Fracturing mechanisms in granite when a single flaw is internally pressurized

From the preliminary testing performed with the flaw-pressurizing device, important

observations were also made on the fracturing mechanisms that occur. In the tests performed in

granite it was possible to see that the fracturing took place in two distinct stages: the first

consisted in the damage, possible micro-cracking, of the rock around the entire flaw which made

the pressure drop slightly (from 8 MPa to 6 MPa in the tests reported). After this stage it was still

possible to create visible cracks initiating and developing from the flaw tips. Given their size,

these cracks caused a total loss of fluid pressure.

Fracturing mechanisms in shale when a single flaw is internally pressurized

In the tests performed in two different shales, flow through bedding planes was observed. In both

cases, the loss of fluid through the bedding planes was one of the main reasons why the fluid

pressure could not be further increased and therefore cracks could not be initiated.

Both fracturing phenomena observed in granite and shale may be representative to some extent

to field stimulations, therefore it is important to further explore these mechanisms with

experiments that can address these specific mechanisms.
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5 Analysis of source mechanisms of Acoustic Emission events in

hydraulic fracturing tests performed in granite

5.1 Introduction

The experiments described in Chapter 3 used a pressure enclosure in order to create hydraulic

fractures in granite. From the experiments performed one was able to observe two different

scales of damage: visible cracks at a larger scale and white patching areas, which appear to be

process zones, at a smaller scale. While the mechanisms (usually tensile) involved in the

development of the visible cracks can be observed through the High-Resolution (HR) and High-

Speed Video (HSV) cameras, it is difficult to identify the mechanisms involved in the initiation

and development of white patching using the same imaging equipment. Therefore, this chapter

describes a method, which uses the radiation patterns of the acoustic emission (AE) events and

the SEM (scanning electron microscope) images, to determine the source mechanisms of the

micro-cracks, assumed to be responsible for the AE events, located in white patching regions.

This chapter will first define the moment tensor and the radiation patterns of seismic events. It

will then describe the methodology used to identify the source mechanisms of AE events based

on their radiation patterns and on the orientation of micro-cracks observed in the SEM images.

The source mechanisms of several AE events obtained in hydraulic fracturing tests performed

with the water pressure enclosure presented in Chapter 3 will then be discussed. Finally, a

summary and conclusions of what was learned from this study will be presented.

237



5.2 Moment tensor and radiation patterns of seismic events

The moment tensor is a mathematical representation of the movement of an infinitesimal

fracture, as shown in Figure 5.1. It consists of nine generalized couples, or nine sets of two

vectors, three diagonal and six off-diagonal terms. The three diagonal terms (MI, M22 and M3 3 )

represent opening (positive) or closure (negative) of a fracture and the six off-diagonal terms

represent sliding mechanisms in the different planes. From the six off-diagonal terms, only three

are independent since M 12=M 2 1, M13=M 31 and M23=M32 . Since the loadings applied to the granite

specimens in the hydraulic fracturing tests (described in Chapters 3 and Appendix E) create 1) a

2D state-of-stress with stress concentrations developing at the flaw tips in the plane of the

specimen - plane 1-2 in Figure 5.1 - and 2) cracks that developed perpendicularly to the plane of

the specimen, then only the moment tensor components in the 1-2 planes, namely Mi 1 , M22 and

M12, are relevant for this study.

The radiation patterns of a seismic event indicate the type of motion that the particles around the

source are subject to. For the purpose of this study, one is interested in the amplitude of the far-

field P-wave motions caused by normal and shear dislocations. The far-field conditions are

considered because the sensors are usually located outside the radii with center at the AE sources

within which the near-field conditions are important, as will be discussed below. The radiation

patterns produced by the S-waves are not considered in this analysis, because the AE events

measured in the experiments produced S-wave motions which are difficult to separate from the

P- and S- waves generated by the reflections from the boundaries of the specimens, as will later

be discussed. Therefore, only the P-wave motions are analyzed. The far-field P-wave amplitudes

of the motions caused by a vertical normal dislocation are defined, for example, by Shi and Ben-

Zion (2009).

AT = + 2cosJR (5.1)

In which the geometric variables 0 and R are defined in Figure 5.2. It should be noted that

positive and negative P-wave amplitudes are caused by opening and closure dislocations,

respectively. Furthermore, the positive P-wave amplitudes represent compressional waves and

the negative P-wave amplitudes represent dilatational waves, as shown in Figure 5.3 a). This is

explained and related to the moment tensor components in Figure 5.4.
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The amplitudes of the far-field P-wave motions caused by a vertical shear dislocation are:

As = (sin 20 cos (P) (5.2)

The radiation patterns obtained with this expression are shown in Figure 5.3 b). pi and X are the

Lame parameters which can be related with the Young's modulus E and Poisson's ratio v as

follows:

Ev

(1+v)(1-2V)

And

E

=2(1+v)

(5.3)

(5.4)

The geometric variable $ is also defined in Figure 5.2.

fracturing occur in the 1-2 plane, then $ = 0.

According to Aki and Richards (1980) and Ichinose et

important when:

Since the stress concentrations and

al. (2000), the near-field motions are

wr c
- << 1 or r <<-

C W

In which w is the angular frequency of the waveforms generated by the AE events (w=27tf, in

which f is the frequency of the waveforms in Hz), r is the distance between the source and the

receiver (or sensor), and c is the P-wave velocity in the material. In the hydraulic fracturing

experiments, the P-wave velocity in the granite specimens was measured as approximately 4,000

m/s in the tests performed, and the frequency of the waveforms generated ranged between 100

kHz and 150 kHz. Therefore:

C = 4,OOOm/s = 0.0064m = 6.4mm
W 2,zAOO,OOOHz
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Since 6.4 mm is much smaller than the distance from the location of most AE events to the

sensors - approximately 30 mm to 40 mm for the events located near the flaws -then the near

field displacements are not important and the far-field Equations (5.1) and (5.2) hold and can be

used. The near-field radius is illustrated in Figure 5.5

3 3

(21 3
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[3,1]
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Figure 5.1 - Moment tensor with its different components (from Aki and Richards. 1980). The red square highlights

the components which are relevant for the hydraulic fracturing tests performed
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For each moment tensor of a seismic event, one has an associated radiation pattern caused by the

source mechanism of this event. Figure 5.6, for example, shows the moment tensor, Mohr circle

and radiation patterns for an event (Event 1) without shear component with Mi=l (vertical

opening) and M11=1 (horizontal opening), also called explosive event. The radiation patterns are

obtained by using Equation 5.6 for Mi =1, which represents a tensile, or opening, vertical

dislocation and Mi = I, which also represents an opening dislocation but rotated 900 relative to

Mi:

Event 1:

FPell=MA 1  IA, 20] 1 r+ 1. 1OA=ent = MAQ + M,,A = cos +1.0 + 2cos2 (a -90) (5.6)

One can observe that the explosive event causes only compressive P-waves (considered positive

in this study) with a circular pattern around the source with the highest amplitudes near the

source.

On the other hand, Figure 5.7 a) shows the moment tensor, Mohr circle and radiation patterns of

an event (Event 2A) with Mi=1 (vertical opening) and Mil=-1 (horizontal closure); the radiation

patterns are also obtained by using Equation 5.1 for the opening dislocation Mi and closing

dislocation Mu:

Event 2A:

FP FP FP = 1.0 [a 2o 1OS (a _ i)
AEvent2A = MIAMI + MIIAMI= + 2cos - 1.0 + 2cos2 (a - 90) (5.7)

If one simplifies:

+ 2cos20 ] - [-+ 2cos2 (0 - 90) = (cos2 - cos2 (0 - 90))

Since cos(6 - 90) = sin(6) and cos 26 + sin2 6 = 1 then,
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2(cos2  - cos 2 (6 - 90)) = (cos 2B - sin2 ) =2 -(1- 2sin2 0)
R R R

And finally, since cos(26) = (1 - 2sin2 0) then,

AEvent2A = [1 - 2sin2O] = [cos(20)]
R R

(5.8)

This event causes compressive P-waves above and below the source (from Mi) and dilatational

P-waves to the right and left of the source (from M). However, if one rotates the infinitesimal

element considered in the Mohr circle in Figure 5.7 a) by 450 (physically) or by 90' in the Mohr

circle space, one ends up with a moment tensor with Mi I=M22=0 and MI2=M21=1, which

corresponds to an event (Event 2B) with a shear dislocation whose radiation patterns are

obtained from Equation 5.2 and represented in Figure 5.7 b):

Event 2B:

AElent 2 B 12 + M21A' = 1.0. sin(2(O - 45)) - + 1.0. sin(2(G + 45))

If one simplifies:

1.0. sin(2(0 - 45)) + 1.0. sin(2(O + 45))! = }[sin(20 - 90) + sin(2& + 90)]

Since sin(26 - 90) = sin(20 + 90) = cos(20) then,

[sin(20 - 90) + sin(20 + 90)] = (cos(20) + cos(20)) = [cos(20)]
RRR

(5.9)

(5.10)
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One can note that Equation 5.10 is the same as Equation 5.8, which translates into the fact that

the radiation patterns shown in Figure 5.7 a) are the same as those shown in Figure 5.7 b),

despite the different source mechanisms. This means that any infinitesimal element in a given

Mohr diagram of a seismic moment tensor has the same radiation patterns (since Event A has a

different Mohr diagram of the seismic moment tensor, then its radiation patterns are different

from Event 2A and 2B). Therefore, even though knowing the moment tensor is a first step to

determine the source mechanism of a seismic event, it is actually not sufficient. In fact, one

needs to identify the direction of the cracks in order to define the actual orientation of the

infinitesimal element that caused the AE event. With this information, it is possible to identify

this infinitesimal element in the Mohr diagram and therefore determine the corresponding

moment tensor. The components of the moment tensor, in turn, define the source mechanism of

the AE event. In this study, SEM images of regions where white patching was observed will be

used in order to observe the directions of micro-cracks and complement the information obtained

from the moment tensor, therefore determining more accurately the actual source mechanism of

the AE events. The methodology followed to achieve this objective will be described in the

following subsection.
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5.3 Methodology

For the purpose of this study, a source mechanism is defined by two unknowns, namely its

moment tensor and the angle that its minimum principal direction makes with the vertical (or

similarly, the angle that its maximum principal direction makes with the horizontal) as will be

further explained in this section. Using the data collected from the hydraulic fracturing tests, the

following methodology was used to determine the source mechanisms of acoustic emission

events localized in white patching areas:

- Select specimens in which regions with white patching could be observed without visible

cracks;

- From the specimens selected above, chose the ones in which strong acoustic activity was

observed in the white patching area. Based on these two criteria, the following specimens

were selected for this study:

o Gr-2a-30-0-VL5-INC5-Al

o Gr-2a-30-30-VL5-INC5-B

o Gr-2a-30-120-VLO-TNC5-C

- For each specimen, select AE events located in the white patching area. These events

were initially localized with the software embedded in the AE system used in the tests;

later, the determination of the location of the AE events was improved by using a code

developed by Bing Li. The locations of the AE events (hereafter defined as (xsource,

ysource)) analyzed in this chapter are based on Li's code and will be referred to as

calculated AE locations. Moreover, only events whose waveforms were captured by more

than six (out of eight) sensors were considered in this analysis;

- For each AE event, the amplitudes of the first P-wave arrivals were visually determined

for each sensor using Matlab, as shown in Figure 5.8. In the waveform shown in this

figure, the negative amplitude of its first P-wave arrival is identified. As can be seen in

the same figure, waves reflected from the boundaries of the specimen are received by the

sensor immediately after the first P-wave arrival, leading to an inversion in the motion of

the first P-wave. The reflected waves "mask" the actual P- and S-waves produced by the

AE events that would otherwise be measured by the sensor. For this reason, only first P-

wave arrivals will be used in the calculation of the moment tensor of the AE events.
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The indices used in the following description are the following:

o i - represents the sensor number and it varies from I to 8;

o j - represents different counter-clock wise angles Oj (multiples of 100) that the

minimum principal stresses (Mil) make with the vertical and that the maximum

principal stresses (MI) make with the horizontal, respectively. For example, 01=00,

02=100, 03=20 ... and 018=1700;

o s - designates different ratios of Mi(s) to Mu(s), as will be discussed. For example,

MI(I)/MII(I) 1/1 = 1; MI(2)/MII( 2 ) 1.2/1 = 1.2... a total of 143 different ratios

have been studied, as will be explained in more detail.

The vector A ctual, with i varying from 1 to 8, was defined to identify the first P-wave

amplitudes measured at the eight sensors. Because the AE sensors measure motions

perpendicularly to the face of the specimen, the measured amplitudes were converted into

the actual ones using:

Aictual _ Akeasured (5.11)
Isinaj

as explained in Figure 5.9

Several synthetic radiation patterns were generated from an infinitesimal element located

at the calculated AE location. The amplitudes of the synthetic first P-wave arrivals

(A ynthetic) were determined at the location of each sensor i and for different orientations

Oj of the principal infinitesimal element, as shown in Figure 5.10. Different ratios

between Mi(s) and Mii(s) were considered in the calculation, as shown in Figure 5.11. The

first term of the equation below represents the amplitude of the first P-wave arrivals

caused by a source mechanism defined by the maximum principal moment Mi, which

may be opening if MI> 0 or closure if Mi < 0; the second term of the equation represents

the amplitude of the first P-wave arrivals caused by a source mechanism perpendicular to

the Mi-term defined by the minimum principal moment M11, which may be also be

opening if Mi 1>0 or closure if Mii < 0.
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ASynthetic = M s)AF(ij) + M1=(sA AP,(ij)

= MI(s) + 2cos2 (( - aj) - 90 + Mu1(s) [ A+ jcos2 ( - (5.12)

An example of the application of this equation to obtain the synthetic first P-wave

amplitudes in two sensors (Sensors 4 and 6) for a specific source location, ratio Mi/Mil

and 0 is given in Figure 5.13. The remaining variables of the equation are explained in

the following and related to the figure throughout the text. Since one knows the

calculated location of the source (xsource, ysource) and the locations of the sensors

(Xsensor i, sensor ) with i varying from 1 to 8, one can determine the distance Ri and the

angle xi between the calculated source and the sensors, as shown in Figure 5.12:

Ri= (Xsensor i - Xsource) 2 + (Ysensor i - Ysource) 2

= arctan xsensori - Xsource

. c sensori ~ Ysource

For the example shown in Figure 5.13 using mm as units, (Xsensor4, Ysensor4) =

(0,140.09), (Xsensor6,.Ysensor6) = (76.93,98.11) and (Xsource,Ysource) =

(51.48; 89.11). In Figure 5.13, the coordinates of Sensor 4 and of the Source are also

shown. These locations were taken from Appendix C. 1, in which an example of

application of the code is also given. Based on these parameters, Ri and oi can be

calculated for the two sensors using the expressions above:

Sensor 4

R4 = 72.5 mm

o4 = 45.3

Sensor 6

R6 = 27.0 mm

249



wX = -70.50

The Lame parameters were calculated based on a Young's modulus of 30 GPa and a

Poisson ratio of 0.20, which yields a X/ = 0.67. Oj was varied from 00 to 1700 in 100-

increments, which means j varied from 1 to 18. In the example shown in Figure 5.13, Oj

1200 , which corresponds to j = 13 (as previously discussed, 0 is the counter-clock wise

angle that the minimum principal stress (Mri) makes with the vertical, or that the

maximum (Mi) principal stress makes with the horizontal). Several ratios between Mi(s)

and Mii(s) were also studied using four cases, identified in Figure 5.11:

Case 1 (Mi and Mri representing opening dislocations) - from s = 1 to s = 45,

Mui(s)=1 and MI(s) = 1 to 10 in 0.2 increments. For example, for s=1: Mu(i) 1 and

Mi(i)= 1, for s=2: M11(2 ) = 1 andMi(2)= 1.2;

Case 2 (only opening dislocation in MI) - s = 46, MI( 4 6)= 1 and Mi(46) = 0;

Case 3 (Mi representing opening and Mri closing dislocations) - from s = 47 to s =

97, Mui(s) -1 and MIs) -i to 10 in 0.2 increments.

For example, for s=47: M( 4 7)= -1 and MI(47 ) -1, for s=48: MII(48) = -1

and MI( 4 8) = -0.8;

Case 4 (Mi and Mil representing closing dislocations) - from s = 98 to s = 143,

Mi(s) = - and Mu(s) = -I to -10 in 0.2 increments. For example, for s=98: MII(98)

-I and Mi(98)= -1, for s=48: M11(99)= -1 and Mi(99) = -1.2;

In the example shown in Figure 5.13, the components of the moment tensor used were

Mi(s) = 2 and Mu(s)= - (Case 3 with s=62). It should be noted that the amplitudes of the

first P-wave arrivals are normalized after this step (as will be discussed) therefore only

the ratios between Mi and Mii are relevant and not their absolute values. In fact, for the

purpose of this calculation, having Mi=l and Mii=4 is similar of having Mi=2 and Mi=8

because of the subsequent normalization of the P-wave amplitudes. Furthermore, only
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principal dislocations (Mi and Mi1) were used in this calculation, since they are able to

represent all the radiation patterns produced by any infinitesimal element (principal or

not) in a given moment tensor, as discussed earlier. Also, as can be seen in the Cases I to

4 described above and illustrated in Figure 5.11 more attention is put on moment tensors

with at least one tensile principal components. In fact, Case 3 does not have a

corresponding case in the compressive segment of the Mohr diagram. This is done to

avoid having too large a number of cases that could be computationally time-consuming

to run and because the author believes that is likely that at least one of the principal

moment tensor of the AE events is tensile. Based on these arguments, the author believes

that the cases studied cover all the realistic synthetic radiation patterns possible.

One has now defined the variables necessary to determine the synthetic first P-wave

amplitudes at sensors 4 and 6, as defined in Equation 5.12 and Figure 5.13. For Sensor 4

with i=4 (Sensor 4), j=13 (0 = 1200) and s = 62 (Mi = 2 and M1 = -1):

Ajjs = MI(s) + 2cos2 ((0j - a1) - 90) + MH(s) + 2cos2(0 _ a.)

1
A 4 1 3 62 = 2.0[0.67 + 2cos 2 (120 - 45.3 - 90)]

72.5

1
- 1.0[0.67 + 2cos 2 (120 - 45.3)] = 0.047

72.5

For Sensor 6 with i=6 (Sensor 4), j=13 (0 = 1200) and s = 62 (Mi = 2 and Mi = -1)::

1
A 6 1 3 62 = 2.0[0.67 + 2cos 2 (120 + 70.5 - 90)]-

27
1

- 1.0[0.67 + 2cos 2 (120 + 70.5)]- = -0.138
27

The vectors containing the actual (Af ctual) and synthetic (A ynthetic)) first P-wave

amplitudes at the eight sensors are normalized, so that their norm, or magnitude, is 1.0.

For the actual amplitudes, the normalization is as follows:
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A Actual
ActualNorm

A=1ctual)2
A1 -A

As an example, the normalization of the vector of amplitudes defined in the Appendix

C. 1 will be briefly described. The vector of amplitudes A Actual is:

o Aictua = amp sensors in Appendix C.1 =

- 0.00433
0.00036

-0.00155
0.00171
0.00275

-0.00771
0.00253

- 0.00098 -

The first component is normalized as follows:

_ Actual

_(A ctual 2

0.00433

-\0.004332 + 0.000362 + +. 0.000982

0.00433
0.00993 = 0.4361
0.00993

The normalized Af AtualNormWill therefore have a magnitude of 1.0 and looks as follows:

A ActualNorm _

0.4361
0.0363

-0.1561
0.1722
0.2770

-0.7766
0.2548
0.0987-
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For the synthetic first P-wave amplitudes, for each angle Oj and ratio between Ml(,) and

Mu(s), a similar normalization was made:

A Synthetic
ASyntheticNorm ijs

ijs 8 ynthetic '2

After having the actual and synthetic first P-wave amplitude vectors normalized, the

differences between the single vector of the actual amplitudes and the vectors of the

synthetic amplitudes are computed as follows:

8

Diffj, = y(Aynthetic - Aictual

By using this grid search algorithm, the smallest/minimum difference yields the most

likely 1) orientation Oj of the principal infinitesimal element and 2) relation between MI(s)

and MII(s) which indicates the most likely moment tensor for the acoustic event under

study. In order to be able to compare the results from the different AE events analyzed,

the most likely principal moments Mi and Mu are also normalized in order to have a

Mohr circle with a radius of 1. The normalized principal moments are calculated as

follows for the four cases of opening/closing dislocations described earlier:

Case I (Mi and Mil representing opening dislocations)

2MMilorm _ M

(M - M11)

_2M, 1
MNorm _ M-M

(MA - M11)
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Case 2 (only opening dislocation in MI) is only one combination of Mi and Mi in which

Mi = 2 and Mu = 0. Since the Mohr circle for this condition has already a radius of 1 no

normalization was necessary.

Case 3 (Mi representing opening and Mu closing dislocations)

MNrrn 2M,
MNOrm _ M

(A + M11)

MNorm 
2M ,

I ( + M11)

Case 4 (Mi and M representing closing dislocations)

MNormn - 2M
(-M, + MI)

MNormn = 2M,
(-Ml + M11)

The code used to determine the most likely orientation of the infinitesimal element and

moment tensor of the acoustic emission events can be found in Appendix C.

Having the most likely moment tensor and orientation of the infinitesimal element yields

useful information about the source mechanism of the AE event under study. However,

because any element in the Mohr circle of the moment tensor produces similar radiation

patterns, more information is needed in order to identify the orientation of the

infinitesimal element involved in the AE event captured. In the present study, SEM

images were used to determine the orientation of the micro-cracks observed in the white

patching area, which is assumed to be the same as the orientation of the infinitesimal

element involved in the AE event. By setting this orientation, the source mechanism can

be identified since one can tell where the infinitesimal element is in the Mohr circle

space.

Figure 5.14 illustrates the steps followed in the study of the source mechanisms of the AE events

located in white patching regions, as well as in which Sections they are addressed.
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Figure 5.11 - Mohr circle representation of different ratios between M, and MI, used in the source mechanism
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Figure 5.14 - Steps followed in the study of the source mechanism of AE events located in white patching regions
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5.4 Source Mechanism Results

Three specimens were selected for this study, namely Gr-2a-30-0-VL5-INC5-Al, Gr-2a-30-30-

VL5-INC5-C and Gr-2a-30-120-VLO-INC5-C. Several AE events were selected in the white

patching areas observed in these specimens. While some of these events are analyzed in detail in

this section of the thesis, the moment tensor analyses of all the events selected are shown in

Appendix D. For specimen Gr-2a-30-0-VL5-INC5-AI, nine AE events were analyzed and two

will initially be discussed in more detail in this chapter; for specimen Gr-2a-30-30-VL5-INC5-C,

two AE events were analyzed and both will be discussed in detail in this chapter; seven AE

events were analyzed for specimen Gr-2a-30-120-VLO-INC5-C, and two will be described in

more detail in this chapter. After the discussion of these AE events, the source mechanisms of

several events will be related with the SEM images obtained for each specimen.

In the following subsections, the test data will first be presented for each specimen analyzed,

including plots of water pressure and volume injected versus time and image analyses showing

white patching and visible crack development. Then the moment tensor and radiation patterns for

some events will be discussed, and finally the SEM images will be interpreted and related to the

moment tensor information in order to have a better understanding of the source mechanisms

responsible for the AE events studied. In the first specimen analyzed (Gr-2a-30-0-VL5-INC5-

Al) the results of a Finite Element model will also be discussed and related to the SEM images

and moment tensor information.

In the context of this study, it should be remembered that the sign convention for the waves and

moment tensor is the following, as illustrated earlier in Figure 5.4:

- Compression waves are positive and dilatational waves are negative;

- A positive term in the diagonal of the moment tensor represents an opening/tensile

mechanism and produces compression waves (also positive). A negative term in the

diagonal of the moment tensor represents a closing/compression mechanism and

produces dilatational waves.

While this convention is used in the calculations performed in this chapter, it should be noted

that the AE sensors used in the hydraulic fracturing tests output a negative first P-wave arrival

when they receive a compressive P-wave, which is the opposite of the convention used in this
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chapter. The waveform signal output by the AE sensors depends on the electronics of the system

and does not have a physical meaning. Because of this issue, the radiation patterns of the actual

AE events shown hereafter (Figure 5.19 and Figure 5.21, for example) and in Appendix D have

inverted signs i.e. positive means dilatational and negative compressive motions, correspond to

the ones used as the convention in this chapter.
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5.4.1 Specimen Gr-2a-30-0-VL5-INC5-A1

Test Data

As shown in the hydraulic fracturing tests presented in Chapter 3, the water pressure is increased

in 0.5 MPa increments until visible cracks propagate and the pressure is lost. Figure 5.15 shows

the water pressure and volume injected versus time. It can be seen that the maximum pressure

reached was almost 5.0 MPa and that the pressure dropped suddenly approximately 5 sec after

the maximum pressure was reached. Several sketches are identified in the same figure; some of

these sketches are shown in Figure 5.16: Sketch 2 shows white patching initiating at and near the

four flaw tips, while Sketch 3 shows narrow bands of white patching emanating from the flaw

tips with an almost-vertical orientation. Sketch 3 occurs a few seconds before visible cracking

develops between Sketches 4 and 9, and consequently pressure is lost. Sketch 9 shows the final

cracking pattern observed in the test; it can be seen that visible cracking propagated vertically

from the two tips of the left flaw only. In fact, only bands of white patching and no visible

cracking can be observed developing from the tips of the right flaw.

Figure 5.17 shows the location of the AE events between Sketches 2 and 3 and between Sketches

3 and 9. It is possible to see that there are many events produced near the left flaw and some near

the right flaw with a few located above the outer tip of this flaw, for the two time-windows

shown. From Sketch 3 to 9 most of the AE events, especially the ones with higher amplitudes

(red dots), are located at or very near the place where the visible cracks developed. For the same

time-window, there are not many events around the right flaw. The events studied in this

subsection are located near the outer tip of the right flaw and occurred from Sketch 2 to 3 i.e.

during the development of white patching, which is of principal interest here.
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Figure 5.15 - Water pressure and volume injected versus time curves for the entire and last 30 seconds of the test on

specimen Gr-2a-30-0-VL5-INC5-A1
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Figure 5.16 - a) White patching and fracturing corresponding to Sketch 2, b) Sketch 3 and c) Sketch 9 for specimen

Gr-2a-30-0-VL5-INC5-A1
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Figure 5.17 - Acoustic emission events from Sketch 2 to 3 and from Sketch 3 to 9

Moment tensor and radiation patterns for selected events

The first AE event studied occurred at 1778.007 sec of the test and is located slightly above the

outer tip of the right flaw, as shown in Figure 5.18. By applying the methodology described in

Subsection 5.3, the orientation of the principal infinitesimal element and the most likely moment

tensor are estimated for this event, which is shown in Mohr circle format in Figure 5.19. By

looking at the Mohr circle for the seismic moment, one can observe that the source mechanism

of this event can be composed of:

1) Horizontal tension and similar vertical compression if one considers a principal

infinitesimal element which makes 00 with the vertical. This is shown as option 1) in

Figure 5.19;

2) Only shear, which is maximum if one considers an infinitesimal element rotated 450 from

the principal infinitesimal element, or directions. This is shown as option 2) in Figure

5.19;

3) An intermediate mechanism with tension and compression in the normal directions as

well as some shear, if the infinitesimal element is rotated by an angle between the

principal element of option 1) and the maximum shear element of option 2). This is
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shown in Figure 5.19. In the following cases studied, mechanism 3) will be referred to

but not shown in the figures with radiation patterns to avoid overloading the image with

information.

It will be possible to identify with more certainty which mechanism occurred after analyzing the

SEM images and relating them to the most likely moment tensor, as will be discussed at the end

of this subsection.
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Gr-2a-30-0-VL5-INCS-Al - From Sketch 2 to Sketch 3
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Figure 5.18 - Location of the AE event in specimen Gr-2a-30-0-VL5-lNC5-Al occurring at 1778.007 sec
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The second event analyzed occurred at 1828.093 sec of the test and is located above the outer tip

of the right flaw as shown in Figure 5.20. The orientation of the principal infinitesimal element

and the most likely moment tensor for this event are similar to those estimated for the event that

occurred at 1778.007 sec of the test, as shown in Figure 5.21. Therefore, the same conclusions

can be reached regarding the possible source mechanisms that generated this event i.e. can be

only horizontal tension and vertical compression, or only shear if infinitesimal element is rotated

by 450 with the horizontal, or can be a combination of tension, compression and shear if the

orientation of the infinitesimal element is between 00 and 45'.

All the AE events analyzed for this specimen are shown in Appendix D and their properties are

summarized in Table 5.1. The main intention of this table is to present the main properties of the

AE events in order to facilitate the interpretation of their source mechanisms. This table shows

the time at which the event occurred, the distance to the outer tip of the right flaw, the amplitude

of the first P-wave obtained from the first sensor that captured the event (the events are

considered low-amplitude if Amplitude < 50 dB, mid-amplitude if 50 dB < Amplitude < 65 dB,

and high-amplitude if Amplitude > 65 dB), the angle 0 of the principal infinitesimal element as

defined in Figure 5.10, the normalized principal moments Mi and Mu and the angle the

infinitesimal element with maximum shear makes with the vertical (0 450).

From analyzing the results in Table 5.1, one can conclude that:

- The AE events that occur earlier are located closer to the tip (less than 2mm);

- The later AE events appear to be located further away from the flaw tip and usually show

high amplitudes;

- Seven out of the nine events studied show a maximum principal direction that makes 00

to 200 with the horizontal (using the convention presented in Figure 5.10), or maximum

shear infinitesimal elements that make -250 to -450 with the vertical. Since the moment

tensor is symmetrical i.e. M12 = M 2 1, then it is also possible to have angles of maximum

shear that are perpendicular to the ones mentioned i.e. -250 to -450 plus 900, which is

equal to 450 to 650.

- The principal seismic moments obtained for the nine events studied are consistent, with

the normalized Mi ranging from 0.89 to 1.29 and the normalized Mu ranging from -0.71
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to -1 .11. These events are consistent, since there were no events with only positive or
negative principal moments.

Four events showed the normalized Mi and Mii equal to 1.0 and -1.0, respectively, of

which three occurred later in the test, i.e. after 1828 sec.
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Figure 5.20 - Location of the AE event in specimen Gr-2a-30-0-VL5-INC5-Al occurring at 1828.093 sec
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Figure 5.21 - Mohr circle of the moment tensor and radiation patterns of the AE event in specimen Gr-2a-30-0-VL5-

INC5-A1 occurring at 1828.093 sec.
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Table 5.1 - Properties of the AE events analyzed for specimen Gr-2a-30-0-VL5-INC5-A1. The angle of the principal

infinitesimal element refers to the counter-clock wise angle that the maximum principal direction makes with the

horizontal, as defined in Figure 5.10. The angle of the infinitesimal element with maximum shear refers to the

counter-clock wise angle the direction of maximum shear makes with the vertical

Angle of Angle with vertical of Angle with vertical of
Time of the AE event Distance to the Amplitude principal Normalized Anglniteical of ngperpendicular

(sec) tip (mm) (dB) infinitesimal M, and M 1  with max shemr infinitesimal element
element with max shear

1778.007 approx.1mm Mid 0*-_ 1.0/-1.0 -45' 450

1799.455 approx.2mm High 20A -- 1.29/-0.71 -25" 650 '"

1799.806 less than 1mm Mid 20 A V 1.09/-0.91 -250 650 Z

1813.028 approx.2mm High l) 1.17/-0.83 -350 550 '1K

1821.253 more than 3 mm High 130 1 0.89/-1.11 -5* 850

1821.972 more than 3 mm Mid 100 .' 1.23/-0.77 -350 550

1828.093 more than 3 mm High 00 - 1.0/-1.0 -450 450

1829.948 more than 3 mm H igh 400 1.0/-1.0 -50 85 0

1833.984 more than 3 mm High 20 - 10/-1.0 -25 65
LO/ 1-0

Finite Element Analysis

A Finite Element code - Abaqus - was used in order to understand the state of stress in the

region where white patching was observed and to relate the stresses obtained numerically with

the moment tensors of the AE events studied. The model considered a linearly elastic material

with the elastic properties of the granite used in the hydraulic fracturing experiments:

- E = 30 GPa (refer to Table 3.1)

- v = 0.20 (common value for granite)

Two flaws were created in the model with the geometry 2a-30-0 and an aperture of 0.7 mm. The

tips were considered semi-circular to realistically simulate the shape of the flaw tips cut with the

waterjet. The mesh used in the Finite Element model is shown in Figure 5.22 a). It is finer

around the flaws to better capture the stress concentrations that occur near the flaw tips. The

following loads and boundary conditions were considered in the model, as shown in Figure 5.22

b):
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- Vertical load of 5 MPa applied in the top boundary of the model, which is kept constant

at the different stages of the Finite Element calculation. This simulates the vertical load

applied to the specimen Gr-2a-30-0-VL5-INC5-AI studied in this section;

- Water pressure simultaneously applied inside the two flaws. It is increased from 0 MPa,

to 1.25 MPa, to 2.5 MPa, to 3.75 MPa, to 5.0 MPa and finally to 6.25 MPa, which is the

approximate pressure at which visible cracks propagate and the pressure is lost in the

hydraulic fracturing experiments.

- Horizontal load applied in the right boundary of the model, which is considered as 20%

of the water pressure at the different stages of the calculation, in order to take into

account the Poisson effect described in Appendix E.

- The left boundary is allowed to move in the vertical direction but not allowed to move

horizontally. This condition ensures that the horizontal reactions in the left boundary are

similar to the horizontal loads applied in the right boundary. It should be noted that if

both vertical and horizontal loads are used, the Finite Element code requires at least one

support (constraint) constraining the horizontal movements and one support constraining

the vertical movements. Without these supports, the code would not converge;

- The bottom boundary is allowed to move horizontally but not allowed to move vertically.

This condition ensures that the vertical reactions in the bottom boundary are similar to the

vertical loads applied in the top boundary
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4.

a) b)

Figure 5.22 - Finite Element a) mesh. b) boundary conditions and loads used to study the stresses in the white

patching region

Stage 1 - Vertical Load = 5 MPa, Water Pressure = 0 MPa and Horizontal Load = 0 MPa

In stage 1 only the vertical load is applied. The maximnum principal stresses shown in Figure 5.23

a) show that there are mainly tensile stresses above and below the two flaws and compressive

stresses in the bridge between the inner flaw tips and to the left and right of the left and right

outer tips, respectively. The principal vectors near the outer tip of the right flaw, where the white

patching and AE events being analyzed in this subsection occurred, are shown in Figure 5.23 b).

In the region slightly above the tip, it can be seen that one of the principal stresses is tensile and

oriented almost parallel to the axis of the flaw; the flaw makes 30" with the horizontal and the

tensile principal vector makes approximately 26" with the horizontal. Its magnitude is

approximately 7 MPa. The other principal vector is approximately perpendicular to the axis of

the flaw and is almost zero.

269



a) b)

Figure 5.23 - a) Maximum principal stresses and b) principal vectors near the outer tip of the right flaw for stage I of

the Finite Element analysis

Stage 2 - Vertical Load = 5 MPa, Water Pressure = 1.25 MPa and Horizontal Load 0.25 MPa

In stage 2, the vertical load is kept at 5 MPa and a water pressure of 1.25 MPa is applied

internally to both flaws; a horizontal load of 20% of the water pressure i.e. 0.25 MPa, is also

applied in order to simulate the Poisson effect observed in the tests.

The maximum principal stresses presented in Figure 5.24 a) show more tensile and less

compressive stresses than in the previous stage. In fact, the bridge between tips shows only

tensile principal stresses. From the principal vectors shown in Figure 5.24 b), one can observe

that the tensile principal vector in the element slightly above the flaw tip rotates slightly when

compared with stage 1. It makes 19" with the horizontal and its magnitude is 12 MPa.
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a) b)

Figure 5.24 - a) Maximum principal stresses and b) principal vectors near the outer tip of the right flaw for stage 2 of

the Finite Element analysis

Stage 3 - Vertical Load = 5 MPa, Water Pressure = 2.50 MPa and Horizontal Load = 0.50 MPa

As the water pressure and horizontal load are increased more tension can be observed in the

region around the flaws, as shown in Figure 5.25 a). The orientation of the tensile principal

vector above the flaw tip changes slightly making an angle of approximately 160 with the

horizontal, as can be observed in Figure 5.25 b). Its magnitude is 15 MPa.

Compres0 .

Tension

a) b)

Figure 5.25 - a) Maximum principal stresses and b) principal vectors near the outer tip of the right flaw for stage 3 of

the Finite Element analysis
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Stage 4 - Vertical Load = 5 MPa, Water Pressure = 3.75 MPa and Horizontal Load = 0. 75 MPa

When the water pressure is 3.75 MPa and the horizontal load 0.75 MPa, the maximum principal

stresses around the flaws are mainly tensile, as can be observed in Figure 5.26 a). The orientation

of the principal vectors above the flaw tip is approximately 14", as in stage 3, as can be seen in

Figure 5.26 b). The magnitude of the tensile and compressive principal vectors are

approximately 18 MPa and 3.5 MPa, respectively. The compressive principal stress has an

almost similar magnitude to the water pressure being applied inside the flaw (3.75 MPa). This is

expected, since the compressive principal stress is almost perpendicular to the boundary of the

flaw where the water pressure is being perpendicularly applied.

Tension

a) b)

Figure 5.26 - a) Maximum principal stresses and b) principal vectors near the outer tip of the right flaw for stage 4 of

the Finite Element analysis

Stage 5 - Vertical Load = 5 MPa, Water Pressure = 5.(0 MPa and Horizontal Load = 1.0 MPa

In this stage, the vertical load is the same as the water pressure applied inside the flaws. The

white patching observed in the tests with this geometry and vertical load were first observed at

approximately this stage of the test. The area showing tensile principal stresses is approximately

the same as in stage 4, however the magnitude of the stresses increase, as can be seen in Figure

5.27 a). The orientation of the tensile principal vectors above the flaw tip is approximately 14" as

in the two previous stages. The magnitude of the tensile and compressive principal vectors are

approximately 20 MPa and 4.5 MPa. respectively.

272



Compr

Tensi on

a) b)

Figure 5.27 - a) Maximum principal stresses and b) principal vectors near the outer tip of the right flaw for stage 5 of

the Finite Element analysis

Stage 6 - Viertical Load = 5 MPa, Water Pressure = 6.25 MPa and Horizontal Load = 1.25 MPa

The last stage consists of applying a vertical load of 5 MPa and a water pressure of 6.25 MPa.

This loading condition is approximately the same observed when the visible cracks propagated

and the water pressure was lost. For these loads, there are mainly tensile principal stresses

around the flaws with larger magnitudes than in stage 5, as shown in Figure 5.28 a). The

principal vectors presented in Figure 5.28 b) show a tensile vector with a magnitude of 22MPa

making 14" with the horizontal. The compressive vector has a magnitude of approximately 6

MPa.

Compr

Tension

a) b)

Figure 5.28 - a) Maximum principal stresses and b) principal vectors near the outer tip of the right flaw for stage 6 of

the Finite Element analysis
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Based on this state of stress and using a stress-based crack initiation criterion similar to the one

proposed by Bobet (1997) to determine the direction of initiation of the micro-cracks, one can

state that 1) tensile cracks may initiate making an angle of 140 with the vertical, identified as TC

in Figure 5.29 a) or 2) shear cracks may initiate making an angle of -310 (140 - 450) or 590 (140 +

450) with the vertical, identified as SCI and SC2, respectively, in Figure 5.29 b). The same crack

orientations would be obtained for the state of stress observed at stage 5 (refer to Figure 5.27)

when white patching initiates, since the orientation of the principal vectors is similar.

Tensile crack

I Ti

Tensile Failure

Tension TC

a, =22.0K

Shear crack

Bobet failure envelope Shear Failure
Sc'

Tension ICompression

/ =-6.0

/

(
a =22.0

SC2

Bobet failure envelope

Compression
/ =-6.0

Tensile crack- TC 14
Shear crack 1 - SC 1 ' I -

Flaw

a)

Shear crack 2 - SC 2

Flaw

OR

b)

Figure 5.29 - Possible orientation of a) tensile and b)

Bobet (1997)

shear cracks based on crack initiation criterion proposed by

I

SEM imaging

Orientation of micro-cracks

The area above the outer tip of the right flaw shown in Figure 5.30 a) and b) where white

patching was observed was imaged with the Scanning Electron Microscope (SEM). In the SEM

image shown in Figure 5.30 c), it is possible to see a zigzagging micro-crack initiating at the

upper face of the tip and developing upwards. This image indicates that micro-cracking is

responsible for the white patching observed in granite. The orientation of the micro-cracks
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observed in the SEM images are of interest since they can be related to the information collected

from the AE emissions and obtained from the FE analysis. From Figure 5.31 a) and b) one can

observe that there are two main sets of crack orientations:

- Orientation 1 - these cracks are oriented at an angle of -29" with the vertical, using the

same convention used for the orientation of the principal elements defined in Figure 5.10.

This orientation is consistent with the orientation of shear crack 1 (SC 2) observed in the

FE analysis, which makes an angle of -31P with the vertical. When compared with the

orientation of elements obtained from the moment tensor analysis shown in Table 5.1,

one can note that seven out of the nine acoustic emission events studied could have been

generated by elements with maximum shear oriented -250 to -450 with the vertical, as

highlighted in yellow in Table 5.2. This range of orientations is also consistent with the

set of cracks with Orientation 1. Therefore, based on the Finite Element and moment

tensor analyses, the micro-cracks with Orientation 1 observed in the SEM images were

likely generated by mechanisms with a strong shear component.

- Orientation 2 - these cracks are oriented 600 to 630 with the vertical. This range of

orientations is very similar to shear crack 2 (SC2) observed in the FE analysis. Comparing

with the moment tensor results, one can note that the same seven events that were

compatible with the cracks with Orientation 1 are also compatible with the cracks with

Orientation 2, as shown in Table 5.3. In fact, the two possible infinitesimal elements with

maximum shear are perpendicular to each other for the AE events studied, as shown in

Table 5.1, and the cracks with Orientation 1 and 2 are also perpendicular to each other

(Orientation 1 = -30 and Orientation 2 = 600). This means that the micro-cracks with

Orientations 1 and 2 might have generated the seven AE events highlighted in Table 5.3.
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Gr,2a 30-0-VL5-INC5-A1 . Frc w kSktch2 to Sketch 3
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a
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b) c)

Figure 5.30 - a) Location of AE events from Sketch 2 to 3, b) High-resolution image of outer tip of the right flaw

and c) SEM image of area where white patching was observed (magnified 50x)

0I

I
a) b)

Figure 5.31 - SEM images a) magnified 50x and b) magnified 500x showing orientation of micro-cracks responsible

for the white patching in the outer tip of the right flaw of specimen Gr-2a-30-0-VL5-INC5-Al.

Note: Orientation I = -29" and Orientation 2 = 60" to 63'
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Table 5.2 - Acoustic emission events that may have been caused by cracks with Orientation 1 = -29' with the

vertical

Ae0 of Angewt etc of Angle with vertical ofAngegwlevericofo
Time of the AE event Distance to the Amplitude principal Normalized Anle.it al ofng perpendicularinfinitesimal element peeniua

(sec) tip (mm) (dB) infinitesimal M, and M w a infinitesimal element
element with max shear

1778.007 approx.1mm Mid 004 1.0/-1.0 -45' 450

1799.455 approx.2mm High 200 1.29/-0.71 -25 650
_______________A-

1799.806 less than 1mm Mid 200* -- 1.09/-0.91 -25c 650

1813.028 approx.2mm High 10* - 1.17/-0.83 -35 OV 550 1 >

1821.253 more than 3 mm High 130 0 0.89/-1.11 -5* 85*

1821.972 more than 3 mm Mid 10 * 1.23/-0.77 -35* 55"

1828.093 more than 3 mm High 00 1.0/-1.0 -450 L 450

1829.948 more than 3 mm High 400 1.0/-1.0 -50 850

1833.984 more than 3 mm High 200 1.0/-1.0 -25* 650

Table 5.3 - Acoustic emission events that may

vertical

have been caused by cracks with Orientation 2 = 60' to 630 with the

Angle 0 of Anl ihvria fAngle with vertical ofAnneglehverico o
Time of the AE event Distance to the Amplitude principal Normalized infinitesimal element perpendicular

(sec) tip (mm) (dB) infinitesimal M, and Mm infinitesimal element
element with max shear

1778.007 approx.lmm Mid 0 -., 1.0/-1.0 -450 45'

1799.455 approx.2mm High 200 - 1.29/-0.71 -250 650

1799.806 less than 1mm Mid 20 0 A 1.09/-0.91 -250 650

1813.028 approx.2mm High 100 1.17/-0.83 -350 550

1821.253 more than 3 mm High 130*0 0.89/-1.11 -50 85'

1821.972 more than 3 mm Mid 100 1.23/-0.77 -35' 55

1828.093 more than 3 mm High 00- 1.0/-1.0 -450 450

1829.948 more than 3 mm High 40 0 1.0/-1.0 -5 850

1833.984 more than 3 mm High 20 1.0/-1.0 -250 65
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Example of source mechanism of a micro-crack

If one knew which crack was responsible for each AE event, it would be possible to precisely

detennine the source mechanism generating each crack. However, this is not possible in this

study, since the location of the AE events does not have a microscopic precision. Hence, in order

to estimate the source mechanism of one AE event, it will be assumed that the crack that

developed closer to the flaw tip, which makes 630 with the vertical in Figure 5.31 b), was

responsible for the AE that occurred at time 1799.455 sec (second line in Table 5.3), with Mi

1.29 and Mi1 = -0.71 and 0 = 20'. If one uses the Mohr circle to rotate the principal infinitesimal

element 430 (63 -200), the seismic moment of the AE event produced by the crack yields a shear

component M 12 = M2 1 = 0.99, and normal components of 0.36 and 0.22, as shown in Figure 5.32.

This means that the mechanism responsible for the creation of this crack is a combination of

shear and tensile mechanisms, with a strong shear component, as illustrated in Figure 5.33. As a

matter of fact, these calculations indicate that the shear component of the moment tensor (0.99)

is approximately three times larger than the highest normal component (opening of 0.36).

It should be noted that the AE event selected for this analysis is the one with the highest

maximum principal moment (Mi = 1.29). The rotation of the principal element in the Mohr

diagram space resulted in a shear component of almost 1.0 (which is the highest possible since

the Mohr circle was normalized to have a radius of 1.0) and lead to a significant opening

component (0.36). For other events, such as the event at 1778.007 sec, in which Mi = 1.0 and Mil

= -1.0, a similar rotation in the Mohr circle space would have resulted in an element with a

normal component very close to zero. The major conclusion that one reaches from this analysis

is that the seven events (the majority of the events studied) highlighted in Table 5.2 and Table

5.3 have a strong shear component.
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(MDM22 ) = (0.36,0.99)

43Cx2.= 86

7--

M = 1.29

20C

1.29

\-0.71

20 +4 3c=63 0

M --- 0.99

0.22

/0.36

M

Infinitesimal element
for crack near the
flaw tip

M -0.71

(M 2,M 2) = (0.22,0.99)

Figure 5.32 - Source mechanism of the crack near the flaw tip based on its most likely moment tensor and on the

orientation of the crack. Maximum and minimum principal moments are 1.29 and -0.71 and the minimum principal

direction makes 20" with the vertical. Element representing crack that makes 63" with the vertical (Orientation 2)

has normal moments of 0.36 and 0.22 and shear component of 0.99.

I Ir

AM ol

20 pm

Figure 5.33 - SEM image of the crack near the flaw tip based showing its source mechanism based on the most

likely moment tensor and on the orientation of the crack (Orientation 2 = 60' to 63"))
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Possible mechanisms of crack development

Based on the radiation patterns of the AE emissions and its comparison with a Finite Element

analysis and the SEM images, it appears that the micro-cracks produced while the white patching

area was developing have a strong shear component. On the other hand, the visible cracks

described in Chapter 3 for this and most of the other specimens tested appear to have a strong

tensile component. This indicates there are different cracking mechanisms occurring at different

scales:

- At a smaller scale, there are micro-cracks that develop and cause the whitening of some

of the granite grains. These micro-cracks develop with a strong shear component in two

different orientations generating a zigzagging crack;

- At a larger scale, the visible cracks described in Chapter 3 seem to develop in the same

region where the micro-cracks previously developed, but have a strong opening

component and are usually relatively straight.

These observations are valid for this specific specimen. The flaw geometry and the fact that there

was a vertical load of 5 MPa being applied may lead to different observations. Therefore, the

following two specimens analyzed have different flaw geometries and there was no vertical load

applied to the last specimen discussed in this chapter.
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5.4.2 Specimen Gr-2a-30-30-VL5-INC5-C

Test Data

As in the previous specimen, the water pressure is increased in 0.5 MPa increments until visible

cracks propagate and the pressure is lost. Figure 5.34 shows the water pressure and volume

injected versus time for this hydraulic fracturing test. It can be seen that the maximum pressure

reached was almost 5.0 MPa and that the pressure dropped suddenly less than 1 sec after the

maximum pressure was reached. Several sketches are identified in the same figure; some of these

sketches are shown in Figure 5.35: Sketch 2 shows white patching initiating at and near three

flaw tips, while Sketch 3 shows narrow bands of white patching emanating from the flaw tips

with an almost-vertical orientation. Sketch 3 occurs approximately 1 sec before visible cracking

develops between Sketches 4 and 9. Sketch 9 shows the final cracking pattern observed in the

test; it can be observed that visible cracking developed mainly from the two tips of the left flaw,

even though there were some segments of visible cracks also observed developing from the tips

of the right flaw. Nevertheless, many bands of white patching and little visible cracking can be

observed developing from the tips of the right flaw.

Figure 5.36 shows the location of the AE events between Sketches 2 and 3 and between Sketches

3 and 9. One can observe that there are many events produced near the left flaw and some near

the right flaw for the two time-windows shown. Between Sketches 3 and 9 most of the AE

events, especially the ones with higher amplitudes (red dots), are located at or very near the place

where the visible cracks developed in the left flaw. For the same time-window (between

Sketches 3 and 9), not only aren't there many events around the right flaw, the waveforms

recorded also show clusters of events and reflections, which increases the complexity of

determining the amplitude of the first P-wave arrivals. This occurs because this time-window

corresponds to the period of intense acoustic activity slightly before and during visible crack

propagation. Because of the complexity to analyze the AE events that occur between Sketches 3

and 9, the events studied in this subsection were selected between Sketches 2 and 3 i.e. during

the development of white patching (which is in fact the stage of interest in this study), and are

located near the right flaw and as shown in Figure 5.37. For this time window, there are only two

high-amplitude (red dots) events located above the right flaw. Even though these events occur

millimeters away from the tips of the flaw, it will be assumed for the purpose of the source
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mechanism calculation that they actually occurred near the outer tip of the right flaw, in a white

patching region. This is assumed because:

1- The area where they were actually located was imaged with the SEM and no cracks were

found, as shown in Figure 5.37;

2- The precision in the location of the events is in the order of two to three millimeters,

based on tests performed by Li and Moradian (personal communication). This level of

precision may have led to an incorrect localization of these events, which may have taken

place slightly closer to the outer tip of the right flaw.

3- The previous specimen (Gr-2a-30-0-VL5-INC5-AI) analyzed had a relatively similar

geometry and many of the events captured near the right flaw were localized near the

flaw tips, where white patching was observed.

Since only two high-amplitude events were located relatively near the outer tip of the right flaw

only these will be analyzed. Their moment tensor and source mechanism will be discussed in the

following subsections.

7.0 7.0

- Water Pressure Sketch 3 6.0
6.0 Maximum Water Pressure Sketch 2 -

Hi5.0 gh-Res Sketches k7.

-- Volume Injected

3.0 3.0

2.0 2.0

1.0 Sketch .1.0

0.0 0. 0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0 2250.0

Time (s)

5.10 6.16
- Water Pressure Sketch 4 , Sketd 9

Max Water Pressure h

5.08 High-Res Sketches 6.14

HSV Sketches

Volume Injected
5.06 HS Video 6.12

E

5.04 6.10 :

5.02 6.08
1986.0 1987.0 1988.0 1989.0 1990.0 1991.0
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Figure 5.34 - Water pressure and volume injected versus time curves for the entire and last 5 seconds of the test on

specimen Gr-2a-30-30-VL5-INC5-C
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a) b) c)

Figure 5.35 - White patching and fracturing corresponding to Sketch 2, b) Sketch 3 and c) Sketch 9 for specimen Gr-

2a-30-30-VL5-INC5-C
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Figure 5.36 - Acoustic emission events from Sketch 2 to 3 and from Sketch 3 to 9
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Gr-2a-30-30-VLS-INC5-C From Sketch 2 to Sketch 3
1st P-Wave Amplitude
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a) b)

Figure 5.37 - a) Region where two AE events were located during white patching formation and b) SEM image

showing no micro-fractures in this region (Magnified 280x)

Moment tensor and radiation patterns for selected events

The first AE event studied occurred at 1982.933 sec of the test and is located slightly above the

center of the right flaw, as shown in Figure 5.38. By applying the methodology described in

Subsection 5.3, the orientation of the principal infinitesimal element and the most likely moment

tensor are estimated for this event, as shown in Mohr circle format in Figure 5.39. By looking at

the Mohr circle for the seismic moment, one can observe that the source mechanism of this event

can be composed of:

I) Horizontal tension and similar vertical compression if one considers the principal

infinitesimal element which makes -10" with the vertical, using the convention in Figure

5.10. This is shown as option 1) in Figure 5.39;

2) Mainly shear, which is maximum for the Mohr circle considered, if one considers an

infinitesimal element rotated 45" with the principal infinitesimal element, or directions.
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This means the element makes an angle of 350 (or -550) with the vertical. This is shown

as option 2) in Figure 5.39;

3) An intermediate mechanism with a combination of tension and compression in the

normal directions as well as shear, if the infinitesimal element is rotated by an angle

between the principal element of option 1) and the maximum shear element of option 2).

Option 3 is not shown in Figure 5.39 - Refer to Figure 5.19 for the graphical concept of

Option 3.

It will be possible to identify with more certainty which mechanism actually occurred after

analyzing the SEM images and relating them to the most likely moment tensor, as will be

discussed at the end of this subsection.
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AE event in specimen Gr-2a-30-30-VL5-INC5-C occurring at 1982.933 sec
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Opening COosure

Mohr Circle for the Moment Tensor of
the AE event

1) M,=0.75 and Mn=-1.25
2) Or Mi"I"*1=1 when MI, and

M 22 are -0.25

Figure 5.39 - Mohr circle of the moment tensor and radiation patterns of the

VL5-INC5-C occurring at 1982.933 sec

AE event in specimen Gr-2a-30-30-

p
The second event analyzed occurred at 1987.991 sec of the test and is also located above the

center of the right flaw as shown in Figure 5.40. The orientation of the principal infinitesimal

element and the most likely moment tensor for this event are similar to those estimated for the

event that occurred at 1982.933 sec of the test, as shown in Figure 5.41. Therefore, the same

conclusions can be reached regarding the possible source mechanisms that generated this event

i.e. can be composed of almost horizontal (-l10 with horizontal) tension and almost vertical (-10'

with vertical) compression, or mainly shear if infinitesimal element is rotated by 35' (or the

equivalent -550) with the vertical, or can be a combination of tension, compression and shear if

the orientation of the infinitesimal element is between -100 and 35'.

More details of the AE events analyzed can be found in Appendix D.3.
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Gr-2a-30-30-V5-INCS-C From Sketch 2 to Sketch 3
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Figure 5.40 - Location of the AE event in specimen Gr-2a-30-30-VL5-INC5-C occurring at 1987.991 sec
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Figure 5.41 - Mohr circle of the moment tensor and radiation patterns of the AE event in specimen Gr-2a-30-30-

VL5-INC5-C occurring at 1987.991 sec
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SEM imaging

Orientation of micro-cracks

The area above the outer tip of the right flaw shown in Figure 5.42 a) where white patching was

observed was imaged with the SEM. In the SEM image shown in Figure 5.42 b), it is possible to

see a zigzagging micro-crack initiating at the upper face of the tip and developing upwards,

relatively similar to the one observed in the specimen Gr-2a-30-0-VL5-INC5-Al. This

observation reinforces the hypothesis that micro-cracking is responsible for the white patching

observed in granite. From Figure 5.42 b) one can observe that there are three sets of crack

orientations:

- Orientation 1 - these cracks are oriented at an angle of 500 to 640 relative to the

vertical. When compared with the orientation of the elements obtained from the moment

tensor analysis, one can note that this orientation does not correspond to a principal or

maximum shear element. This means that the mechanism producing these cracks has both

tensile and shear components.

- Orientation 2 - these cracks are oriented in an angle that makes -270 to -30" with the

vertical. Comparing with the moment tensor results, one can observe that this orientation

does not correspond to a principal or maximum shear element.

- Orientation 3 - these cracks are oriented in an angle that makes 270 and 280 with the

vertical. From the moment tensor study, one can note that this orientation corresponds

approximately to a maximum shear orientation. Therefore, the cracks with this

orientation might have been created by a mechanism with a strong shear component.

The mechanisms responsible for the formation of the cracks with these three prevalent

orientations will be discussed in more detail below.
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Figure 5.42 - a) Area with white patching imaged and b) SEM image magnified 350x showing orientation of micro-

cracks responsible for the white patching near the outer tip of the right flaw of specimen Gr-2a-30-30-VL5-INC5-C.

Note: Orientation I = 50" to 64": Orientation 2 = -27" to -30': Orientation 3 = 27" and 28'

Example ofsourcc mechanisnis of micro-cracks

Since the two AE events analyzed resulted in the same moment tensor. it will be assumed that

the fractures observed with the SEM shown in Figure 5.42 produced that same moment tensor.

Therefore, for the purpose of this calculation the same Mohr circle for the moment tensor will be

used to estimate the source mechanism of the three different crack orientations.

For Orientation 1, it will be assumed that the fractures make an angle of 60" with the vertical.

Based on the Mohr circles presented in Figure 5.39 and Figure 5.41 and rotating to the element

of interest for the cracks with Orientation 1, one can find the different components for the

moment tensor of the event, namely M 1 = 0.52, M22= -1.02 and M 12 = M21 = 0.64, as shown in

Figure 5.43. Based on the infornation from the moment tensor, one can see that the source

mechanism of the cracks with Orientation I has relatively similar shear and tension/opening

components and a strong compressive component parallel to the crack, as illustrated in Figure

5.44. The shear component (0.64) is approximately 60% of the normal component perpendicular

to the crack (-1.02). It seems physically illogical that the crack developed perpendicularly to a

strong normal compressive component, despite the shear component being also large. A possible

explanation may be the existence of a weak plane in the direction in which the crack developed
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(Orientation 1 = 600). If this was the case, even though there was a compressive stress applied to

the crack surfaces, the shear stress applied was enough to develop a crack along this possible

weak plane with Orientation 1.

The source mechanisms of the cracks with Orientations 2 and 3 were estimated using the same

process. The results are summarized in Table 5.4. For calculation purposes, Orientation 2 was

assumed to be -30' and Orientation 3 equal to 280.

The estimated source mechanism for the cracks with Orientation 2 has similar components to the

cracks with Orientation 1, with relatively similar shear (0.64) and tension (0.52) and a high

compression, as shown in Figure 5.45. The only difference between the source mechanism of the

cracks with Orientation 1 and 2 is that the tensile component is perpendicular to the crack for

Orientation 2, which appears to be physically more logical. The shear component is only 1.2

times larger than the normal component perpendicular to the crack. Given the similarity between

the shear and normal (to the fracture) tensile components of the source mechanism, it can be

concluded that the fractures with Orientation 1 probably developed in mixed mode I/II, with a

slightly predominant shear component. The compressive component, despite being larger, does

not seem to contribute to the development of the crack, since its direction is parallel to the crack.

Orientation 3 has a strong shear component and two weaker compressive components, as

illustrated in Figure 5.46. The shear component (0.98) is 2.3 times larger than the highest normal

component (0.42) and more than 12 times larger than the normal component perpendicular to the

fracture. Therefore this crack appears to have developed in Mode II, with a strong shear

component.

These results are in reasonable agreement with those obtained in the previous subsection for

specimen Gr-2a-30-0-VL5-INC5-Al. In fact, the event studied in the previous subsection shows

a shear component which is approximately three times larger than the tensile component (refer to

Figure 5.33), and the three source mechanisms discussed in this section (shown from Figure 5.44

to Figure 5.46) also show a shear component larger than any tensile normal component. The

event shown in Figure 5.44 has a high normal component, but is compressive. Therefore, it is

concluded that the events studied in this and the previous subsections, in which the specimens

are subjected to vertical load of 5 MPa, have a predominant shear component.
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Figure 5.43 - Source mechanism of the crack near the flaw tip based on its most likely moment tensor and on the

Orientation 1 (60" with the vertical) of the crack

0.52A

Figure 5.44 - SEM image of the crack near the flaw tip showing its source mechanism based on the most likely

moment tensor and on the Orientation 1 (60" with the vertical) of the crack

Table 5.4 - Components of the moment tensor for the three crack orientations considered
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MO t M22 M6

Orientation 1 (600 with the vertical) 0.52 -1.02 0.64

Orientation 2 (-30 with the vertical) 0.52 -1.02 0.64

Orientation 3 (28' with the vertical) -0.08 1-0.42 10.981
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Figure 5.45 - SEM image of the crack near the flaw tip showing its source mechanism based on the most likely

moment tensor and on the Orientation 2 (-30" with the vertical) of the crack
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Figure 5.46 - SEM image of the crack near the flaw tip showing its source mechanism based on the most likely

moment tensor and on the Orientation 3 (28" with the vertical) of the crack
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5.4.3 Specimen Gr-2a-30-120-VL0-INC5-C

Test Data

Figure 5.47 shows the time-variation of the water pressure and volume injected for the specimen

Gr-2a-30-120-VLO-INC5-C, to which no vertical load was applied. It can be seen that the

maximum pressure reached was slightly below 5.0 MPa and that the pressure dropped suddenly

seconds after the maximum pressure was reached. Several sketches are identified in the same

figure; some of these sketches are shown in Figure 5.48: Sketch 2 shows white patching

initiating at the four flaw tips, and Sketch 3 shows narrow bands of white patching emanating

from the flaw tips with an almost-vertical orientation, similar to what was observed in the two

previous specimens analyzed. Sketch 3 occurs approximately 1 sec before visible cracking

develops between Sketches 4 and 9. Sketch 9 shows the final cracking pattern observed in the

test; it can be observed that visible cracking developed from the two tips of the upper flaw and

from the left tip of the lower flaw. Only white patching can be observed emanating from the right

tip of the lower flaw. The AE events analyzed in the current subsection were selected in this

region because only white patching and no visible cracking developed there.

Figure 5.49 shows the location of the AE events between Sketches 1 and 2 and between Sketches

2 and 3. One can observe that there are many events produced near both flaws for the two time-

windows shown, especially from Sketch 2 to 3. There are a number of high-amplitude (red dots)

events near and slightly above the right tip of the lower flaw (where only white patching

developed) for both time-windows considered. Hence, some of these AE events were used to

study the source mechanisms involved in the development of white patching. As in the previous

tests analyzed, the time-window between Sketches 3 and 9 was not used in this analysis because

of the complexity of the waveforms in this time period. In fact, the waveforms recorded slightly

before and during the propagation of visible cracks consist of several events and reflections off

the boundaries of the specimen, which occur almost simultaneously. More importantly, this test

differs from the previous two analyzed in this chapter, since there was no vertical load applied in

the specimen tested.
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Figure 5.48 - a) White patching and fracturing corresponding to Sketch 2, b) Sketch 3 and c) Sketch 9 for specimen

Gr-2a-30-120-VLO-INC5-C
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Gr-2a-30-120-VLO-INC5-C From Sketch 1 to Sketch 2 Gr-2a-30-120-VL0-INC5-C From Sketch 2 to Sketch 3
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Figure 5.49 - Acoustic emission events from a) Sketch 1 to 2 and b) from Sketch 2 to 3

Moment tensor and radiation patterns for selected events

Seven AE events were analyzed for this specimen. While two will be analyzed in this subsection,

the locations and moment tensors of the seven can be found in Appendix D.4.

The first AE event studied occurred at 1210.994 sec of the test and is located at the upper face of

the right tip of the lower flaw, as shown in Figure 5.50. By looking at the Mohr circle for the

seismic moment shown in Figure 5.51, one can observe that the source mechanism of this event

can be composed of:

1) Horizontal tension (Mi = 1.0) and similar vertical compression (M 1 = -1.0) if one

considers the principal infinitesimal element which makes 00 with the vertical. This is

shown as option 1) in Figure 5.51;

2) Only shear (M12= M21 = 1; MI1 =M22 = 0), which is maximum for the Mohr circle

shown if one considers an infinitesimal element rotated 450 from the principal

infinitesimal element, or directions. This is shown as option 2) in Figure 5.51;

3) An intermediate mechanism with tension and compression in the normal directions as

well as some shear, if the infinitesimal element is rotated by an angle between the
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principal element of option 1) and the maximum shear element of option 2). Option 3 is

not shown in Figure 5.51 - Refer to Figure 5.19 for the graphical concept of Option 3.
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Figure 5.50 - Location of the AE event in specimen Gr-2a-30-120-VLO-INC5-C occurring at 1210.994 sec
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Figure 5.51 - Mohr circle of the moment tensor and radiation patterns of the AE event in specimen Gr-2a-30-120-

VLO-INC5-C occurring at 1210.994 sec
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The second event analyzed occurred at 1295.029 sec of the test and is located slightly above the

right tip of the lower flaw. The orientation of the principal infinitesimal element and the most

likely moment tensor for this event are similar to those estimated for the event that occurred at

1210.994 sec of the test discussed previously, as shown in Figure 5.53. Therefore, the same

conclusions can be reached regarding the possible source mechanisms that generated this event.

Table 5.5 shows a summary of the orientation of the principal elements and components of the

moment tensor estimated for the seven AE events analyzed. The events are chronologically

listed; the column "Distance to the tip" refers to the distance to the right tip of the lower flaw.

The events that occurred closer to the right tip of the lower flaw are initially analyzed and the

ones located further away from this tip are later discussed:

- The events that take place near the flaw tip (two first and last events) have a moment

tensor with principal moments Mi = 1 and M11 = - 1, and principal directions oriented 00

with the vertical. This indicates the moment tensor may have been created by a vertical

tensile crack, a 450 shear crack or a combination between tensile and shear with an angle

between 00 and 45'.

- As the test progresses and the water pressure increases the AE events are located further

away from the flaw tip considered. The only exception is the last AE event which

occurred at 1325.294 sec. This increase in distance from the AE events location to the

flaw tip occurs as the white patching also propagates from the right tip of the lower flaw

to the right tip of the upper flaw. This supports the hypothesis that the AE events are

caused by the mechanisms responsible for the development of white patching.

- The five AE events located further away from the right tip of the lower flaw (events from

time 1298.320 sec to 1325.222 sec) have moment tensors with high maximum principal

moment (MI), ranging from 1.67 to 2.4. This indicates that there is a strong tensile

component in the possible mechanisms that may have produced these events. Even the

maximum shear elements (rotated 90' relative to the principal moments in the Mohr

diagram space) show a significant tensile component. For example, for the event at

1313.921 sec with principal seismic moments of Mi = 1.67 and Mu = -0.33, the normal

components for the maximum shear element are Ml = M22 = 0.67 = [1.67+(-0.33)]/2

(both positive, representing an opening dislocation), as shown in Appendix D.4.
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Table 5.5 - Properties of the AE events analyzed for specimen Gr-2a-30-120-VLO-INC5-C

Angle with vertical of Angle with vertical of
Time of the AE Distance to the Amplitude Angle 0 of principal Normalized Anflniteal of nglperpendicular

in~finitesimal element infi niiarmn
event (sec) tip (mm) (dB) infinitesimal element M, and M, with max shear infinitesimal element

with max shear

1210.994 less than 1mm High 0* _ 1.0/-1.0 -450 450

1295.029 approx.3mm High 00 _ 1.0/-1.0 -450 45'

1298.320 approx.5mm High 800 1.67/-0.33 35 1250

1313.921 approx.9mm High 60" 1.67/-0.33 150 1051,

1320.830 approx.8mm High 40" 2.4/0.4 -5 850

1325.222 approx.8mm High 400  1.67/-0.33 -5c* 85

1325.294 approx.2mm High 00 _ 0.89/-1.11 -450 450*

SEM imaging

Orientation of micro-cracks

The area above the right tip of the lower flaw where white patching was observed was imaged

with the SEM. In Figure 5.54 a) and b), it is possible to see an almost vertical micro-crack

initiating at the tip and developing upwards. This straight crack is considerably different from the

zigzagging cracks observed in the specimens subject to a vertical load of 5 MPa. Further away

from the right tip of the lower flaw the micro-crack appears to turn left, as shown in Figure 5.55

a) and b). From Figure 5.56 one can observe that there are two main sets of crack orientations:

Orientation 1 - these cracks are located closer to the flaw tip and are almost vertical (00 with

the vertical); there is an initial segment closer to the flaw tip that makes an angle of 300 with the

vertical, but for the purpose of this study this segment will also be considered to have Orientation

1. When compared with the orientation of the infinitesimal elements located near the flaw tip

obtained from the moment tensor analysis (first, second and last events in Table 5.5), one can

note that this orientation corresponds to a principal direction. This means that the mechanism

producing this cracks may be entirely tensile.

Orientation 2 - these cracks are located further away from the flaw tip and oriented in an angle

that makes approximately 450 with the vertical. Comparing with the moment tensor components
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of the four events located further away from the tip (AE events from 1298.320 sec to 1-325.222

sec as described in Table 5.5). one can observe that Orientation 2 may also be a principal

direction, as will further be discussed in the following subsection.
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Figure 5.54 - a) Region imaged with SEM and b) micro-cracks observed near the right tip of the lower flaw for

specimen Gr-2 a-30-120-VLO-INC5-C
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Figure 5.55 - a) Region imaged with SEM and b) micro-cracks observed away from the right tip of the lower flaw

for specimen Gr-2a-30-120-VLO-INC5-C
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Figure 5.56 - a) Area with white patching imaged and b) SEM image showing orientation of micro-cracks

responsible for the white patching in the right tip of the lower flaw of specimen Gr-2a-30-120-VLO-INC5-C

Note: Orientation 1 = 0" to 30": Orientation 2 = 45"
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Example of source mechanisms of micro-cracks

The two crack orientations will be studied in this subsections. The orientations observed in the

SEM will be related to the moment tensor components obtained earlier.

Cracks with Orientation 1 are located near the right tip of the lower flaw and are almost vertical.

These cracks are assumed to be responsible for the two initial AE events shown in Table 5.5,

which are also located near the same flaw tip. Based on the information of the moment tensor

and on the orientation of these cracks, it is very likely that the mechanism responsible for their

formation is purely tensile, as shown in the Mohr circle in Figure 5.57 and illustrated in Figure

5.58.

Cracks with Orientation 2 are located away from the flaw tip and make approximately 450 with

the vertical. These cracks are assumed to be responsible for the four AE events located further

away from the flaw tip (AE events from 1298.320 sec to 1325.222 sec in Table 5.5.

For the purpose of the source mechanism calculation, the AE event that took place at 1320.830

sec will be used. The principal directions of this event make 400 with the vertical, as shown in

Figure 5.59. By rotating the element in the Mohr circle space to Orientation 2, one obtains an

element which is rotated only 100 with the principal in the Mohr circle space; the components of

the moment tensor show tension in the two normal directions (M = 2.38 and M22 = 0.42) and

very little shear (M 12 = 0.17). This means the mechanism responsible for the formation of the

cracks with Orientation 2 is mainly tensile, as illustrated in Figure 5.60.

Possible mechanisms of crack development

Based on the radiation patterns of the AE emissions and its comparison the SEM images, it

appears that the micro-cracks produced while the white patching area was developing have a

strong tensile, or opening, component, as opposed to the strong shear component observed in the

AE events analyzed in the tests performed with a vertical load of 5 MPa. Furthermore, the visible

cracks described in Chapter 3 also have a strong tensile component, regardless of the vertical

load applied. This indicates that when the vertical load is zero, the tensile mechanism responsible

for the development of cracks is the same at the micro- and macro-scale.

302



It should be noted, however, that only one test with no vertical load was analyzed in this chapter.

In order to confirm this observation, more analyses should be performed to white patching

regions in specimens tested without vertical load.
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Figure 5.57 - Source mechanism of the crack near the flaw tip based on its most likely moment tensor and on the

Orientation 1 (00 with the vertical) of the crack
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Figure 5.58 - SEM image of the crack near the flaw tip showing its source mechanism based on the most likely

moment tensor and on the Orientation 1 (0" with the vertical) of the crack
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Figure 5.59 - Source mechanism of the crack away from the flaw tip based on its most likely moment tensor and on

the Orientation 2 (45" with the vertical) of the crack
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Figure 5.60 - SEM image of the crack away from the flaw tip showing its source mechanism based on the most

likely moment tensor and on the Orientation 2 (45" with the vertical) of the crack
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5.5 Discussion and Conclusions

Causes of white patching development

In this study several acoustic emission (AE) events located in regions where white patching

developed were analyzed. The analysis included imaging the white patching regions with the

Scanning Electron Microscope. Micro-cracks were observed in the SEM images in the three

specimens analyzed. This indicates that the white patching observed in the granite grains when

the specimens were subject to high water pressures in the pre-cut flaws are likely caused by

micro-cracking.

It was also observed that the AE events were located closer to the flaw tips in the earlier stages

of the AE activity. Simultaneously, white patching also initiated near the flaw tips. As the tests

progressed, the location of the AE moved further away from the flaw tips, as the white patching

also propagated further away from the tips and very close to the location of the AE events. Based

on these observations, one can infer that the white patching is caused by the development of

micro-cracks.

Source mechanisms of the micro-cracks for tests with a vertical load of 5 MPa

Radiation patterns of several acoustic emissions captured in two tests in which a vertical load of

5 MPa was applied were used together with SEM images to determine the source mechanism of

the events. This was done by comparing the most likely moment tensor of the AE events with the

prevalent orientations of the fractures observed through the SEM and, in one of the tests, with the

stresses around the flaw tips obtained using a Finite Element code.

It was observed that the micro-cracks that develop in the white patching regions have a

zigzagging shape and usually two or three preferential orientations. Based on these orientations

and on the most likely moment tensor estimated, it was found that the events studied have a

strong shear component.
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Source mechanisms of the micro-cracks for a test with a vertical load of 0 MPa

Acoustic emission events were analyzed in one test in which no vertical load was applied to the

specimen. It was observed that the micro-cracks that developed in the white patching region

analyzed are relatively straight and have two preferential orientations. Based on these

orientations and on the most likely moment tensor estimated for the AE events, it was found that

the events studied have a strong tensile component.

Mechanisms of micro- and macro-crack development for tests with a vertical load of 5 MPa

Comparing the source mechanisms of the fractures studied in this chapter to the mechanisms

observed using the High-Resolution and High-Speed Video cameras described in Chapter 3, two

different scales of fracturing mechanism can be observed. At a micro-scale, the formation of

cracks appear to be dominated by shear mechanisms. However, at a macro-scale, most of the

fractures observed in the hydraulic fracturing tests appear to open, therefore developing in

tension.

Mechanisms of micro- and macro-crack development for tests with a vertical load of 0 MPa

The macro- and micro-scale mechanisms responsible for crack formation in the test without

vertical load applied, appear to be similar. From the analysis of the moment tensor and dominant

orientations of the micro-cracks it was found that the micro-cracks appear to have a strong

tensile, or opening, component. Likewise, the images captured by the High-Resolution and High-

Speed video cameras indicate that the visible cracks develop through tensile, or opening,

mechanisms.
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6 Numerical Study of the Effect of the Ratio between Fluid

Pressure inside the Flaws and Vertical Load in Fracture

Initiation

6.1 Introduction

The main goal of this study is to numerically analyze the effect of the ratio between a vertical

load, or stress, and the hydraulic pressure applied in existing flaws on the stress field in the

vicinity of the flaw tips. These flaws intend to explicitly simulate a pair of fractures in a rock

formation, as well as the pre-cut flaws used in the hydraulic fracturing tests described in Chapter

3. This numerical study should give one a solid basis not only for understanding the initiation of

new fractures but also of their eventual propagation and coalescence, particularly in the

experiments conducted in granite specimens discussed in Chapter 3. For this purpose, a double

flaw geometry 2a-30-30 (as illustrated in Figure 6.1) was modeled in ABAQUS, and different

vertical stresses and internal flaw pressures were applied to the model. The variation of the

maximum principal stresses and maximum shear stresses around the flaw tips were analyzed and

related to fracture initiation.

This chapter first describes the methodology used in the current analysis, including the types of

stresses studied, the different loading cases and the path around the flaw considered. Section 6.6

will present the results, distinguishing three different loading conditions: 1) Only vertical load

applied, 2) Only water pressure applied inside the flaws, 3) Vertical load and water pressure

applied simultaneously at different ratios. A comparison between the numerical and experimental

results is made in Section 6.7 while an interpretation of the numerical analysis is given in Section

6.8. Finally, a summary of achievements will be presented followed by the conclusions of this

study. It should be noted that throughout this chapter, the terms "fracture" and "crack" refer to

newly-formed fractures, while "flaw" refers to an existing fracture.
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a -A -

L =' 

=300

3=30-

I Example: 2a-30-30

Figure 6.1 - Geometry 2a-30-30 and parameters used to describe double-flaw geometries. L is the ligament length,

which is the distance between inner flaw tips expressed in terms of half flaw length a=1/4 inch in the current study;

p is the angle that the flaws make with the horizontal: a is the angle that the direction of the ligament between inner

tips makes with the axes of the flaws. (In the 2a-30-30 geometry, both x and $ are 300)
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6.2 Methodology

The numerical analysis was performed with the Finite Element code ABAQUS. The geometry

modeled was 2a-30-30, following the convention described in Figure 6.1. The 2a-30-30

geometry was selected for two reasons: (1) to allow one to compare between the numerical

results presented in this chapter and the hydraulic fracturing experiments (which include rock

specimens with the double flaw geometry 2a-30-30) conducted under similar boundary

conditions; (2) there is a large number of experimental observations (Wong, 2008 in marble and

gypsum, Miller, 2009 and Morgan and Einstein, 2013 in granite) and numerical results (Bobet,

1997 and Bobet and Einstein, 1998a and Gongalves da Silva and Einstein, 2012 and 2013) for

several materials with 2a-30-30 geometries tested under uniaxial compression, to which the

presented numerical analysis can be compared. The material was considered to be linearly

elastic, hence the analysis is valid before any cracks initiate. The material properties considered

in the analysis were based on the granite properties presented in Table 3.1.

- Young's modulus - E: 30,000 MPa

- Poisson's ratio - v: 0.20

The ABAQUS models showing the boundary conditions and the mesh used are shown in Figure

6.2 a) and b). The elements along the two vertical boundaries were limited to move in the

vertical direction only, while the elements in the bottom horizontal boundary were fixed. Since

the vertical edges of the model are constrained of moving horizontally, i.e. Ex = 0 in these

boundaries, and since by linear elastic theory Ex = (ax - vay)/E, then ax = vay. In these

expressions, ay and ax are the vertical and horizontal stresses, respectively, while Ex is the

horizontal strain. Therefore, the vertical boundaries of the model are subject to a horizontal stress

equal to 0.2 0ay. While these loading conditions do not correspond to the uniaxial vertical load

used in most tests with double-flaw geometries (Reyes 1991, Wong 2008, Miller 2008, Morgan

2013), they correspond to the biaxial experiments performed by Bobet (1997) and to field

conditions, in the sense that both vertical and lateral stresses occur simultaneously. It should be

noted, however, that the horizontal, or lateral, stresses in the field are often higher than 0.20yc

and do not depend on the Poisson's ratio. While varying the horizontal stress would produce

changes in the stress field around the flaws, the scope of this chapter is limited to study the effect
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on fracture initiation of the ratio between the vertical load, or stress, applied along the horizontal

boundaries and the internal fluid pressure applied to the flaws.

The finite element mesh is much finer near the flaws, since the stresses will be concentrated in

that region. The finite elements considered in the analysis are 3-node linear plane stress triangles.

The aperture of the flaws is 0.7 mm and the flaw tips are considered semi-circular, simulating the

aperture and tip shape used in the rock specimens tested. Plane stress conditions were considered

in this analysis, in order to simulate the stress state of the hydraulic fracturing experiments

discussed in Chapter 3.

a)

I

b)

Figure 6.2 - Finite Element model of geometry 2a-30-30 showing a) boundary conditions and b) mesh
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6.3 Definition of maximum principal stresses and maximum shear stresses

For a given Mohr circle, three elements are represented in Figure 6.3 showing different normal

and shear stress combinations: Element 1 is oriented along its horizontal and vertical axes and is

therefore subjected to normal and shear stresses; Element 2 is oriented along the principal axes I

and II and consequently is subject to the maximum principal stress TI, which in this example is

tensile, to the minimum principal stress Til, which in this example is compressive, and to no

shear stress; Element 3 is oriented in the direction of maximum shear stress, which is oriented at

900 with the principal directions in the Mohr circle space, or at 450 with the principal element

(Element 2). For Element 3, the normal stresses are identical to each other (Ym = T22) since they

are both located at the center of the Mohr circle.

It should be noted that, for the purpose of this study and following ABAQUS convention, tensile

stresses are considered positive, the x or 1-axis is horizontal, the y or 2-axis is vertical and the z

or 3-axis is out-of-plane.

In order to assess the effect of the ratio between the hydraulic pressure applied in the flaws and

the vertical load/stress on the stresses around the flaw tips, two different types of stresses were

analyzed, based on the stress-based crack initiation criterion developed by Bobet (1997) and later

redeveloped by Gongalves da Silva and Einstein (2013). The two analyzed stresses are illustrated

in Figure 6.3 and described in the following:

- Maximum Principal Stresses (si), represented by Element 2. These stresses were

analyzed since they usually represent principal tensile stresses occurring at a certain point

(they can also be compressive, if the Mohr circle is entirely located on the negative Yii

axis). Therefore, tensile cracks may initiate at the locations where these stresses are the

highest.

- Maximum shear stresses (trax), represented by Element 3. The maximum shear stress is

defined as the radius of the Mohr circle and is therefore calculated as Timax = ((Ti - (711)/2.

Shear cracks may initiate at the locations where these stresses are the highest.

It should be noted that when both tensile and shear fractures may initiate, the fracture that will

prevail is the one that first reaches the micro-scale strength of the material (tensile or shear

strength for tensile or shear fractures, respectively).
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Figure 6.3 - Mohr circle showing the maximum and minimum principal stresses (oT and TJj) and maximum shear

stress (Imax) for a certain element. Element 1 is oriented along its horizontal and vertical axes and is submitted to

generic normal and shear stresses; Element 2 is subject to the principal stresses (Gi and all) and, therefore, to no

shear stresses; Element 3 is subject to the maximum shear stress (Timax) and to normal stresses (Gi 1 and G22) which

have the same magnitude in both directions
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6.4 Loading cases

Two different types of loads were considered in the numerical analysis, as shown in Figure 6.4.

A vertical load (VL), or stress, was applied at the top and bottom boundaries (the supports in the

bottom boundary will be subject to VL), and a water pressure (WP) was applied along the

surface of the flaws.

The magnitudes of these loads were varied, as to obtain different ratios WP/VL. As shown in

Table 6.1, 13 different ratios WP/VL were considered in the analysis; in the first 12 the vertical

load was kept at 10 MPa and the water pressure was varied from 0 MPa to 50 MPa. For Case 13

only water pressure was applied. Absolute stress/load values were considered solely to give the

reader a clearer understanding of the loading variations implemented in the model; however, the

main variable under study is the ratio WP/VL. In fact, since the model was considered to be

linearly elastic, proportional changes in the absolute values of WP and VL will cause a

proportional change in the magnitude of the stress field but it will not affect the shape of the

stress fields presented throughout this paper.

The range of ratios WP/VL studied intends to (1) simulate conditions that can occur in the field,

not only in oil and gas but also in EGS stimulation and (2) to serve as a theoretical basis for the

hydraulic experiments described in detail in Chapter 3.

VL (Pyssum Unihs)

1UILULIU VL (Pirssum Unils)

Figure 6.4 - Loads applied in the numerical analysis. VL stands for vertical load (stress) and WP stands for water

pressure
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Table 6.1 - Loading cases considered in the numerical analysis
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Load Case Water Pressure - Vertical Load - Ratio
WP VL WP/VL

(MPa) (MPa)

1 0 10 0

2 2 10 0.2

3 4 10 0.4

4 6 10 0.6

5 8 10 0.8

6 10 10 1.0

7 15 10 1.5

8 20 10 2.0

9 25 10 2.5

10 30 10 3.0

11 40 10 4.0

12 50 10 5.0

13 10 0 00



6.5 Path around flaw tip

The variation of stresses around the flaw tip can be more easily understood by analyzing it along

a certain path. From fracture mechanics, one knows that there is a region around the flaw tip

where the stresses tend to infinity and consequently the material is plastified within this region.

Even though the tip used in the study is not sharp and the Finite Element model yields finite

stresses at the flaw edge, the stresses are measured at a distance from the flaw, in order to avoid

measuring stresses within the plastic zone, which would not make physical sense. Gongalves da

Silva (2009) studied other paths around the flaw tip and found that the differences in stresses

between paths did not significantly affect the fracture initiation results. The path used in this

study is circular with twice the radius of the flaw tip (considered semi-circular) and with the

same center point, as shown in Figure 6.5. The stresses along the path will be referenced to 0, the

angle that a given radius makes with the flaw centerline.

Figure 6.5 - Circular path around the flaw tip along which stresses will be measured. The stresses will be referenced

to , the angle that a certain radius makes with the flaw centerline. O varies from -150' to 1500
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6.6 Results

The results will be presented in four subsections, the first deals with the application of the

vertical load/stress alone, the second describes the results obtained when only water pressure is

applied to the flaws, and the third explores what occurs when both loads are applied

simultaneously at different WP/VL ratios; the fourth subsection graphically presents the

variation of stresses and fracture initiation angles with WP/VL. Within each subsection, the main

focus will be on the analysis of maximum principal stresses (i) and maximum shear stresses

(Tmax), as described in Subsection 6.3. While Section 6.6 will conceptually relate these stresses

with fracture initiation, a comparison between the numerical results and some of the

experimental observations described in Chapter 3 will be presented in Section 6.7. Section 6.8

will qualitatively interpret the numerical results obtained and Section 6.9 will present a summary

of the results and conclusions.

The contours of maximum principal stresses that will be shown in the following subsections use

the same color scheme and scale, so that the changes in stresses as WP/VL varies can be shown

more clearly. The color scale used in the contours ranges between 0 MPa and 48.0 MPa in 2.0

MPa intervals. Compressive stresses, or stresses below 0 MPa are represented as grey, while

tensile stresses above 48.0 MPa are represented as white.
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6.6.1 Vertical load - Load Case 1

Maximum Principal Stresses - al

The maximum principal stresses are mainly tensile around the existing flaws, as shown in Figure

6.6. For the inner tip of the left flaw, the highest tensile principal stress occurs in the upper face

of the flaw, near the flaw tip. This is, therefore, the location of tensile crack initiation for this

loading condition. Indeed, the experimental observations made by Bobet (1997) and Reyes

(1991), in molded gypsum, Wong (2008) in molded gypsum and marble, and Miller (2008) in

granite, have confirmed that wing, or tensile, cracks initiate at that location.

The dark grey region in Figure 6.6 indicates compressive maximum principal stresses, which

means that both principal stresses are compressive (in fact, since the maximum principal stress is

compressive, the minimum principal stress must also be compressive because it has to be equal

or smaller than the maximum principal stress). Under these circumstances, tensile fractures

cannot initiate and only shear fracturing may be possible. It should be noted, however, that the

rigid lateral boundaries may have contributed to the compression observed in the bridge between

inner flaw tips. Since there is a reaction applied by the lateral supports, the specimen is

compressed not only in the vertical but also in the horizontal directions. Since the horizontal

stress is 20% of the vertical (as earlier explained), the author believes that the compressive

stresses observed between the inner flaw tips are mainly due to the vertical rather than to the

horizontal stresses. In fact, in the finite element analyses performed in the context of the source

mechanism study (Chapter 5), a loading condition with only a vertical load applied and without

rigid boundaries also shows compressive stresses in the bridge between flaw tips (refer to Figure

5.23).

Figure 6.7 shows the variation of maximum principal and maximum shear stresses along the path

described in Subsection 6.5. This figure confirms that the highest maximum principal stress is

tensile with a magnitude of 8.0 MPa, and occurs at the upper face of the flaw tip under study,

corresponding to 0 = -150 .
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a) b)

Figure 6.6 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip with the circle

indicating the location of tensile crack initiation for load case I. in which only vertical load is applied. Note that the

flaw is modeled as an opening. hence the shades inside the flaw do not represent any stress

12.5

10,0

7.5

5.0

2.5

0 0 -

-2.5

-5.0

-7.5
---- Maximum Principal Stress

10.0 Maximum Shear Stress
-12.5

-150 -120 -90 -60 -30 0 30
Angle (Degrees)

60 90 120 150

Figure 6.7 - Variation of maximum principal- and maximum shear stresses around the inner tip of the left flaw for

load case 1, in which only vertical load is applied.
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Maximum Shear Stresses - Trnax

The variation of maximum shear stresses along the path described in Subsection 6.5 is also

shown in Figure 6.7. The highest maximum shear stress is approximately 12.0 MPa and occurs at

0 ~ -300. Hence, if the micro-scale shear strength of the material is reached before the micro-

scale tensile strength, then this is the location of initiation of a new shear crack. At 0 = 800, the

maximum shear stresses are also high, reaching a value of 10.5 MPa.
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6.6.2 Water pressure inside existing flaws - Load Case 13

Maximum Principal Stresses- mj

For the loading condition in which only water pressure is applied to the existing flaws, Figure 6.8

shows that there is a significant area under tensile stresses. The highest maximum principal stress

occurs right ahead of the flaw tips, as Figure 6.8 clearly illustrates. This is the location where a

new tensile crack may initiate. It can also be noted that the maximum principal stresses in the

bridge between inner flaw tips are positive, or tensile, while immediately above and below the

flaw faces the maximumi principal stresses are negative, or compressive. This is in contrast with

what was observed for load case 1, in which there were tensile principal stresses above and

below the flaw faces, and only compressive principal stresses right ahead of the flaw tips.

In Figure 6.9, the plot of the maximum principal stresses along the path under study shows

tensile stresses from 0 -120' to 0 120", peaking at approximately 17.0 MPa in a region

between 0 -30" and 0 = 0".

a) b)

Figure 6.8 - a) Maximum principal stresses in the vicinity of the flaws (Note: The two circular grey areas that can be

seen at the corners of the figure represent very low compressive stresses. probably due to boundary effects) and b)

Maximum principal stresses around the flaw tip with the circle indicating the location of tensile crack initiation for

load case 13. in which WP = 10 MPa and VL = 0 MPa.
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-5.0 ---- Maximum Principal Stress
- Maximum Shear Stress

-10.0
-150 -120 -90 -60 -30 0 30 60

Angle (Degrees)
90 120 150

Figure 6.9 - Variation of maximum principal and maximum shear stresses around the inner tip of the left flaw for

load case 13, in which WP = 10 MPa and VL = 0 MPa.

Maximum Shear Stresses - tnax

The maximum shear stresses plot shown in Figure 6.9 is almost symmetrical around the 0 = 0

axis. It shows two very similar peaks where the stresses are the highest. Both have magnitude of

approximately 9.0 MPa and occur at 0 = -800 and 0 = 80', respectively. These are the locations of

potential shear crack initiation. It is interesting to note that even though one would expect that

this type of loading (water pressure inside flaws) would only lead to the initiation of tensile

fractures, there are also significant maximum shear stresses. This indicates that, at least

theoretically, shear cracks may actually occur when flaws are only hydraulically pressurized. As

noted in Subsection 6.3, this will occur if the micro-scale shear strength of the material is

reached before its micro-scale tensile strength.
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6.6.3 Vertical load and water pressure simultaneously

In this subsection, the effect of varying the ratio WP/VL will be studied. In order to do so more

effectively, this section will be divided into two subsections; the first in which ratios WP/VL

1.0 will be analyzed, and the second in which ratios WP/VL 1.0 will be studied.

6.6.3.1 WP/VL _1.0 -Load Cases 2 to 6

Maximum Principal Stresses - TI

Figure 6.6 and Figures 6.10 to 6.14 show the evolution of maximum principal stresses as the

ratio WP/VL increases from 0 to 1.0. As WP/VL increases from 0 to 1.0, the area under positive,

or tensile, maximum principal stresses decreases and the location of the highest stress moves

from the upper face (for the inner tip of the left flaw) of the flaw tip towards the flaw tip, as the

position of the red circle illustrates. The magnitude of the highest maximum principal stresses

does not seem to vary substantially by looking at the contours of maximum principal stresses.

This magnitude will, however, be further discussed in the analysis of the variation of the

maximum principal stresses along the selected path. It can also be seen that the tensile stresses

that were observed on the lower face of the tip when WP/VL = 0 (Figure 6.6) become

compressive after WP/VL reaches 0.20.

Figure 6.15 shows the variation of the maximum principal stresses along the circular path for

different WP/VL ratios. One can make three main observations by analyzing Figure 6.15:

- As the ratio WP/VL increases from 0 to 1.0, the peak where the maximum stress occurs

moves from 0 = -150' (blue line with squares) to the region between 0 = -I100 to 0 = -300

(brown line with crosses). This indicates that the angle of initiation of a tensile fracture does

not solely depend on the stress already in place (vertical, in this case), but also on the water

pressure applied in the existing flaws.

- There is one point at 0 = -1200 in which the maximum principal stress is approximately at

4.0 MPa no matter what the ratio WP/VL is.

- The highest maximum principal stress for WP/VL = 0 (which can be seen as a loading

condition in which the vertical load is 10 MPa and the water pressure is 0 MPa) is tensile

with approximately 7.5 MPa. The highest maximum principal stress for WP/VL = 1.0
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(which can be seen as a loading condition in which the vertical load is 10 MPa and the water

pressure is also 10 MPa) is tensile with approximately 5.0 MPa. Since the increase in water

pressure from 0 MPa to 10 MPa in the flaws does not cause an increase in the highest tensile

principal stress (it actually decreases from 7.5 MPa to 5.0 MPa), it is theoretically not

possible that new tensile fractures may initiate for WP/VL 1.0, for the path and flaw

geometry considered.

b)

Figure 6.10 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip with the circle

indicating the location of tensile crack initiation for load case 2, in which WP/VL

L
I~ ~j

0.20.

a) b)

Figure 6.11 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip with the circle

indicating the location of tensile crack initiation for load case 3, in which WP/VL = 0.40.
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a) b)

Figure 6.12 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip with the circle

indicating the location of tensile crack initiation for load case 4. in which WP/VL = 0.60.

'0 [

b)

Figure 6.13 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip with the circle

indicating the location of tensile crack initiation for load case 5, in which WP/VL = 0.80.
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a) b)

Figure 6.14 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip with the circle

indicating the location of tensile crack initiation for load case 6. in which WP/VL = 1.00.

10.0

--- WPNL = 0
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Figure 6.15 - Variation of maximum principal stresses around the inner tip of the left flaw for different ratios

WP/VL 1.0.
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Maximum Shear Stresses - Tinax

The variation of the maximum shear stresses along the studied path is shown in Figure 6.16 for

different WP/VL ratios. The following can be observed in Figure 6.16:

- As WP/VL increases, the initial highest maximum shear stress at 0 = -300 for WP/VL = 0

(which can be seen as a loading condition in which the vertical load is 10 MPa and the water

pressure is 0 MPa) starts to shift towards the right and its magnitude decreases from 12.0

MPa to 7.5 MPa at 0 = -10" for WP/VL = 1.0 (which can be seen as a loading condition in

which the vertical load is 10 MPa and the water pressure is also 10 MPa). Despite the

decrease, 0 = -100 is still the location of the highest maximum shear stress for WP/VL = 1.0.

Since the increase in water pressure in the flaws from 0 MPa to 10 MPa does not cause an

increase in the highest maximum shear stress (it actually decreased from 12.0 MPa to 7.5

MPa), it is theoretically not possible that new shear fractures may initiate for WP/VL 1.0,

for the path and flaw geometry considered.

- For WP/VL = 0 there was also a high maximum shear stress at 0 = 800. As WP/VL

increases, this maximum shear stress decreases significantly to under 2.5 MPa.

- As the WP/VL ratio increases, a new highest maximum shear stress region seems to show

up between 0 = -1200 and 0 = -900.

15.0 --- WPNL = 0
12.5 WPNL = 0.2

WPNL = 0.4
--- WPNL=0.6 .X

-- WPNL= 0.8 .' *

-7. WPNL= 1.0 - -*-. * - *

2 5

0.0
-150 -120 -90 -60 -30 0 30 60 90 120 150

Angle (Degrees)

Figure 6.16 - Variation of maximum shear stresses around the inner tip of the left flaw for different ratios WP/VL <

1.0
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6.6.3.2 WP/VL _>1.0 - Load Cases 6 to 12

Maximum Principal Stresses - 0Y

Figure 6.14 and Figures 6.17 to 6.22 show the evolution of the maximum principal stresses as

WP/VL increases from 1.0 to 5.0. It can be noted that the area under tensile stresses increases as

WP/VL increases, starting to resemble the loading condition in which only water pressure is

applied to the flaws (shown in Figure 6.8) for high WP/VL ratios. For WP/VL> 2 .0, the bridge

between inner flaw tips shows solely positive, or tensile, maximum principal stresses.

Furthermore, as WP/VL increases, the location of the highest maximum principal stress shifts

towards the flaw tip, along the centerline of the flaw.

Figure 6.23 shows the variation of the maximum principal stresses along the circular path for

different WP/VL ratios 1.0. One can make two main observations in Figure 6.23:

- As WP/VL increases, the highest maximum principal stress also increases and shifts from

the region where -I10 < 0 < -300 (see brown line with crosses in Figure 6.15 for more

details) to the region -400 < 0 < 300, which is located right ahead of the flaw tip. This means

that the location of initiation of new tensile fractures changes as WP/VL increases. The

exact location of fracture initiation will, therefore, be defined by the location in the stress

field at which the micro-scale tensile strength is reached. This stress field will, in turn, be

dictated by the ratio between the water pressure and the vertical stress (note that vertical

refers to the far field stresses of Figure 6.4 used in this analysis. In the field, this direction

may be not vertical).

- As also observed for WP/VL 1.0, there is a point at 0 =1200 in which stresses remain

constant regardless of the WP/VL ratio considered. This occurs because the maximum

principal stresses are zero at this location for the water pressure loading. As can be seen in

Figure 6.8 and Figure 6.9, the transition between the compressive (grey) and tensile (color)

maximum principal stresses occurs above the flaw tip at 0 = -120'. Since this numerical

analysis is linear elastic, the location where the maximum principal stress is zero is always

the same, i.e. 0 ~ -120', regardless of the magnitude of the water pressure applied.

Therefore, since the total maximum principal stresses around the flaw tip are a combination

of the stresses due to the vertical load and due to the water pressure, then the maximum
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principal stresses at 0 -120" are only caused by the vertical load, and hence constant for all

the combinations with the same vertical load, regardless of the water pressure applied.

a) b)

Figure 6.17 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip w th the circle

indicating the location of tensile crack initiation for load case 7. in which WP VL = 1.50.

ALL

a) b)

Figure 6.18 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip with the circle

indicating the location of tensile crack initiation for load case 8, in which WP 'VL = 2.00.
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a) b)

Figure 6.19 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip with the circle

indicating the location of tensile crack initiation for load case 9. in which WP/VL = 2.50.
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a) b)

Figure 6.20 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip with the circle

indicating the location of tensile crack initiation for load case 10, in which WP/VL = 3.00.
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a) b)

Figure 6.2 1 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip with the circle

indicating the location of tensile crack initiation for load case 1 1 in which WP V L = 4.00.

a) b)

Figure 6.22 - a) Maximum principal stresses in the vicinity of the flaws and b) around the flaw tip with the circle

indicating the location of tensile crack initiation for load case 12. in which WP/'VL = 5.00.
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Figure 6.23 - Variation of maximum principal stresses around the inner tip of the left flaw for different ratios

WP/VL > 1.0.

Maximum Shear Stresses - Tmax

The variation of maximum shear stresses along the circular path is shown in Figure 6.24 for

different WP/VL ratios 1.0. The following can be observed in Figure 6.24:

- The region with high maximum shear stresses that develops at WP/VL = 1.0 between 0 -

1200 and 0 = -900 continues to evolve reaching a peak of almost 40 MPa for WP/VL = 5.0

and shifting to 0 = -80'. Therefore, similar to what was found for the maximum principal

stresses, the exact location of shear fracture initiation will be defined by the location in the

stress field at which the micro-scale shear strength is reached. This stress field will, in turn,

be dictated by the ratio between the water pressure and the vertical stress.

- For WP/VL > 3.0, there is a region between 0 = 400 and 0 = 700 where significant maximum

shear stresses also occur. As WP/VL increases, this peak appears to be slightly smaller than

the one between = -1200 and -80'. For WP/VL = 5.0, for instance, this peak is approximately

35 MPa.

- When Figure 6.24 is compared with Figure 6.9, one can see that for high WP/VL ratios the

shape of the maximum shear stresses along the studied path starts to converge to the loading

case in which only water pressure was applied. In fact, for the limiting case in which the
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water pressure in the flaws is much greater than the vertical load applied, there will be a

symmetry of the maximum shear stresses about the = 00 axis, as shown in Figure 6.9. This

means that for very high WP/VL ratios, a shear fracture is as likely to occur at 0 -800 as at

o=800.
40.0

30.0 -

20.0 *--

10.0=

4 0.0 --- W NL =1.0-

- --- -WPNL =1.5
-10.0 - WPNL =2.0--

WPNL =3.0
-20.0 - - -WPNL =4.0

- -WPNL =5.0
-30.0 - - -

-150 -120 -90 -60 -30 0 30 60 90 120 150
Angle (Degrees)

Figure 6.24 - Variation of maximum shear stresses around the inner tip of the left flaw for different ratios WP/VL >

1.0

6.6.4 Variation of angle of fracture initiation and magnitude of stresses with the ratio

WP/VL

In order to summarize and more clearly show the results obtained in the previous sections, the

highest maximum principal and maximum shear stresses and corresponding potential fracture

initiation angles are plotted against the ratio WP/VL in Figure 6.25 and Figure 6.26, respectively.

By analyzing Figure 6.25, one can conclude that:

- As WP/VL increases from 0 to 5.0, the angle of potential tensile fracture initiation

changes progressively from -1500 to approximately -300, as also shown in Figure 6.27.

- The maximum principal stresses are always tensile and decrease as WP/VL increases

from 0 to 0.6, and increase as WP/VL increases beyond 0.6.

- For ratios 0 < WP/VL < 1.0, the highest maximum principal stress occurs at WP/VL = 0

and 0 = -1500. (For ratios WP/VL > 1.0, the highest maximum principal stress no longer

occurs at WP/VL = 0)
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By analyzing Figure 6.26, one concludes that:

- As WP/VL increases from 0 to 5.0, the angle of potential shear fracture initiation changes

from approximately -30' to -80'. At 1.0 < WP/VL < 1.5, this angle changes abruptly from

approximately -100 to -950, as also shown in Figure 6.28.

- The maximum shear stresses decrease as WP/VL increases from 0 to 1.0, and increase as

WP/VL increases beyond 1.0.

- For ratios 0 < WP/VL < 1.5, the highest maximum shear stress occurs at WP/VL = 0 and

o = -300. (For ratios WP/VL > 1.5, the highest maximum shear stress no longer occurs at

WP/VL =0)

These results will be further discussed in Subsection 6.8. In particular, this will be a qualitative

discussion of the variation and location of the highest maximum principal and maximum shear

stresses for the two loading conditions: vertical load only and water pressure only. A lattice

model will be introduced and used to physically interpret the major results obtained in this

subsection, which are graphically summarized in Figure 6.25 and Figure 6.26.
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Figure 6.25 - Variation of the highest maximum principal stresses and corresponding potential fracture initiation

angle with ratio WP/VL
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Figure 6.26 - Variation of the highest maximum shear stresses and corresponding potential fracture initiation angle

with ratio WP/VL
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Figure 6.27 - Variation of maximum principal stresses around the inner tip of the left flaw showing the highest

maximum principal stresses for a) WP/VL 1.0 and b) WP/VL > 1.0. Note: The circles with different colors

correspond to the highest maximum principal stresses for the various ratios WP/VL studied.
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Figure 6.28 - Variation of maximum shear stresses around the inner tip of the left flaw showing the highest

maximum shear stresses for a) WP/VL 1.0 and b) WP/VL > 1.0. Note: The circles with different colors correspond

to the highest maximum shear stresses for the various ratios WP/VL studied.
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6.7 Comparison between numerical and experimental observations

The observations made in the hydraulic fracturing experiments described in Chapter 3 are

compared with the finite element results presented in this chapter. Since the specimens with the

2a-30-30 geometry showed different fracturing patterns depending on the vertical load applied to

the specimen and since this geometry was used in the finite element analysis discussed in this

chapter, the observations made for geometry 2a-30-30 with and without vertical load will be

compared with the numerical results. Two stages of crack development will be assessed, namely

crack initiation and crack coalescence.

It should be noted that the vertical loads (VL) used in the experiments and in the numerical

model were 5.0 MPa and 10 MPa, respectively. This difference does not affect the results

presented in this subsection, because one is interested in the shape of the stress field rather than

in its magnitude. In fact, it is the shape that will indicate where the cracks are expected to initiate

and further propagate. Since the material is considered linear elastic, the shape of the stress field

is the same for identical ratios of WP/VL, regardless of the magnitudes of VL and WP.

Crack initiation

For the specimens tested without vertical load tensile cracks usually initiated at the tip of the

flaw, particularly from the inner flaw tips, as shown in Figure 6.29 a) for the specimen Gr-2a-30-

30-VLO-INC5-C. This is consistent with what was observed in the finite element analysis for the

loading condition with water pressure inside the flaws only. As shown in Figure 6.29 b), the

maximum principal stresses are tensile around the inner flaw tip of the left flaw. The highest

maximum principal stress is tensile and occurs at the tip of the flaw, where crack initiation was

actually observed in the hydraulic fracturing tests with this geometry and loading conditions.

This indicates that the numerical results are consistent with the observed initiation of tensile

cracks from the tips of the flaws.

For the specimens in which a vertical load of 5 MPa was applied, the cracks initiated at the upper

face of the flaw tip (for the inner tip of the left flaw), as shown in Figure 6.30 a). This is also

consistent with the numerical results shown in Figure 6.30 b). These contours were obtained for
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a ratio WP/VL = 1.0, which corresponds to the near-failure conditions for the 2a-30-30

specimens with a vertical load of 5 MPa, in which the maximum water pressure reached was

approximately 5.0 MPa. It can be seen that there is small bulb of positive (tensile) maximum

principal stresses at the upper face of the tip under study, while the remaining area around the

flaw tip shows compressive maximum principal stresses. This numerical result indicates that a

tensile crack can initiate at the upper face of the flaw tip, which actually corresponds to what was

observed experimentally.
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Figure 6.29 - a) Crack initiation in specimen Gr-2a-30-30-VLO-INC5-C without vertical load and b) maximum

principal stresses contours near the tip from Finite Element analysis
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Figure 6.30 - a) Crack initiation in specimen Gr-2a-30-30-VL5-INC5-B with a vertical load of 5 MPa and b)

maximum principal stresses contours near the tip from Finite Element analysis
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Crack Coalescence

The stress states around the flaws discussed in this chapter are valid to study crack initiation,

since the model considers linear elastic behavior of the material. In fact, once a first crack

initiates the stresses change, and crack propagation and coalescence could not be interpreted

accurately using the stress contours presented in this chapter. However, in the context of the

comparison between the experimental and numerical results, the linear elastic stresses will be

used to better understand the reasons why the observed coalescence occurred.

For the specimens tested without a vertical load, a direct coalescence was observed connecting

the inner tips of the flaws, as shown in Figure 6.31 a). The circle in the figure indicates the

location where crack coalescence took place. The numerical model shows that the entire bridge

between flaw tips is subject to tensile maximum principal stresses. This stress state is consistent

with the propagation of the tensile cracks that linked the inner tips of the flaws observed in the

hydraulic fracturing experiments.

The specimens tested with a vertical load of 5 MPa show cracks developing upwards, from the

inner tip of the left flaw and outer tip of the right flaw, and downwards, from the outer tip of the

left flaw and inner tip of the right flaw. Indirect coalescence appears to take place ahead of the

inner tip of the left flaw (marked with a circle in Figure 6.32 a)) through the linkage of the

downward crack D(T)ii and a white patch (possibly caused by micro-cracks) propagating from

the inner tip of the left flaw. The reason why there are no cracks propagating towards the bridge

between inner flaw tips is that this region is subject to compressive maximum principal stresses,

as shown in Figure 6.32 b). Having compressive maximum principal stresses means that the

minimum principal stresses are also compressive (since the maximum principal stress is

compressive, the minimum principal stress must also be compressive because it has to be equal

or smaller than the maximum principal stress). Because of this, it is not possible to have tensile

cracks propagating to the bridge between inner flaw tips; it is, in fact, more likely that the tensile

cracks that initiated at the upper face of the inner flaw tip under study follow the direction of

initiation and propagate vertically, as was observed in the experiments.
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Figure 6.31 - a) Direct crack coalescence in specimen Gr-2a-30-30-VLO-INC5-C without vertical load and b)

maximum principal stresses contours in the bridge between tips from Finite Element analysis
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Figure 6.32 - a) Indirect crack coalescence in specimen Gr-2a-30-30-VL5-INC5-B without vertical load and b)

maximum principal stresses contours in the bridge between tips from Finite Element analysis
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6.8 Qualitative interpretation of the numerical results

The results obtained numerically will be interpreted qualitatively for the double flaw geometry

studied (2a-30-30). The main objective of this interpretation is to explain the variation of the

stresses studied around the flaw tip, namely the maximum principal and maximum shear stresses.

In order to accomplish this goal two loading conditions will be studied:

- Only vertical load applied;

- Only water pressure applied inside the flaws

The other conditions studied in this chapter, in which both vertical load and water pressure are

applied, are combinations of these loadings and therefore will not be addressed in this section.

Vertical Load

In order to interpret the stresses obtained in the numerical analysis due to the vertical load, a

simple lattice model is assumed based on the compressive load paths illustrated in Figure 6.33.

Figure 6.33 a) shows that the compressive load paths have to go around the flaws since they are

openings in the material; hence, compressive loads can not be transferred through them if they

stay open which is what was observed in the tests. The shape of the load paths around the flaws

indicates that a simplified lattice model, as shown in Figure 6.33 b), may allow one to

qualitatively study to stresses around the flaws.

[Lad pths

Figure 6.33 - a) Approximate compressive load paths for a vertical load applied in a double-flaw geometry 2a-30-30

and b) simplified lattice model considered to interpret the numerical stresses near the flaw tip
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For a vertical load applied, the forces in the lattice members are obtained by equilibrium of

horizontal and vertical forces in the nodes of the lattice, as illustrated in Figure 6.34 a). For node

1, the compressive load (blue) applied due to the vertical load is divided into two compressive

branches that transfer the load to the nodes at the tip of the flaw (one of these nodes is node 2a).

The member that connects node I to 3 is not subject to any force (green) because this is the only

way to achieve equilibrium in node 3 for this loading condition. In node 2a, which receives the

compressive force from node 1, equilibrium is achieved by a compressive force in the member

that connects the two nodes 2a and 2b ahead of the flaw tip and through a tensile force (red) in

the member connecting nodes 2a with 3. The other forces in the lattice members are obtained by

equilibrium of forces in all the nodes of the lattice.

For the purpose of this analysis, more attention will be put on the forces near the right tip of the

flaw, around node 2a. Two elements are defined near this tip: Element A is located ahead and

Element B above the flaw tip, as shown in Figure 6.34 b). While forces were considered to be

applied to the members of the lattice, Elements A and B are considered to be subject to stresses

for the purposes of this study.

Based on the forces at node 2a, Element A is subject to a compressive stress perpendicular

(based on the lattice considered) to the axis of the flaw, as illustrated with a blue arrow in Figure

6.34 b). In the perpendicular direction, in order to have equilibrium in the direction perpendicular

to the flaw surface, Element A is not subject to any stress, since there is no internal pressure

applied in the flaw. The lattice forces applied to node 2a show that Element B is subject to a

tensile stress in the direction parallel to the flaw surface, as shown with a red arrow in Figure

6.34 b). In the perpendicular direction, in order to have equilibrium in the direction perpendicular

to the flaw surface Element B is not subject to any stress, since the flaw is not subject to any

internal pressure. The stresses shown for Elements A and B are assumed to be principal stresses

since they are obtained based on the forces applied to the lattice members which, by definition,

can not take shear but only axial forces.
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Figure 6.34 - a) Lattice model showing distribution of forces around the flaw due to a vertical load and b) stresses in

Element A and B located around the flaw tip. Note that blue means compressive forces in the lattice and

compressive stresses in Elements A and B; red means tensile forces in the lattice and tensile stresses in Elements A

and B

Assuming that the stresses in Elements A and B are principal stresses, one can draw the Mohr

circles for the states of stresses applied to these elements, as shown in Figure 6.35. This figure

shows that Element A has a compressive minimum principal stress, while its maximum principal

stress is zero, according to the simplified model considered. Element B, in turn, has a tensile

maximum principal stress, while its minimum principal stress is zero. With the forces shown in

Figure 6.34, it is also possible to have shear stresses. In fact, Figure 6.36 a) shows maximum

shear stresses applied to Elements A and B, rotated 450 with the principal elements, or 900 in the

Mohr circle space, as shown in Figure 6.36 b). It should be noted that this is a qualitative study,

therefore it is not in the scope of this section to quantify these stresses. Hence, based on the

forces obtained from the lattice model, it is only possible to state that since the maximum and

minimum stresses are different in both elements studied, they can be rotated to an orientation

with non-zero maximum shear stress.
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The qualitative interpretation of the stresses that develop around the flaw tip are consistent with

the numerical results presented in this chapter. In fact, the numerical calculation indicated that

the maximum principal stresses are tensile above the flaw tip, as shown in Figure 6.37 for -150"

< 0 < -300. This corresponds to what was observed for Element B. Furthermore, the numerical

analysis shows compressive maximum principal stresses ahead and below the flaw tip for -30" <

0 < 1000. In the simplified analysis done in this section, it was found that Element A (located

ahead of the flaw tip) cannot be subject to tensile maximum principal stresses (the maximum

principal stress was actually zero while the minimum principal stress was compressive). This

corresponds relatively well to what was observed in the numerical analysis, even though the

simplified analysis did not show that the maximum principal stresses were compressive, but

zero. In terms of maximum shear stresses, Figure 6.37 shows that they are always non-zero,

which is also consistent with the qualitative maximum shear stresses obtained for Elements A

and B.
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0 0 aYl(C)

No pressure
inside the flaws

a, (Tensile) oi7= 0

Tensile
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ai 0 GH (Compressive)

Compressive Cy

b)

Figure 6.35 - a) Principal stresses applied to Elements A and B and b) respective Mohr circles for the "vertical load"

case
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Figure 6.36 - a) Maximum shear stresses applied to Elements A and B and b) respective Mohr circles for the

"vertical load" case
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Figure 6.37 - Finite Element results showing the a) variation of the maximum principal- and maximum shear

stresses around b) the inner tip of the left flaw when a vertical load is applied.
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Water pressure inside the flaws

In order to be consistent to the study developed for the vertical load, the same lattice model

(shown in Figure 6.33 b)) was used. For this simplified model, it was assumed that most of the

water pressure is transferred to the nodes above and below the mid-point of the flaw, as

illustrated in Figure 6.38. The water pressure applied to the remainder of the flaw was not

considered in this calculation, in order to simplify the calculations.

2 a

'2 b

Figure 6.38 - Simplified water pressure loading considered to interpret the numerical stresses near the flaw tip

Since the water pressure loading is applied to node 3, then the member between nodes 3 and 1

has to be subject to a compressive force, as shown in Figure 6.39 a). Consequently, in order to

have equilibrium in node 1, the member from nodes I to 2a has to be in tension. Equilibrium in

node 2a leads to a tension in the member ahead of the flaw tip and compression in the member

between nodes 2a and 3.

To guarantee consistency between the two loading conditions analyzed in the section, similar

Elements A and B will be considered to study the stresses near the flaw tip. Based on the forces

in the members linked to node 2a, one can state that Element A is subject to a tensile stress

parallel to the surface of the flaw, as shown in Figure 6.39 b). In the perpendicular direction one

has a boundary condition, which is the water pressure applied to the flaw (the water pressure was

not considered near the flaw tips for the purpose of the calculation of the forces in the members

of the lattice; however, for the purpose of the calculation of the stresses in Elements A and B, the

water pressure is also considered in the flaw tips). This boundary condition means that Element

A is subject to a compressive stress perpendicular to the surface of the flaw equal to the water
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pressure (WP). Likewise, Element B is subject to a compressive stress perpendicular to the flaw

surface equal to WP. In the direction parallel to the flaw surface, Element B is subject to a

compressive stress, corresponding to the compressive force in the lattice member linking nodes

2a to 3.

------- ------------------------------------

(T) (T) WP

(T) (C) 
WP

(C) WPW

(T) WP

a) b)

Figure 6.39 - a) Lattice model showing distribution of forces around the flaw due to a water pressure applied inside

the flaw and b) stresses in Element A and B located around the flaw tip. Note that blue means compressive forces in

the lattice and compressive stresses in Elements A and B; red means tensile forces in the lattice and tensile stresses

in Elements A and B

Similar to the study of the stresses for the vertical load, by assuming that the stresses in Elements

A and B are principal stresses, one can draw the Mohr circles for the states of stresses applied to

these elements, as shown in Figure 6.40. This figure shows that Element A has a tensile

maximum principal stress, while its minimum principal stress is compressive. For Element B, in

turn, both principal stresses are compressive. With the forces shown in Figure 6.39, it is also

possible to have shear stresses in Elements A and B. In fact, Figure 6.41 a) shows maximum

shear stresses applied to Elements A and B, rotated 450 with the principal elements, or 900 in the

Mohr circle space, as shown in Figure 6.36 b). For Element A, there is always a shear stress if
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one rotates this element to a non-principal orientation; hence, there is a non-zero maximum shear

stress. For Element B, since both stresses are compressive, the shear stresses may be zero if the

maximum and minimum principal stresses are the same (Mohr circle would be a point). Since

determining the magnitudes of the principal stresses is not in the scope of this study, one cannot

positively state that the maximum shear stresses are always non-zero in Element B.
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Figure 6.40 - a) Principal stresses applied to Elements A and B and b) respective Mohr circles for the loading "water

pressure inside flaws"
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Figure 6.41 - a) Maximum shear stresses applied to Elements A and B and b) respective Mohr circles for the loading

"water pressure inside flaws"
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As found for the vertical load case, the qualitative interpretation of the stresses that develop

around the flaw tip are consistent with the numerical results presented in this chapter. In fact, the

numerical calculation indicated that the maximum principal stresses are compressive above the

flaw tip, as shown in Figure 6.42 for -1500 < 0 < -1200. This is consistent to what was observed

for Element B. Furthermore, the numerical analysis shows tensile maximum principal stresses

for -1200 < 0 < 1200. In the simplified analysis done in this section, it was observed that Element

A (located ahead of the flaw tip) is also subject to a tensile maximum principal stresses. This

corresponds to what was calculated in the numerical analysis. In terms of maximum shear

stresses, Figure 6.37 shows that they are always non-zero, which is also consistent with the

qualitative maximum shear stresses obtained for Element A. For Element B, there is the

possibility that the shear stresses could be zero if the compressive principal stresses were the

same. While this does not occur in Figure 6.42 a), one can see that the maximum shear stresses

are close to zero for 0 = -1500, which is the approximate location of Element B. This indicates

that the compressive principal stresses at this location are relatively similar.
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Figure 6.42 - Finite Element results showing the a) variation of the maximum principal- and maximum shear

stresses around b) the inner tip of the left flaw when a water pressure inside the flaws is applied.
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6.9 Summary and Conclusion

The analyses presented here show results that are applicable to both maximum principal and

shear stresses as well as results that are specific to each stress type studied.

Results applicable to both Maximum Principal Stresses (07) and Maximum Shear Stresses (riax)

- The ratio between the water pressure applied in the flaws and the external vertical stress

applied to the specimen (WP/VL) defines the stress field around a flaw. The exact

location of fracture initiation will be dictated by the location in the stress field at which

the micro-scale tensile, or shear strength, is reached;

Results applicable to Maximum Principal Stresses - ai

- For WP/VL = 0, the region above and below the flaw faces are subject to tensile principal

stresses; as WP/VL increases to 1.0, this region becomes smaller and the tensile principal

stresses start shifting towards the region right ahead of the flaw tip;

- The location of initiation of new tensile cracks shifts from the upper face of the studied

tip (0 = -150") to the region right ahead of the flaw tip (-400 < 0 < 30), as WP/VL

increases from 0 to 5.0;

- Based on the crack initiation criterion, on the circular path and on the flaw geometry used

in this study, the magnitude of the highest tensile principal stress at WP/VL = 0 is only

exceeded if WP/VL > 1.0. (For ratios WP/VL<1.0, the highest tensile principal stress

occurs at WP/VL=0)

Results applicable to Maximum Shear Stresses - rmax

- The location of initiation of new shear fractures shifts from 0 = -30', when only vertical

load is applied, to the region where 0 = -800, when WP/VL = 5.0;
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- For WP >> VL, the maximum shear stresses are symmetric about the 0 = 0 - axis for the

path and flaw geometry under study, and there are two possible locations of shear

fracture initiation, at 0 = -80' and at 0 = 800;

- Based on the crack initiation criterion, on the circular path and on the flaw geometry used

in this study, the magnitude of the highest maximum shear stress at WP/VL = 0 is only

exceeded if WP/VL > 1.5. (For ratios WP/VL<1.5, the highest maximum shear stress

occurs at WP/VL=0)

- There are significant maximum shear stresses around the flaw tip even when the flaws are

solely subject to hydraulic pressure. Therefore, it is theoretically possible that shear

cracks may propagate under this loading condition.

One can therefore conclude that the ratio between the water pressure applied in the flaws and the

vertical load/stress (WP/VL) plays a crucial role regarding the magnitude and shape of the stress

field around a flaw tip, and therefore regarding the location of tensile and shear fracture

initiation. As WP/VL increases, the location of initiation of new tensile fractures shifts from the

upper face of the flaw under study (0 = -150'), towards the region right ahead of the flaw tip (-

400 0 300); simultaneously, the location of initiation of new shear fractures shifts from the

region ahead of the flaw tip (0 = -30') to the upper face of the tip under study (0 = -80').

Comparison between the hydraulic fracturing experiments and the numerical analysis

The results of the numerical analysis performed using the double-flaw geometry 2a-30-30 are

consistent with what was observed in the hydraulic fracturing tests for the same geometry. For

the specimens to which no vertical load was applied (WP/VL = oo), the numerical model showed

that tensile cracks developing from the inner flaw tips are likely to initiate from the tip end and

propagate and coalesce in the bridge between inner flaw tips. This corresponds to what was

observed in the hydraulic fracturing experiments. For the specimens on which a vertical load of 5

MPa (WP/VL=l) was applied, the numerical analysis indicates that tensile cracks are likely to

initiate from the upper face of the inner flaw tip (for the inner tip of the left flaw), since it is the

sole place where tensile stresses occur. These tensile cracks are then unlikely to propagate
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towards the bridge between inner flaw tips, since both maximum and minimum principal stresses

are compressive (considered negative in this chapter) in that region. It is more likely that the

cracks follow the direction of initiation and therefore propagate in a vertical direction. This is

also consistent to what was observed experimentally.

Qualitative interpretation of the numerical results obtained

A simplified lattice model was used to determine the forces around a flaw for two loading cases:

vertical load and water pressure applied inside the flaws. It was found that the analysis based on

the simplified lattice explains well the maximum principal stresses obtained above and ahead of

the flaw tip studied. Since the interpretation performed was purely qualitative, the maximum

shear stresses were found to be non-zero in the elements studied for the two loading conditions,

which was consistent with the numerical results.

It should be noted that only fracture initiation is being modeled in this study. Accurately

modeling of propagation and coalescence of fractures would require implementing a remeshing

algorithm and fracture initiation criteria in the Finite Element code used, or otherwise the use of

other numerical methods, such as a Boundary Element code, which is not the in scope of this

chapter.

The stress field will be different depending on the geometry considered, as shown for instance in

Gongalves da Silva and Einstein (2012) for other loading conditions, but the main conclusions

reached in this chapter for the 2a-30-30 geometry i.e. tensile and shear fractures initiate at

different locations depending on the ratio WP/VL, are valid for other double-flaw geometries.
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7 Integrated interpretation of the hydraulic fracturing tests

7.1 Introduction

In the previous chapters, particularly in Chapters 3, 5 and 6, the results obtained from the

hydraulic fracturing tests performed in granite were described and related to the physical

processes that occur when a rock is hydraulically fractured. This chapter integrates the

information discussed earlier in the thesis, aiming to provide an integrated interpretation of the

fracturing processes that take place during the hydraulic fracturing of a rock.

Since the results discussed throughout the thesis indicate that the laboratory hydraulic fracturing

processes occur at two different scales, this chapter will discuss the micro-cracking (smaller

scale) and the visible cracking (larger scale) development separately. Furthermore, the

interpretation of the tests will also distinguish between the processes that occur when the

specimens are subjected to no and 5.0 MPa of vertical load.

The integrated interpretation made in this chapter is based on data observations and analyses

made earlier in this thesis, namely:

- Water pressure data, discussed in Subsections 3.6.5 and 3.6.6;

- Imaging of the High-Resolution (HR) and High-Speed Video (HSV) cameras, discussed

from Subsections 3.6.1 to 3.6.3;

- Amplitudes of the first P-wave arrivals of the AE events, discussed in Subsection 3.6.8

for four tests with no vertical load and six tests with a vertical load of 5.0 MPa applied;

- Rate of the AE hits and events, discussed in Subsection 3.6.9 for two tests with no

vertical load and two tests with a vertical load of 5.0 MPa applied;

- Source mechanism analysis, discussed in Section 5.4.1 for one test with no vertical load

and in Sections 5.4.2 and 5.4.3 for two tests with a vertical load of 5.0 MPa;

- Finite element analysis, discussed in Subsections 6.6.2, 6.7 and 6.8, for the case with no

vertical load, and Subsections 6.6.1, 6.6.3, 6.7 and 6.8 for the case with vertical load and

water pressure applied in the flaws simultaneously, using a 2a-30-30 geometry;

Section 7.2 provides a general interpretation of the physical processes involved in the hydraulic

fracturing of granite based on the available data presented earlier in this thesis. Sections 7.3 and
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7.4 provide interpretations of the specific fracturing processes that were observed in the single-

and double-flaw geometries, respectively. Section 7.4, in particular, interprets the fracturing

process for low- and high-bridging-angle geometries separately. In this section, the results

obtained with the finite element analyses presented in Chapter 6 will be related to the fracturing

processes observed in low-bridging angle geometries with no and 5 MPa of vertical load. This is

done, because the finite element model analyzed was a 2a-30-30 geometry; hence, the results

obtained from these numerical analyses are not applicable to single-flaw geometries and double-

flaw geometries with high-bridging angles but only to double-flaw geometries with low

bridging-angles.

It should be noted that, even though the interpretations presented in this chapter are based on

various types of data obtained in the tests, they carry a certain degree of subjectiveness. In other

words, they are hypotheses based on experimental observations, but may require further

investigation to be fully validated.
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7.2 General interpretation of the fracturing processes

7.2.1 No vertical load

According to the observations and analyses made earlier in the thesis, a physical interpretation of

the fracturing processes that occur when a rock is hydraulically fractured in the laboratory when

no vertical load is applied is given in Figure 7.1. The micro- and visible cracking processes will

now be generally described, and in the following subsections they will be explained and

discussed in detail, using the information discussed throughout this thesis.

The physical fracturing processes described in the green rectangles in Figure 7.1 (Physical

interpretation) can be subdivided into two scales of damage:

- Micro-cracking, which initiates at 80% of the maximum water pressure (WPmnax) reached

in the tests. In the tests with no vertical load, the micro-cracking is predominantly of

tensile nature and shows a stable growth during its initiation and earlier development. As

the water pressure is increased, the micro-cracks become larger and their growth becomes

unstable closer to the initiation of the visible cracks;

- Visible cracking occurs when the maximum water pressure (WPmax) is reached. The

visible cracks propagate in an unstable manner and are usually of tensile nature, apart

from short shear crack segments that occurred in some tests.
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No Vertical Load

Physical Interpretation

Water Pressure WP=O
(Subsections 3.5.5 and 3.5.6)
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(Subsections 3.5.1 t
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(Subsection 3.5.8)

AE rate
(Subsection 3.5.9)
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Source Mechanism Analysis
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Figure 7.1 - Physical interpretation of the hydraulic fracturing processes for the case with no vertical load
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Micro-cracking processes

Water pressure

As can be seen in Figure 7.1, micro-cracking starts at approximately 80% of the maximum water

pressure reached in the tests. This is also shown in Figure 7.2, in which the water pressures at

white patching initiation were determined for all the tests performed in single- and double-flaw

geometries, based on the pressures at which the first white patches were observed with the HR

camera.

1.0

E0.8

z0.6-

3 OA a Vertical Load = 0 MPa

Vertical Load = 0 MPa (Single Flaw)

0.2

Single Flaw 0.0 30.0 60.0 90,0 120.0

Bridging Angle (1)

Figure 7.2 - Normalized water pressure at white patching initiation for single- and double-flaw geometries with 0

MPa of vertical load

Imaging (HR and HSV cameras)

The physically-interpreted micro-cracking in Figure 7.1 was actually observed with the HR

camera as white patching that usually initiated near the flaw tips, as shown in Figure 7.3 for the

three 2a-30-120 specimens tested without vertical load, and propagated from them. As Figure 7.1

shows, white patching initiated at approximately 80% of WPmax and continued to develop until

the visible cracks propagated, usually at the same locations as the existing white patches. It was

not possible to distinguish the mechanisms responsible for the development of white patching

with either the HR or HSV cameras. Other methods were used in order to identify these

mechanisms, as will be discussed.
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VL=OMPa

Figure 7.3 - White-patching initiation for geometry 2a-30-120 with no vertical load

P-wave amplitudes

The average amplitudes of the first P-wave arrivals were analyzed at different stages of the tests

and were found to increase linearly as the water pressure increased, as shown in Figure 7.4.

Averages of the Amplitudes of first P-waves vs Stages of the Test
Threshold =40 dB, Pre-Amplification =20

80.0 P= 0.93

cL 60.0 A A

0

40.0
I Gr-2a-30-0-VLO-INC5-C

E
A Gr-2a-30-120-VLO-INC5-B

20.0
Start to SkO SkO to Ski Sk1 to Sk2 Sk2 to Sk3 Sk3 to Sk9 AfterSk9
Vertical Load Crack Propagatior

Stages of the Test

Figure 7.4 - Average of the amplitudes of the first P-waves at the source location at various stages of selected tests

with no vertical load

The amplitudes of the first P-wave arrivals can be related to the magnitude, or seismic moment

magnitude, of the respective micro-seismic events i.e. larger first P-wave amplitudes correspond

to larger seismic magnitudes. Also, the seismic moment magnitude Mo of a seismic event can be

defined as (refer to Aki and Richards, 1980):

MO = pAD
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Where p is the shear modulus of the rock, A is the area of the fracture responsible for the seismic

event and D is the average displacement in the area A. Therefore, one infers that the causes for

the increase in the magnitude of the micro-seismic events in the tests performed can be an

increase in the area of the cracks, or an increase of the average displacement in the fractures, (or

both) since the shear modulus of the rock is always the same. Since it is not possible to identify if

it was either A or D increasing as the water pressure was increased in the tests, the author

assumed that the increase in the magnitude of the seismic events occurred due to the increase of

the area of the micro-cracks, which is assumed to correspond to an increase in the size of the

cracks i.e. larger cracks. This translates into the physical interpretation shown in Figure 7.1, in

which larger micro-cracks develop after the initiation of micro-cracks (white patching) as the

water pressure is increased

Acoustic Emissions (AE) rate

The rates of AE hits and events throughout several tests were analyzed and their changes were

related with physical processes. In the context of the current research, the following terms are

used in the analysis of the rate of the AE hits and events:

- Stable micro-crack development occurs when the hit/event rate (which corresponds to

the slope of the cumulative hit/event count versus time) is constant with time while the

water pressure is increased or held. A stable micro-cracking development occurs, for

instance, after the yellow circle shown in Figure 7.5 and Figure 7.6. After the yellow

circle, the slope of the cumulate hit count versus time remains constant (Slope 2 in Figure

7.6 as the water pressure is increased and subsequently held).

- Unstable micro-crack development occurs when hit/event rate increases with time while

the water pressure is increased or held. An unstable micro-cracking development occurs,

for instance, after the purple circle shown in Figure 7.5 and Figure 7.7. After the purple

circle, the slope of the cumulate hit count versus time increases with time (Slope 3 is

larger than Slope 2 as the water pressure is increased and subsequently held).
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As shown in Figure 7.5, three major changes in the AE rates were observed, namely:

- First change in the hit rate, marked with a yellow circle in Figure 7.5 and Figure 7.6,

which occurs approximately at the same time as the white patches are first seen with the

HR camera,. Therefore, this change in hit rate is interpreted to be caused by the initiation

of micro-cracks. Furthermore, based on the definitions previously provided, the initiation

of the micro-cracks is interpreted as a stable process since the hit rate is constant after the

yellow circle as the water pressure is increased and subsequently held;

- Second change in the hit rate, marked with a purple circle in Figure 7.5 and Figure 7.7,

which occurs when the only damage visible with the HR camera is still the white

patching. Therefore, this change in hit rate is considered to be related to the development

of micro-cracking. Furthermore, based on the definitions previously provided, the

development of the micro-cracks is interpreted as an unstable process since the hit rate

changes after the purple circle as the water pressure is increased and subsequently held.

Summing up, the second change in hit rate is interpreted as an unstable development of

larger (based on the P-wave amplitude interpretation) micro-cracks closer (time-wise) to

the propagation of the visible cracks.

- The last change is related to the event rate and will be addressed in the following

subsection, since it is related to the development of visible cracks.
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Figure 7.5 - Water pressure and hit and event count versus time for the entire and for the last 30 sec of the test on

specimen Gr-2a-30-0-VLO-INC5-C, showing changes in the slope of the hit and event counts
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Figure 7.6 - Water pressure and hit and event count versus time for the entire test duration and for small window of

the test on specimen Gr-2a-30-0-VLO-INC5-C, showing first change in the slope of the hit count which is related to

a stable micro-crack initiation
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Figure 7.7 - Water pressure and hit and event count versus time for the entire and for small window of the test on

specimen Gr-2a-30-0-VLO-INC5-C, showing second change in the slope of the hit count which is related to an

unstable micro-crack development

Source mechanism analysis

The source mechanisms of AE events localized in white patching regions were estimated based

on the radiation patterns of the P-waves and on SEM images of the white patches. Several AE

events captured in one test with no vertical load were studied. This study resulted in the

following conclusions:

- Micro-cracking can be observed in the SEM images captured in the white patching

regions analyzed, as illustrated in Figure 7.8 for specimen Gr-2a-30-120-VLO-INC5-C.

Therefore, it is likely that the white patching is caused by the micro-cracking observed

with the SEM.

- The simultaneous study of the radiation patterns of AE events and of the SEM images

obtained in the same area as the AE events showed that these events have a strong tensile

component (even though smaller shear components could also be observed), as shown in

Figure 7.9.

Based on these results, the damage observed as white patching in the HR camera is interpreted as

micro-cracks with a strong tensile component, as shown in the physical interpretation row in

Figure 7.1.
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Figure 7.8 - a) White-patching region imaged with SEM and b) micro-cracks observed near the right tip of the lower

flaw for specimen Gr-2a-30- 20-VLO-INC5-C
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Figure 7.9 - SEM image of the crack showing its source mechanism with strong tensile component
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Visible cracking Processes

Water Pressure

The maximum water pressure usually occurred fractions of a second (or in some cases a few

seconds) before the propagation of the visible cracks, as illustrated in Figure 7.10. As can be

seen in the same figure, after the cracks propagate (from Sketches 4 to 9) the pressure is

completely lost in fractions of second. The fact that the processes of visible crack propagation

and loss of pressure occur so rapidly indicate that these are unstable processes, as indicated in

Figure 7.1 (one would consider that they would be stable processes if the visible cracks

propagated as the water pressure was increased).

9
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4.84 -

2 4.82 -

4.80 -

'U 4.78 -

4.76 -

474A

1521.0 1522.0 1523.0 1524.0 1525.0 1

- 5.79

- 5.78

E
- 5.77, -

- 5.76 .!

E- 5.75

- 5.74

- 5.73
526.0

Time (s)

Figure 7.10 - Water pressure and volume of water injected versus time for specimen Gr-2a-30-30-VLO-INC5-C. The

maximum water pressure occurs approximately 3 seconds before visible crack propagation (between Sketches 4 and

9)
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1inaging (HR+HSV)

The imaging data collected during the propagation of the visible cracks indicated that the

majority of the visible cracks were of tensile nature. It was clear that most of the cracks opened

and only short crack segments showed visible sliding (shear), as shown in Figure 7.11. While the

tensile cracks could be inter- and intra-granular, the shear cracks were only inter-granular. The

fact that no intra-granular shear cracks were observed indicates that the macro-scale shear

strengths of the grains of granite were never reached, possibly because the macro-scale tensile

strengths of the grains were first reached. On the other hand, inter-granular shear segments were

observed because the macro-scale shear strength of the boundaries between grains is more

comparable to their macro-scale tensile strength and was reached before it.

- Tensile
Inter-granular

. . .. . . .Shear
-Inter-granular

* Tensile
- Intra-granular

Figure 7.11 - Different types of cracks observed in specimen Gr-2a-30-90-VL5-INC5-C showing the predominance

of tensile cracks. On the right, the red lines indicate intra-granular tensile cracks, the blue line indicates an inter-

granular tensile crack and the green line indicates an inter-granular shear crack.

P-w ave c ampliudes

For the tests with no vertical load, the amplitudes of the first P-wave arrivals increase linearly

from the initiation of white patching to the end of the test, as the water pressure is increased, as

shown earlier in Figure 7.4. As discussed for the development of the micro-cracks, the increase

in the amplitude (and therefore in magnitude) of the AE events may be due either to an increase

in the area A of the crack, to an increase of the average displacements D that take place along the

area A of the newly-formed crack, or to both. In the case of the development of the visible

cracks, it is clear that both A and D are larger than during the micro-crack development
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discussed earlier. In fact, A (considering the crack goes through the entire thickness of the

specimen A = LxB in which L is the length of the crack and B its width, which is the same as

the specimen thickness) and D are now visible with the HSV camera (the HR camera does not

capture the propagation of visible fractures; hence it is not mentioned). Therefore, it is expected

that the seismic moment Mo = pAD would increase when the visible cracks propagate, as it was

observed.

Acoustic Emission (AE) rate

As mentioned earlier, there were three observed major changes in the AE rates, as shown in

Figure 7.5. The two first changes are related to the initiation and development of micro-cracking

and were discussed in Subsection 7.2.1. The last change occurs in the event count rate usually

seconds before visible cracking propagates, when the only visible damage is still the white

patching. Therefore, this change in the event rate is interpreted as a transition between cracking

scales (from micro-cracking to visible cracking). Furthermore, since the slope of the event count

versus time curve changes as the water pressure is held, as shown in Figure 7.12 in which the

slope of the curve increases from Slope 1 to 2 and 3 after the green circle, the transition between

micro- and visible-cracking is interpreted to be an unstable process, as represented in the

physical interpretation row, in Figure 7.1.
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Figure 7.12 - Water pressure and hit and event count versus time for the entire and for small window of the test on

specimen Gr-2a-30-0-VLO-INC5-C, showing change in the slope of the event count which is related to an unstable

transition between micro- and visible-cracking.
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Source mechanism analysis

The source mechanism analysis was only made for AE events located in white patching regions

where no visible cracking occurred. Therefore, there was no source mechanism analysis

conducted for AE events caused by the development of visible cracks. The reason why no AE

events were studied to determine the mechanism of visible cracks is that the waveforms slightly

before and during visible crack development are a complex mixture of signals produced by

actual events and by several reflected P- and S-waves concentrated in some milliseconds.

Because of this combination of signals with different nature, it is not possible to reliably pick the

amplitude of the first P-wave arrivals of localized AE events. Since the basis of the source

mechanism analysis is the reliable pick of the amplitude of the first P-wave arrivals, this analysis

was not conducted for AE events that occurred during visible crack propagation.
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7.2.2 Vertical load of 5 MPa

According to the observations and interpretations made earlier in the thesis, a physical

interpretation of the fracturing processes that occur when a rock is hydraulically fractured in the

laboratory with simultaneous application of a vertical load of 5.0 MPa is given in Figure 7.13.

The micro- and visible-cracking processes will now be generally described, and in the following

subsections they will be explained and discussed in detail.

The physical fracturing processes described in the green rectangles in Figure 7.13 can be

subdivided into two scales of damage:

- Micro-cracking, which initiates at 80% of the maximum water pressure (WPmax) reached

in the tests, similar to what was observed in the tests with no vertical load. The micro-

cracking is predominantly of shear nature and shows a stable growth during its initiation

and early development. As the water pressure is increased, the micro-cracks become

larger and the process of micro-crack growth becomes less stable closer to the initiation

of the visible cracks. In comparison with the physical processes described for the tests

with no vertical load, the major difference is the fact that the micro-cracks appear to be

predominantly of shear nature when a vertical load of 5 MPa is applied;

- Visible cracking occurs when the maximum water pressure (WPmnax) is reached. The

visible cracks propagate in an unstable manner and are usually of tensile nature, apart

from short shear crack segments, similar to what was observed in the tests with no

vertical load.

In addition to the micro- and visible cracking development, closure of pre-existing micro-cracks

appears to occur when and slightly after the vertical load is applied, as also indicated in the

Physical interpretation row in Figure 7.13.
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Figure 7.13 - Physical interpretation of the hydraulic fracturing processes for the case with vertical load of 5.0 MPa
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Micro-cracking processes

Water pressure

As can be seen in Figure 7.13, micro-cracking starts at approximately 80% of the maximum

water pressure reached in the tests. This is also shown in Figure 7.14, in which the water

pressures at white patching initiation were determined for all the tests performed in single- and

double-flaw geometries, based on the water pressures at which the first white patches were

observed with the HR camera.

1.0

A A A

'0.8 A A

z0.6

0 0.4 Vertical Load = 5 MPa

0 Vertical Load = 5 MPa (Single Flaw)

0.2 1 1
Single Flaw o'o 30.0 60.0 90.0 120.0

Bridging Angle (0)

Figure 7.14 - Normalized water pressure at white patching initiation for single- and double-flaw geometries with 5

MPa of vertical load

Imaging (HR and HSV cameras)

As discussed for the tests without vertical load, the physically-interpreted micro-cracking was

observed with the HR camera as white patching that usually initiated near the flaw tips, as shown

in Figure 7.15 for the three 2a-30-120 specimens tested with 5.0 MPa of vertical load, and

propagated from them. As Figure 7.13 shows, micro-cracking (or white patching) initiated at

approximately 80% of WPmax and continued to develop until the visible cracks propagated,

usually at the same locations as the existing white patches. It was not possible to distinguish the

mechanisms responsible for the development of white patching with either the HR or HSV

cameras. Methods using the AE data were employed to identify these mechanisms.
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VL = 5.0 MPa

0
Figure 7.15 - White-patching initiation for geometry 2a-30-120 with 5.0 MPa vertical load

P-wave amplitudes

The average amplitudes of the first P-wave arrivals were analyzed at different stages of the tests

and were found to initially decrease during and slightly after the application of the vertical load

(yellow arrow in Figure 7.16), and increase after the initiation of the first white patches, as the

water pressure was increased (green arrow in Figure 7.16).

100.0

X

E
4

80.0

60.0

40.0

20.0

Averages of the Amplitudes of first P-waves vs Stages of the Test
Threshold = 40 d8, Pre-Amplification = 20

Events caused by
applying the vertical load

Gr-2a-30-0-V.-INC5-A Events caused by increase
. Gr-2a-30-90.VL5-INC5-C in water pressure

Start to SkO
Vertical Load

SkOto Ski Skl to Sk2 Sk2 to Sk3

Stages of the Test

Sk3 to Sk9
Crack Propagatior

After Sk9

Figure 7.16 - Average of the amplitudes of the first P-waves at the source location at various stages of selected tests

with a vertical load of 5.0 MPa
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The initial acoustic activity felt when and slightly after the vertical load is applied may be

interpreted as follows:

- It is caused by the contact between the loading machine and the specimen, particularly

for events near the boundaries of the specimen. During the application of the vertical

load, the loading frame transfers energy to the specimen during a short time frame; some

of this energy is converted into the AE events located at and near the top and bottom

boundaries of the specimen;

- After the application of the vertical load, the amplitude of the P-wave arrivals decreases.

This may be caused by the dissipation of the energy initially transferred by the loading

frame to the specimen. This dissipation of energy can occur through the closure of

existing micro-cracks and through grain-to-grain friction. This processes dissipate less

energy in each event and occur throughout a longer time-span than the application of the

vertical load. This may explain why the P-wave amplitudes decrease after the vertical

load is applied.

It should be noted that it is not possible to say with certainty if these interpretations are correct,

since the AE sensors were the only system capable of capturing the events that occurred during

and slightly after the application of the vertical load. The HR and HSV cameras were not capable

of observing any changes in the specimen while the vertical load was being applied, and the

SEM images captured for this research focused on the regions where white patching was visible

at later stages of the test.

The P-wave amplitudes of the second part of the test i.e. controlled by the increase in water

pressure as indicated with a green arrow in Figure 7.16, increase as the water pressure is raised,

similar to what was observed in the tests without vertical load. As explained earlier, the

amplitudes of the first P-wave arrivals can be related to the seismic moment magnitude of the

respective micro-seismic event. Also, the seismic moment magnitude Mo of a seismic event can

be defined as Mo = gAD (refer to Aki and Richards, 1980, and to the earlier explanation of the

different variables involved). Therefore, one infers that the causes for the increase in the

magnitude of the micro-seismic events in the tests performed with a vertical load of 5.0 MPa can

be an increase in the area A of the cracks, or an increase of the average displacement in the

fractures D, or both. As in the interpretation of the tests with no vertical load, it is assumed that
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the increase in the magnitude of the seismic events occurred due to the increase of the area of the

micro-cracks which, in the context of this interpretation, is assumed to lead to larger micro-

cracks. This translates into the physical interpretation shown in Figure 7.13, in which larger

micro-cracks i.e. larger A, develop after the white patching initiation, as the water pressure is

increased

Acoustic Emissions (AE) rate

The rates of AE hits and events throughout several tests were analyzed and changes were related

with physical processes. The observations made from the tests with no vertical load are relatively

similar to those made for the tests with a vertical load of 5.0 MPa. Therefore, the observations

related to the AE rates will be only briefly summarized. As shown in Figure 7.17, there were

three major changes observed in the AE rates in the tests with a vertical load of 5.0 MPa,

namely:

- First change in the hit rate, which represents a change in slope in the hit count vs time

curve. This change in hit rate is interpreted as a relatively stable initiation of micro-

cracks.

- Second change in the hit rate, which also represents a change in slope in the hit count

versus time curve. The second change in hit rate is interpreted as an unstable

development of larger (from the P-wave amplitude discussion) micro-cracks closer (time-

wise) to the propagation of the visible cracks.

- The last change is related to the event rate and will be addressed in the following

subsection, since it is related to the development of the visible cracks.
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Figure 7.17 - Water pressure and hit and event count versus time for the entire and for the last 30 sec of the test on

specimen Gr-2a-30-0-VL5-INC5-Al, showing changes in the slope of the hit and event counts

0
Source mechanism analysis

The source mechanisms of AE events localized in white patching regions were estimated based

on the radiation patterns of the P-waves and on SEM images obtained in white patching regions.

Several AE events captured in two tests with a vertical load of 5.0 MPa were studied. This study

resulted in the following conclusions:

- Zig-zagging micro-cracking can be observed in the SEM images captured in the white

patching regions analyzed, as illustrated in Figure 7.18 for specimen Gr-2a-30-30-VL5-

INC5-C. This is consistent with the theory that white patching is caused by micro-

cracking.

- The simultaneous study of the radiation patterns of AE events and of the SEM images

obtained in the same area as the AE events showed that they have a strong shear

component (even though tensile and compressive components could also be observed), as

shown in Figure 7.19.
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Based on these results, the damage observed as white patching in the HR camera is interpreted as
the development of micro-cracks with a strong shear component, as represented in the physical
interpretation row, in Figure 7.13.

0

~~~ 4B~ k'j%~

b)

Figure 7.18 - a) Area with white patching imaged and b) SEM image magnified 350x showing micro-cracks

responsible for the white patching in the outer tip of the right flaw of specimen Gr-2a-30-30-VL5-INC5-C

' t, O
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.N
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a) b)

Figure 7.19 - a) SEM image of the crack and b) segment of the crack. showing its source mechanism with strong

shear component
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Visible cracking processes

Most observations made for the case in which no vertical load was applied are similar to those

made in the tests in which a vertical load of 5.0 MPa was applied. Therefore, more attention will

be given to the differences in the observations between the two loading cases.

Water Pressure

As in the cases with no vertical load applied, the maximum water pressure usually occurred

fractions of a second before the propagation of the visible cracks, as illustrated in Figure 7.20. As

can be seen in the same figure, after the cracks propagate (from Sketches 4 to 9) the pressure is

completely lost in fractions of second. The fact that the processes of visible crack propagation

and loss of pressure occur so rapidly indicate that these are unstable processes, as indicated in the

Physical interpretation row in Figure 7.13 (one would consider them stable if the cracks

propagated as the water pressure was increased)

5.15 . 5.84
- Water Pressure

5.14 Max Water Pressure 5.83

- High-Res Sketches

2 5.13 E HSV Sketches Sketch 4 5.82 u.
- Volume Injected

5.12 - HS Video 5.81
CSketch 3

5.11 -.- 5E.5.0

5.10 5.79

5.09 5.78
1852.0 1853.0 1854.0 1855.0 1856.0 1857.0

Time (s)

Figure 7.20 - Water pressure and volume of water injected versus time for specimen Gr-2a-30-0-VL5-INC5-C. The

maximum water pressure occurs fractions of second before visible crack propagation (between Sketches 4 and 9)
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Imaging (HR+HSV)

Similar to what was observed in the tests with no vertical load, the imaging data collected during

the propagation of the visible cracks indicated that most of the cracks were of tensile nature with

only sporadic shear segments, as shown earlier in Figure 7.11.

P-wave amplitudes

For the tests with a vertical load of 5.0 MPa, the amplitudes of the first P-wave arrivals increase

in the second part of the test, after the first white patches are visible and as the water pressure

increases, as shown earlier in Figure 7.16. As discussed for the development of the micro-cracks,

the increase in the amplitude (and therefore in magnitude) of the AE events may be due either to

an increase in the area A of the crack, to an increase of the average displacements D that take

place along the area A of the newly-formed crack, or to both. In the case of the development of

the visible cracks, it appears that the increase in both A and D, visible in the HSV frames,

contributes to the increase in the seismic moment Mo = gAD.

Acoustic Emission (AE) rate

As mentioned earlier, there were three observed major changes in the AE rates, as shown in

Figure 7.17. The two first changes are related to the initiation and development of micro-

cracking and were discussed in Subsection 7.2.1. The third change occurs in the event count rate,

usually seconds (in the two tests with a vertical load of 5.0 MPa analyzed, it occurred 10 sec and

35 sec) before visible cracking propagates. As in the tests without vertical load, this change

occurs seconds before the propagation of the visible cracking when the only visible damage is

still the white patching. Therefore, this change is interpreted as the transition between micro- and

visible-cracking. Furthermore, the fact that the slope of the event count versus time curve

increases with time indicates that the transition between micro- and visible-cracking is an

unstable process, as pointed out in the physical interpretation row in Figure 7.13.
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Source mechanism analysis

The source mechanism analysis was only made for AE events located in white patching regions

where no visible cracking occurred. Therefore, there was no source mechanism analysis

conducted for AE events caused by the development of visible cracks. The reasons for this

choice were discussed in Subsection 7.2.1.
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7.3 Interpretation of tests with single-flaw geometries

The interpretation of the fracturing processes in the single-flaw geometries is subdivided in the

cases in which no and 5 MPa of vertical load were applied. For each loading case, four stages of

crack development are discussed, namely Stages A - White patching initiation, B - White

patching propagation, C - Visible crack initiation and D - Visible crack propagation. These

stages are shown in Figure 7.22 and Figure 7.24. The classification of cracks proposed by Wong

and Einstein (2008), shown in Figure 7.21, is used in the following discussion. In the context of

this study, the crack types I, II and III (observed in the tests) have the following characteristics:

- Type I is the typical wing crack, which propagates upwards or downwards with its

concavity facing the flaw from where initiates;

- Type II tensile crack occurs whenever a tensile crack developed in approximately the

same direction as the orientation of the flaw;

- Type III tensile crack occurs whenever a tensile crack developed in an approximately

upward or downward vertical direction.
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Figure 7.21 - Types of cracks initiated

Shear

from pre-existing flaw after Wong and Einstein (2008). T - Tensile, S -
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7.3.1 No vertical load

The fracturing observed for single-flaw geometries with no vertical load is schematically shown

in Figure 7.22. The fracturing stages are following described, distinguishing between the micro-

and visible-cracking stages.

Single-Flaw Geometry

No Vertical Load

Micro-cracking Visible cracking

Stage A B C D

T(II and 111),

T(Il and 1II)

WPWhite patching initiation= 0.8W PMax WPMa WP

Figure 7.22 - Fracturing processes for single-flaw geometries with no vertical load applied.

Note: T represents tension; Types of cracks (II and III) are based on Wong and Einstein (2008)

Micro-cracking processes

Stage A - The micro-cracks were observed as white patching that initiated at or near the flaw

tips at approximately 80% of the maximum water pressure reached (WPmax). They initiated

approximately ahead of flaw tip in most cases observed.

Stage B - The white patching developed from the flaw tips, propagating with a vertical or

subvertical orientation. Since there is no vertical load applied, it was expected that the cracks

(and micro-cracks, or white patches, in this case) would develop in the same direction as the axis

of the flaw. The fact that they did not is very likely related to the equivalent tensile stresses (i.e.

stresses that produce the same strain field as the water pressure applied on the front and back

faces of the specimen, "squeezing" it and making it deform by Poisson effect), applied to the

boundaries of the specimen due to Poisson effect, as discussed in Appendix E. Because the sides

of the specimen are longer than the top and bottom boundaries, the resultant tensile force applied

to the sides is larger than that applied in the top and bottom boundaries, as illustrated in Figure

7.23. This means that the vertical direction has the least tensile force applied; since the cracks

(and micro-cracks) tend to propagate parallel to the direction with maximum compression (or
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minimum tension in this case, since both horizontal and vertical stresses are tensile), it makes

sense that the white patches propagate in vertical and subvertical directions.

F,

---+ Considering

2) L,> >L.
3) F,=axL
4) Fy= a x L.

F, F Then,

Specimen F, > FY

----- >F

Cy

F

Figure 7.23 - Stresses and resultant forces applied in the specimen due to Poisson effect

Visible cracking processes

Stage C - Visible cracking initiated at and near the flaw tips, as type II and III tensile cracks. The

type II cracks initiated ahead of the flaw tips with approximately the same direction as the axis of

the flaws, while the type III cracks initiated at the upper face (for the right tip) of the flaw with a

vertical direction.

Stage D - After initiating with approximately the same direction as the axis of the flaws, the type

II tensile cracks propagated with a vertical or subvertical direction. The type III tensile cracks

propagated vertically. The fact that the cracks propagated in a vertical and subvertical directions

when no vertical load is applied is likely due to the equivalent tensile stresses applied to the

boundaries of the specimen due to Poisson effect, as previously explained.

382



7.3.2 Vertical load = 5 MPa

The fracturing observed for single-flaw geometries with no vertical load is schematically shown

in Figure 7.24. As previously, the fracturing stages are described, distinguishing between the

micro- and visible-cracking stages.

Single-Flaw Geometry

Vertical Load = 5 MPa

Micro-cracking

Stage B C

T(lI)o

Visible cracking

D

WPWPM.C

A

W PWhite patching initiation = 0.8W Pax

Figure 7.24 - Fracturing processes for single-flaw geometries with a

Note: T represents tension; Types of cracks (III) are based on Wong

vertical load of 5 MPa applied.

and Einstein (2008)

Micro-cracking processes

Stage A - White patching initiated at and near the flaw tips, usually in the upper face (for the

right tip) of the flaw tip.

Stage B - White patching propagated vertically, parallel to the direction of maximum

compression, as expected.

Visible cracking processes

Stage C - The type III tensile cracks initiated at and near the flaw tips, usually in the upper face

(for the right tip) of the flaw tip.

Stage D - The type III tensile cracks propagated vertically, parallel to the direction of maximum

compressive stresses, as expected.
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7.4 Interpretation of tests with double-flaw geometries

The interpretation of the fracturing processes observed in the double-flaw geometries with no

vertical load is discussed separately from those with a vertical load of 5 MPa. For each loading

case, the processes observed in the double-flaw geometries with low-bridging angles

(00 5300 ) will be distinguished from those with high-bridging angles (900<1p 1200). For each

loading case and bridging angle, four stages of crack development are discussed, namely Stages

A - White patching initiation, B - White patching propagation, C - Visible crack initiation and

D - Crack coalescence. These stages are shown in Figure 7.26 and Figure 7.32. The

classification of cracks and coalescences proposed by Wong and Einstein (2008), shown in

Figure 7.21 and Figure 7.25, respectively, are used in the following discussion.

The numerical results obtained for a 2a-30-30 geometry discussed in Chapter 6 will be used in

the interpretation of the fracturing processes observed experimentally for the low-bridging angle

geometries, for both loading cases studied i.e. no vertical load and vertical load = 5 MPa.
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Figure 7.25 - Crack coalescence categories after Wong and Einstein (2008). T Tensile, S - Shear
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Category Coalescence patterns Crack types involved

No coalescence

2 /Indirect coalescence by two or multiple
cracks (crack types vary)

(2 cracks) (3 cracks)

3 Type 2 S crack(s)

4 Type I S crack(s)

5 One or more type 2 S crack(s) and type 2 T
crack segments between inner flaw tips

Type 2 T crack(s). There may be occasional
6 short S segments present along the

coalescence crack.

7 Type 1 T crack(s)

Flaw tips at the same side linked up by T
crack(s) not displaying wing appearance

8 (crack type not classified). There may be
occasional short S segments present along
the coalescence crack.

Type 3 T crack(s) linking right tip of the top
flaw and left tip of the bottom flaw. There

9 may be occasional short S segments present

along the coalescence crack.



7.4.1 No vertical load

The fracturing observed for double-flaw geometries with no vertical load is schematically shown

in Figure 7.26. The fracturing stages are following described, distinguishing between the micro-

and visible-cracking stages.

Double-Flaw Geometry

No Vertical Load

Micro-cracking Visible cracking

Stage A B

Low bridging
angle

WPWhlte patching initiation 0.8WPM.S

C

T(T)

T(ll)

T(Il)
WPMa

D

Coalescence
Category 6 WP

High bridging
angle

T(ll)

T(I and Ill)
T(I and Ill)

Coalescence
Category

Figure 7.26 - Fracturing processes for low- and high-bridging-angle double-flaw geometries with no vertical load

applied.

Note: T represents tension; Types of cracks (I, II and III) and coalescence categories are based on Wong and

Einstein (2008)

7/8

Micro-cracking processes

Low bridging-angle geometries

Stage A - The white patching initiated at and near the flaw tips, usually ahead of the inner and

outer flaw tips.

Stage B - The white patching propagated from the outer and inner tips with approximately the

same orientation as the axes of the flaws. This occurs because there is no vertical load applied,

but only pressure inside the flaws. With this loading, the maximum principal stresses occur

ahead of the flaw tips and are tensile, which may lead to the formation of a tensile micro-

cracking zone, observed as white patching, ahead of the tips with approximately the same
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orientation as the flaw axis, as explained in Figure 7.27. Figure 7.28 shows the variation of the

highest maximum principal stresses and the angle at which it occurs for different ratios between

the water pressure and the vertical load applied (WP/VL). For the case when no vertical load is

applied, this ratio tends to infinity, which is not shown in the plot. Therefore, the highest ratio

WP/VL studied is considered in this interpretation i.e. WP/VL=5, which is highlighted with an

orange rectangle in Figure 7.28 a). For this ratio, the likely angle of initiation of tensile cracks is

-30", using the convention in Figure 7.28 b). This is similar to what is shown with the maximum

principal stress contours in Figure 7.27: in fact, the difference between the angles of initiation is

simply due to the fact that Figure 7.27 shows the case in which WP/VL = oc and the ratio

WP/VL considered in Figure 7.28 is 5.0. Shear micro-cracking is also possible, since there are

maximum shear stresses around the flaw tips: however, the highest maximum shear stress occurs

above the upper face of the flaw tip (for the inner tip of the left flaw) for WP/VL = 5, as

highlighted with an orange rectangle in Figure 7.29 a) and schematically shown in Figure 7.29

b); thus, this would be the place where shear micro-cracking would be expected, which was not

observed. Therefore, based on the finite element analysis, the micro-cracking observed for the

low-bridging angle geometries with no vertical load is probably tensile.

- - -Possible tensile crack

a) b)

Figure 7.27 - a) Maximum principal stresses in the vicinity of the flaws (colors mean tensile and grey means

compressive stresses) and b) Maximum principal stresses around the flaw tip with the red circle indicating the

location of tensile crack initiation when only water pressure is applied inside the flaws and no vertical load is

applied
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Figure 7.28 - a) Variation of the highest maximum principal stresses and corresponding potential crack initiation

angle with the ratio WP/VL=5 highlighted with an orange rectangle and b) location of possible tensile crack

initiation for WP/VL=5
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Figure 7.29 - a) Variation of the highest maximum shear stresses and corresponding potential crack initiation angle

with the ratio WP/VL=5 highlighted with an orange rectangle and b) location of possible shear crack initiation for

WP/VL=5
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High bridging-angle geometries

Stage A - White patching initiated at and near the flaw tips, usually approximately ahead of the

outer flaw tips and above the upper face (for the inner tip of the lower flaw) of the inner flaw tip.

Stage B - While the white patching propagated from the outer tips with approximately the same

orientation as the axes of the flaws, they propagated vertically or subvertically from the inner

flaw tips. For the loading case with no vertical load applied, the white patches are expected to

propagate in approximately the same direction as the axes of the flaws, which was observed for

the outer tips. The fact that the white patches propagated vertically or subvertically from the

inner flaw tips indicate that geometries with overlapping flaws (high bridging angles) have

complex stress fields in the region between the flaws caused by the interaction between them.

This complexity can be better understood if a numerical analysis of a double-flaw geometry with

a high bridging angle is performed.

Furthermore, based on the source mechanism analyses performed in Chapter 5, it was found that

the white patching observed near the flaw tips is caused by micro-cracking with predominant

tensile mechanisms.

Visible cracking processes

Low bridging-angle geometries

Stage C - Type II tensile cracks initiate at and near the inner and outer tips of the flaws, ahead of

the flaw tips and in approximately the same direction as the axes of the flaws. The fact that these

cracks are tensile and initiate ahead of the flaw tips is consistent with the numerical results

discussed previously. In fact, Figure 7.27 showed that the highest maximum principal stress is

tensile and occurs ahead of the flaw tip.

Stage D - The type II tensile cracks propagate in approximately the same direction as the axes of

the flaws. Coalescence is direct of category 6. This pattern of propagation is expected for the

loading applied, as shown in Figure 7.30. In fact, the maximum principal stresses in the bridge

between the flaw tips are fully tensile which is consistent with a direct coalescence composed of

tensile cracks, as schematically shown in Figure 7.30. It should be noted, however, that the

numerical model considered a linearly elastic model; hence, as soon as a crack initiates the stress
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field is no longer valid. Nevertheless, the shape and magnitude of the stress field for the linear

elastic case (before any crack initiates) gives one a useful insight of what is expected in terms of

propagation and coalescence of cracks.

0, Dii ect coalescenc

a) b)

FigYure 7.30 - a) Maximum principal stresses in the vicinity of the flaws (colors mean tensile and grey means

compressive stresses) and b) Maximum principal stresses in the bridge between Ilaw tips indicating the expected

coalescence through a tensile crack when only water pressure is applied inside the flaws and no vertical load is

applied

High bridging-angle geometrics

Stage C - Type 11 tensile cracks initiate at and near the outer tips of the flaws, ahead of the flaw

tips and in approximately the same direction as the axes of the flaws. Types I and Ill tensile

cracks initiate at and near the inner tips of the flaws, in the upper face (for the inner tip of the

lower flaw) of the flaw tip. The initiation of type II cracks with approximately the same direction

as the flaw axis is expected for the case with no vertical load. This is so, because when only the

flaws are pressurized, the maximum tension occurs ahead of the flaw tip, parallel to the axis of

the flaw, which is consistent with the type Il cracks observed ahead of the outer tips. The types I

and III cracks initiated at the inner tips of the flaws, in an approximately vertical direction. Since

no vertical load is applied, the direction of propagation is not expected to be vertical, but parallel

to the axes of the flaws. This vertical propagation may be caused by the interaction between

flaws which, in turn, may create a complex stress field in the region between the flaws. In order
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to better understand this stress field, a numerical model of a double-flaw geometry with a high-

bridging angle would be required.

Stage D - The coalescence takes place through a vertical tensile crack that connects the inner tip

of one flaw to the outer tip of the other flaw. The coalescences observed for the high-bridging

angle geometries are of categories 7 and 8. The fact that there are no cracks developing in the

region between the flaws may be due to the compression that the pressurized flaws exert to each

other, as explained in Figure 7.31. This leads to an entirely compressed bridge between inner

flaw tips, and consequently to the inexistence of cracks in the region between the flaws.

es

Compressive
stresses

Figure 7.31 - Compressive stresses in the region between the flaws for double-flaw geometries with high-bridging

angles and no vertical load applied
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7.4.2 Vertical load = 5 MPa

The fracturing observed for double-flaw geometries with no vertical load is schematically shown

in Figure 7.32. As previously, the fracturing stages are described, distinguishing between the

micro- and visible-cracking stages.

Double-Flaw Geometry

Vertical Load = 5 MPa
Micro-cracking Visible cracking

Stage

Low bridging
angle

A

1WPWite patching initiation = 0.8 WP,.,,

High bridging
angle

T(I and 1ll) 1

T(I and 111) ' T(I and 111)

T(1 and III)

WPM,

T(I and
T(I and 111)

IT(IIl

Figure 7.32 - Fracturing processes for low- and high-bridging-angle double-flaw geometries with a vertical load of 5

MPa applied.

Note: T represents tension and S represents shear; Types of cracks (1, II and III) and coalescence categories are

based on Wong and Einstein (2008)

Micro-cracking processes

Low bridging-angle geometries

Stage A - The white patching initiated at and near the flaw tips, usually above the upper face (for

the inner flaw tip of the left flaw and outer flaw tip of the right flaw) of the flaw tips.

Stage B - The white patching propagated from the outer and inner tips with a vertical or

subvertical orientation. This occurs because the cracks and micro-cracks (or white patches) tend

to propagate parallel to the direction of maximum compressive stresses. Since in these tests a

vertical load of 5 MPa is applied, the direction of maximum compressive stresses is vertical and
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therefore the micro-cracks are expected to propagate vertically or subvertically, which was

observed.

In the numerical analysis discussed in Chapter 6, the variation in the vicinity of the flaws of both

maximum principal and maximum shear stresses was analyzed. Figure 7.33 and Figure 7.34

show the contours of the maximum principal stresses around the flaws for a WP/VL=1.0 and

WP/VL=1.5, respectively (in the numerical analyses presented in Chapter 6, no WP/VL were

studied between these ratios). These two ratios are shown because the white patching initiation,

and the visible cracking (to be discussed later), occur between them. In fact, for the low-bridging

angle geometries with a vertical load of 5 MPa, visible cracking propagated at an average WPmax

of approximately 6 MPa, as shown in Figure 7.35. Since white patching occurred at a water

pressure of approximately 80% of WPnax, then it is assumed that the white patching initiated at a

pressure of 0.8x6 = 4.8 MPa. Therefore, for the purpose of this interpretation, WPmax=6.0 MPa

and WPwhite patching initiation = 4.8 MPa, which yields the ratios WP/VL(max) = 6/5 = 1.2 and

WP/VL(white patching initiation)~ 1 .0.

Both Figure 7.33 and Figure 7.34 show that the highest principal tensile stress is located in the

upper face (for the inner tip of the left flaw) of the flaw tip. This is the likely location of

initiation of a tensile micro-crack, which does not depend considerably on the WP/VL ratio

considered i.e. WP/VL = 1.0 or WP/VL = 1.5. A similar conclusion can be reached if one

analyzes Figure 7.36 a). This figure shows the variation of the highest maximum principal

stresses and the angle at which it occurs with the WP/VL ratio. For values of WP/VL between

1.0 and 1.5, the angle of initiation of tensile cracks varies from approximately -900 and -700, as

illustrated in Figure 7.36 b).

However, maximum shear stresses also occur around the flaw tip under study. As shown in

Figure 7.37, for WP/VL = 1.0 the likely location of initiation of the shear cracks is ahead of the

flaw tip (0~-10'); as WP/VL increases past 1.0, the location of initiation of the shear cracks

shifts to the upper face (for the inner tip of the left flaw) of the flaw tip (0~-90'). This is

consistent with what was observed in the source mechanism analyses and in the SEM images

collected, in which micro-cracks with strong shear component initiated and developed in the

white patching areas at and above the upper faces of the flaw tips studied.
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Possible tensile crack

b)

Figure 7.33 - a) Maximum principal stresses in the vicinity of the flaws (colors mean tensile and grey means

compressive stresses) and b) Maximum principal stresses around the flaw tip with the red circle indicating the

location of tensile crack initiation when WP VL=1.0

Possible tensile crack

7 N1Ov

b)

Figure 7.34 - a) Maximum principal stresses in the vicinity of the flaws (colors mean tensile and grey means

compressive stresses) and b) Maximum principal stresses around the flaw tip with the red circle indicating the

location of tensile crack initiation when WP'VL=1.5
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Figure 7.35 - Maximum water pressure reached for the tests with a vertical load of 5 MPa. Note: the low-bridging

angle geometries are marked with a blue rectangle.
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Possible tensile cracks

0 -

b)

Figure 7.36 - a) Variation of the highest maximum principal stresses and corresponding potential crack initiation

angle with the ratios WP/VL=1.0 to 1.5 highlighted with an orange rectangle and b) location of possible tensile

crack initiation for WP/VL=1.0 and 1.5
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Possible shear crack

-20.0
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b)

Figure 7.37 - a) Variation of the highest maximumi shear stresses and corresponding potential crack initiation angle

with the ratios WP/VL=1.0 to 1.5 highlighted with an orange rectangle and b) location of possible shear crack

initiation for WP/VL=1.0 and 1.5

High bridging-angle geometries

Stage A - The white patching initiated at and near the flaw tips, usually above the upper face (for

the inner flaw tip of the lower flaw and outer flaw tip of the upper flaw) of the flaw tips.

Stage B - The white patching propagated with vertical or subvertical orientations from all the

flaw tips, parallel to the direction of maximum compressive stresses, as theoretically expected.
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Visible cracking processes

Low bridging-angle geometries

Stage C - Types I and III tensile cracks initiate at and near the inner tips of the flaws, in the

upper face (for the inner tip of the left flaw) of the flaw tip. The fact that these cracks are tensile

and initiate at the upper face of the inner tip of the left flaw is consistent with the numerical

results discussed previously. In fact, Figure 7.33 and Figure 7.34 showed that the highest

maximum principal stress is tensile and occurs in the upper face of the inner tip of the left flaw.

As shown in Figure 7.37, shear cracks may also occur for these loading conditions and low-

bridging angle geometries, based on the stress field in the vicinity of the flaw tip studied. In fact,

as previously discussed, the micro-cracks observed with the SEM in the white patching areas

show a strong shear component based on the source mechanism analyses performed. The fact

that shear cracks are not observed at this stage of the tests and mostly visible tensile cracks occur

indicates that:

- The resistance, or strength, of the material (granite in this case, but this observation may

be generalized to other rocks and rock-like materials) may be scale-dependent. In fact,

since shear appears to be the prevalent mechanism involved in micro-crack formation and

tension appears to be the mainly observed mechanism in visible crack formation, the

strengths of granite appear to be different depending on the scale considered.

- The fact that shear fractures occurred (based on the interpretation presented) at a

microscopic scale and tensile fractures at a larger (visible) scale, indicates that the shear

resistance may be lower than the tensile at a microscopic scale but higher than the tensile

at a larger (visible) scale.

One has also to keep in mind that the stress fields shown in Figure 7.33 and Figure 7.34 consider

the material as a continuum around the flaws, which are the only discontinuities in the model.

This may be a reasonable assumption when the micro-cracks in the material are very small, i.e.

in the earlier stages of white patching. However, as more and larger micro-cracks develop, the

stress field around the flaws may not be valid any longer, because there are micro-cracks in

whose tips stresses start to concentrate. These micro-cracks may change the stress-field

considerably and the mechanism of initiation and propagation of the visible cracks that

eventually develop may be strongly influenced by this change.

397



Stage D - The type I and III tensile cracks propagate vertically and subvertically. Coalescence is

not achieved or occurs indirectly, which correspond to categories I and 2, respectively. This

pattern of propagation is expected for the loading applied, as shown in Figure 7.38 for a WP/VL

1.5. In fact, the maximum principal stresses are tensile above the inner tip of the left flaw and

outer tip of the right flaw, and below the inner tip of the right flaw and outer tip of the left flaw.

Furthermore. Figure 7.38 also shows that the maximum principal stresses are compressive in the

region between inner flaw tips. Because of these reasons, the cracks propagating from the inner

flaw tips are expected to propagate vertically and not towards the opposite flaw. therefore

leading to no or indirect coalescence, which was observed in these tests.

Tensile crack leading
to no coalescence

Tension

Compression

a) b)

Figure 7.38 - a) Maximum principal stresses in the vicinity of the flaws (colors mean tensile and grey means

compressive stresses) and b) Maximum principal stresses in the bridge between flaw tips indicating the expected no

or indirect coalescence through a tensile crack for WP/VL = 1.5

High bridging-angle gcometries

Stage C - Type III (vertical) tensile cracks initiate at and near the outer tips of the flaws, in the

lower face of the outer tip of the lower flaw and in the upper face of the outer tip of the upper

flaw. This is theoretically expected because the cracks tend to develop parallel to the direction of

maximum compression. Types I and III tensile cracks initiate from the inner flaw tips, in the

lower face of the inner tip of the upper flaw and in the upper face of the inner tip of the lower

flaw. This is similar to what was observed for the high-bridging angle geometries when no

vertical load is applied. This may occur because the stress field in the region between the two
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flaws may be very similar for the high-bridging angle geometries regardless of the vertical load

applied. In fact, since the geometries with high-bridging angles have a substantial overlap, the

vertical load applied may not affect the stresses in the region between the flaws, as explained in

Figure 7.39. This figure shows that the vertical load paths go around the flaws (since they are

open the load paths cannot go through them) and the stresses between the two flaws are simply

caused by the water pressure applied inside the flaws. This means that the stress field between

the flaws is similar for both the case with no vertical load and with a vertical load of 5 MPa.

Therefore, the cracks observed for both loading cases are also similar.

Stage D - The coalescence takes place through a vertical tensile crack that connects the inner tip

of one flaw to the outer tip of the other flaw. The coalescences observed are of categories 7 and

8, also similar to what was observed in the case with no vertical load. The fact that there are no

cracks developing in the region between the flaws may be due to the compression that the

pressurized flaws exert to each other, as explained in Figure 7.39. This leads to an entirely

compressed bridge between inner flaw tips, and consequently to the inexistence of cracks in the

region between the flaws.

Vertical Load

Compressive
stresses

Figure 7.39 - Compressive stresses in the region between the flaws for double-flaw geometries with high-bridging

angles and no vertical load applied
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7.5 Conclusions

A physical interpretation of the fracturing processes that occur when a rock is hydraulically

fractured was made using the various observations and results obtained from the laboratory tests

performed. The data analyzed included the water pressure and the visual observations made with

the HR and HSV cameras, the amplitudes of the first P-wave arrivals at different stages of

several tests, the rate of the AE events measured at several tests, the source mechanisms

estimated for AE events obtained in three hydraulic fracturing tests, and the numerical results

obtained from a finite element model of a double-flaw geometry with a low-bridging angle.

A general interpretation of the fracturing processes was first discussed, followed by the

interpretation of the fracturing processes that occurred in the single- and double-flaw geometries,

distinguishing between low- and high-bridging angle geometries.

General Interpretation

No vertical load:

Based on the data analyzed, the interpreted fracturing processes that occur when a rock is

hydraulically loaded consist of three main stages: a first stage in which micro-cracks of tensile

nature initiate and start to develop stably; a transition stage in which the micro-cracks become

larger and start to develop unstably; and a final stage in which visible tensile cracks develop

unstably.

Vertical load of 5.0 MPa:

When a vertical load of 5.0 MPa is applied to the specimens, the interpreted fracturing processes

were subdivided into four stages: the first stage occurs when the vertical load is applied and

existing micro-cracks are closed; the second stage consists of the initiation and stable early

development of shear micro-cracks; and the last two stages are similar to the case in which no

vertical load is applied i.e. the third stage corresponds to the transition stage in which the micro-
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cracks become larger and start to develop unstably, and a final stage in which visible tensile

cracks develop unstably.

For both loading cases, short shear crack segments were also observed. While the short shear

crack segments were always inter-granular, the tensile cracks could be inter- or intra-granular.

This indicates that the macro-scale shear strengths of the grains of granite were never reached,

possibly because the macro-scale tensile strengths of the grains were first reached

Single-Flaw Geometries

The micro-cracking could be observed as white patching and was the precursor of the visible

cracking. It usually initiated at or near the flaw tips, where the stress concentrations are higher.

The visible cracking observed for the single-flaw geometries involved vertical tensile cracks,

regardless of the load applied. While vertical propagation was expected when a vertical load of 5

MPa was applied, a propagation of cracks with the same orientation of the axis of the flaw was

expected. This did not occur probably because of the Poisson effect caused by applying the water

pressure in the full front and back faces of the specimens. This showed that the Poisson effect

might have had a role in the fracturing process observed, particularly in the tests conducted in

specimens with single-flaw geometries.

Double-Flaw Geometries

Low-Bridging Angle

The experimental observations were compared with the numerical analyses discussed in Chapter

6. Based on this comparison, it was found that:

- The micro-cracking that occurs before visible cracking develops when no vertical load

is applied is predominantly of tensile nature. These tensile micro-cracks are the

predecessors of visible tensile cracks that propagate with approximately the same

direction as the axes of the flaws and coalesce with a category 6 coalescence. Because
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there is no vertical load applied, it is expected that the cracks propagated parallel to the

axes of the flaws, as was observed.

Based on the source mechanism study and on the finite element analyses, the micro-

cracking that occurs before visible cracking develops when a vertical load of 5 MPa is

applied is predominantly of shear nature. These shear micro-cracks are the predecessors

of visible tensile cracks that propagate vertically and do not coalesce or indirectly

coalesce with categories 1 or 2 coalescences. Because there is a vertical load applied, it

is expected that the cracks propagated parallel to direction of maximum compressive

stresses (vertical direction in this case), as was observed.

High-Bridging Angle

The experimental observations can be interpreted was follows:

- The micro-cracking that occurs before visible cracking develops when no vertical load

is applied occurs 1) ahead of the outer tips of the flaws and propagate approximately

parallel to the axes of the flaws, which is expected since there is no vertical load applied

and 2) at the upper or lower faces of the inner tips of the flaws and propagate vertically

or subvertically. These micro-cracks are the predecessors of visible tensile cracks that

propagate 1) with approximately the same direction as the axes of the flaws and coalesce

with from the outer tips, as expected since the cracks tend to propagate parallel to the

axes of the flaws when no vertical load is applied and 2) vertically or subvertically from

the inner tips towards the outer tip of the opposite flaw, coalescing with categories 7 or 8

coalescences.

- The micro-cracking that occurs before visible cracking develops when a vertical load of

5 MPa is applied occurs at the upper and lower faces of the flaw tips (upper face for the

inner and outer tips of the lower and upper flaw, respectively) and propagate with a

vertical direction, parallel to the direction of maximum compressive stresses. These

micro-cracks are the predecessors of visible tensile cracks that propagate vertically or

subvertically from all the flaw tips. The cracks that initiate at the inner flaw tips

propagate towards the outer tip of the opposite flaw, coalescing with categories 7 or 8

coalescences, similar to what observed for the case with no vertical load applied.
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- The crack coalescence patterns observed when no vertical load is applied is similar to

when a vertical load of 5 MPa is applied. Since the geometries with high-bridging angles

have a substantial overlap, the vertical load applied may not substantially affect the

stresses in the region between the flaws; therefore, the stress field in the region between

the flaws may be similar regardless of the vertical load applied, which lead to similar

crack coalescence patterns.

For the case in which a vertical load of 5.0 MPa was applied, the micro-cracks developed with a

strong shear component while the visible cracks developed mainly in tension. This is unexpected

and gives one a strong indication that the strength of a rock or rock-like material may be scale-

dependent. In order to better understand this phenomenon, numerical models that replicate the

effect that micro-cracks have in the stress field around a larger-scale pre-existing flaw may be

necessary.
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8 Comparison to Reality

8.1 Introduction

Cooper Basin is an Engineered Geothermal pilot development located in the Northeast of

Australia. As part of this development, Habanero #1 is a 4.4 km-deep well being used as the

injector of this Engineered Geothermal System (EGS). The bottom of the well is in the granite

basement, reaching temperatures in the order of 250 'C. The granitic basement is overlain by a

3.6 km-thick sedimentary rock layer, as shown in Figure 8.1.

The seismic events triggered during the hydraulic fracturing were monitored through a network

of eight stations located in an area in plan of roughly 100 km 2 around Habanero #1, at depths

varying between 79 m and 370 m for seven of the stations, and 1,783 m for one of the stations

(MCLI). The locations of the Habanero #1 and of the eight stations are shown in Figure 8.1 and

Figure 8.2.

A preliminary cross-correlation of waveforms of twelve seismic events will be presented in

Subsection 8.2, followed by a preliminary hypocenter location of two of the events in Subsection

8.3.

Sedimentary
Cover
Approx. 3.6

Granite
Basement

10 km -

- - ,WA04
WA01 MWO1 10 km

Habanero# McLeod #MW03
WA02 MW02M

WAO3
km

Dt 4

K Depth =4.4 km

Figure 8.1 - Illustration of the Cooper Basin geology and of the locations and depths of Habanero #1 and of the

monitoring seismic stations
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Figure 8.2 - Locations and depths of Habanero #1 and of the monitoring seismic stations. (*) The depth of the

station McLeod #1 varied between -1,783 m and -2,279 m
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8.2 Preliminary waveform cross-correlation of twelve seismic events in the

Cooper Basin stimulation project

8.2.1 Objectives

The main goals of the study of the waveforms of 12 seismic events are:

- Understand if the correlation between waveforms could be used to determine, or provide

a preliminary indication, of the source mechanisms of the seismic events (tensile, shear,

or combined tensile/shear).

- Eliminate inconsistent waveforms from source mechanism analyses, namely event

location and moment tensor analysis.

8.2.2 Definition of cross-correlation between waves

The cross-correlation operation was used to compare the waveforms of different seismic events.

Iff(t) and g(t) are two continuous functions, or waveforms, the cross-correlation between them is

defined as:

+eo

(f * 9) (W f f * (-c) g(t + T) d'r
-00

As explained graphically in Figure 8.3, the cross-correlation is the integral of the two functions,

obtained by keeping one of the functions fixed -fin Figure 8.3 - and sliding the other one - g in

the same figure - at different t. This leads to the cross-correlation functionf*g represented by the

black line; the maximum of f*g is the maximum cross-correlation between the functions under

study. A maximum cross-correlation of 1.0 indicates that the two compared functions are equal,

while a value of 0 indicates that the two functions are completely unrelated to each other. The

maximum cross-correlation occurs at a certain t, also called lag time, which indicates the time

when the signals are best aligned.
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Figure 8.3 - Graphical definition of cross-correlation and lag time

Throughout this study, matrices comparing signals from different seismic events will be shown.

These matrices represent the maximum cross-correlation between pairs of signals, or waveforms.

Furthermore, the lag time between waveforms is used in this study to align waveforms.
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8.2.3 Definition of hierarchical cluster tree

In order to compare the different seismic events, hierarchical cluster trees were built based upon

the maximum cross-correlation values obtained for different pairs of events, as shown in Figure

8.4 a) and b). The hierarchical cluster tree representation has the great advantage of allowing one

to easily identify groups/clusters of events that may be related to each other.

The process used to build the hierarchical cluster trees is called single-linkage clustering. In the

beginning of this process, each waveform is in a cluster of its own. The clusters are then

sequentially combined into larger clusters, or into clusters with more elements, until all elements

end up being in the same cluster. In order to better explain how the hierarchical cluster trees were

built, the process followed to construct the tree shown in Figure 8.4 a) is described here:

- The twelve wavefonrms are first considered into twelve different clusters;

- Because waveforms 9 and 11 are the ones with the highest maximum cross-correlation

(above 0.9), they are combined into one cluster. In Figure 8.4 a), these are the last two

events.

- The following pair of events with the highest maximum cross-correlation (0.89) is 11 and

7. Since 11 and 9 are already in a cluster of their own, event 7 is now added to their

cluster.

- The following pair of events with the highest maximum cross-correlation (0.87) is 10 and

3. Since these events were in their own initial clusters, they are combined into one

cluster.

- The following pair of events with the highest maximum cross-correlation (0.84) is 6 and

9. Since 9, 11 and 7 are already in a cluster of their own, event 6 is now added to their

cluster. It should be noted that if the maximum cross-correlation between 6 and 10 were

greater than 0.84, event 6 would be added to the cluster 10, 3.

- The rationale described is repeated until all the events belong to only one cluster.
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Figure 8.4 - a) Example of a hierarchical cluster tree built based upon b) maximum cross-correlation matrix
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8.2.4 Methodology

Waveform preparation:

Each station and component were analyzed individually. For a fixed station and component, the

waveforms of the 12 events were studied. In order to prepare the waveforms for the subsequent

correlation analysis, the following procedure was used:

- For a given station (for instance, WAO 1) and component (for instance, HI or horizontal

1), the waveforms for the 12 seismic events were obtained. In this study, the events were

numbered according to the IDs provided by Geodynamics shown in Table 8.1.

- The waveformns were then zero-averaged, as illustrated in Figure 8.5 for one of the

waveforms studied. This was done to eliminate possible systematic errors from the data.

In the case of seismic waveforms, the mean of any waveform should be zero.

- The waveforms were normalized, so that the correlation between waveforms could be

meaningful. Assuming that w is a non-normalized waveform and is a function of time t,

the following expression was used to obtain wN, the normalized waveform:

wN(t) = w(t)/[wmax - wmin],

in which wmax is the maximum peak and wmin is the minimum peak of the waveform w(t).

- A filter was applied, filtering frequencies below 0.5 Hz and above 50 Hz. The

frequencies lower than 0.5 Hz were filtered to remove long period rolls from the data.

The frequencies higher than 50 Hz were also filtered in order to remove ambient or

equipment noise from the data. This value was selected to be much smaller than the

sampling frequency (500 Hz) and higher than the frequency of the events. As can be seen

from Figure 8.5, there are approximately five periods per second, therefore the frequency

of the waves is approximately 5 Hz. Figure 8.5 d) shows the waveform of Figure 8.5 c)

after applying the filter.
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Table 8.1 - Event IDs used in this study

Event Number
Number

ID (Cooper Basin

database)

1 19

2 1560

3 6789

4 6984

5 7016

6 7308

7 7324

8 7383

9 7473

10 7548

11 7694

12 8892
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Figure 8.5 - a) Full-waveform before zero-averaging, b) P-wave segment of the same waveform before zero-

averaging, c) P-wave segment after zero-averaging, showing a mean value of zero, d) Same P-wave segment after

applying filter
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I

Wavefbrm Correlation

The procedure used to correlate waveforms is now shown, by describing the steps followed

for the analysis of the waveform at station WAO1, component HI (WAO1 -H 1).

- The waveforms used for the initial step are shown in Figure 8.6. As can

P- and S- wave arrivals are different for each event.

be noted, the first

VVA01-H1 _Ev_0019

VVAOI-H1_Ev_1560

IVA01-H1_Ev_6789

INA01-HIEv_6984

INA01-H1_Ev_7018

NVA01-Hl _Ev_7324
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Figure 8.6 - Full waveforms for station WAO1, component HI

4 6 6

The waveforms are aligned, based on the lag matrix obtained from the wave cross-

correlation, as explained in Subsection 8.2.2. Each cell of the lag matrix has the lag times

that yield the maximum cross-correlation between each pair of waveforms. Therefore, the

alignment of the traces is better for strongly-correlated waveforms. Figure 8.7 shows the

aligned full waveforms for WAOI -H1.
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Beginning End of
of section section

WA01 -H1 Ev_0019 - -

WAD1-HI_EY_1560 ---

WA01-H1Ev1Sv67v9 - -

WAO1 -H1 Ev_6984 - -

WAO1 -HiEv_7189 Shortest wave
W'A01 -Hi -Ev-7Ol 8 ______ _______P
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WA01 -Hi Ev7324 -

WA01 -HiEv_7383

WA011-H1 Ev_7473 -A >
4

r

WA01-H1Ev7548 -

WA01 -H1 _EV_7694

WA01 -H1 Ev_8892

-4 -2 0 2 4 6 8

Figure 8.7 - Aligned full waveforms for station WAO1, component HI

- The waveforms were then sectioned from tenths of seconds (determined by the author's

judgement) before the first P-wave arrivals to the end of the shortest wave, covering the

P-wave and a part of the S-wave segment, as shown in Figure 8.7. In this case, the end of

the shortest wave was dictated by event 7018, at approximately 4.6 sec. Figure 8.8 shows

the aligned and sectioned waveforms. The scale used in Figure 8.8 is larger than in Figure

8.7, so that the sectioned waveforms can be seen with greater detail.
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VAO1 -H1 _Ev_1 560 -

VVA01-HI_Ev_6789 -\-

VVA01-H1_Ev_6984--
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VVAO1-H1_Ev_7383r - _

VVA01-H1_Ev_7473 - --

VVA01-H1_Ev_7548 -- - - -

VVA01-H1_Ev_7694 --- - - - - - - -^

VVA01-HI Ev 8892 - -- - -

15 2 2.5 Relative Time,(s) 3.44.

Figure 8.8 - Aligned and sectioned 3.3 sec full waveform-s for station WAO I, component H I

- The maximum cross-correlation matrix and hierarchical cluster tree were obtained for

these conditions. These will be shown in the results section.

- Several P-wave segments were also analyzed using the same methodology as described

for the full wavefonns. These segments section, or cut, the waveformns from before the

first P-arrivals to different times within the P-wave phase. In this case, segments with 1.5

sec, 1.0 sec and 0.5 sec (shown in Figure 8.9) were analyzed. It should be noted that the

1.5 sec-wavefon-ls were obtained by sectioning the waveforms shown in Figure 8.8.

Similarly the 1.0 sec-wavefon-ns were obtained by realigning (as explained earlier for the

full-waveformns shown in Figure 8.7) and sectioning the 1.5 sec-wavefon-ns, and the 0.5

sec-waveformn by realigning and sectioning the 1.0 sec-waveformns. The time intervals

selected in the analyses of the other stations may vary, since they depend strongly on the

length and quality of the P-wave phase.
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Figure 8.9 - a) Aligned and sectioned 1.5 sec b) 1.0 sec and c) 0.5 sec P-phase waveforms for station WAG!,

component H 1
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I
- The cross-correlation matrix and cluster tree diagram were obtained for the different P-

wave segments, as will be shown in the results section.

- The S-wave phase was analyzed similarly to the P-wave phase. The considered S-wave

segments initiate tenths of seconds (determined by the author's judgement) before the

first S-wave arrivals, and end at different locations along the S-wave phase. Figure 8.10

shows a 1.8 sec S-wave segment.

- The cross-correlation matrix and hierarchical cluster tree were obtained for the different

S-wave segments, as will be shown in the results section

- Before each new sectioning, both P- and S-wave segments were realigned using the

updated cross-correlation matrix of the previously sectioned waveforms, since after each

sectioning of the waveforms the

waveforms may be different.

NA01-H1 _Ev_001

WA01-H1 _Ev_7180

VNA01-HIEv_6789

VVAOI-HI _EV_6984

VVAOI -HI _Ev_701 8

NA01-HiEv_7308

IPVAOI -HI-Ev_7324

VVA0I-HI_Ev_7383

VNA01-HI _Ev_7473

lVA01-H1_Ev_7548

VVAOI-HI _Ev_7694

VVA01-Hl _Ev_8892

2.8 3 3.2 4 3.6 3.8
Relative Time,(s)

cross-correlation, and therefore the lag time, between

4 4.2 4.4

Figure 8.10 - Aligned and sectioned 1.8 sec S-phase waveforms for station WAO 1, component HI
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8.2.5 Waveform cross-correlation

The results of the waveform cross-correlation will be shown for three stations, WAO 1, WA03

and MWO 1, component H 1. The results will be presented in the form of a cross-correlation

matrix and a hierarchical cluster tree that conveys the same information as the matrix, but is
more informative to interpret possible clusters of events.

Station WA01 - Horizontal H1 Component

The cross-correlation matrix and cluster tree for the aligned and sectioned waveforms covering

3.3 sec of P and S-phase segments is shown in Figure 8.11. These waveforms were shown in

Figure 8.8; they start tenths of seconds before the arrival of the P-waves and go 3.3 sec into the
waveforms, covering both P and S phases.

Figure 8.11 shows a strong correlation between all the events (>0.85), even though it is possible

to note a slightly weaker correlation between Events 7018 and 7383 (5 and 8), and the remaining

ten events.

Maximum correlation coefficient
1 -Ev_0019 -WA01 -H1

8 --- - ---- - -- -

2 -Ev 1560 -WADI-HI

3 -Ev 6789 -WA01 -H1 -0.
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5 -Ev 701 V-WA01-H1 -
0.61

6 -Ev_308 -WA01 -Hi 3
E 10

7 -Ev 7324 -WAOI -H1

0.48 -Ev_7383 -WADI-h1 W

9 -Ev 7473 -WADI -11 0.3 12

10 -Ev 7548 -WA01 -H1 0.2 7

11 -Ev 7694 -WAOI-HW

12 -Ev_8892 -WA01 -HI 9

1 2 3 4 5 6 7 8 9 10 11 12
Eventnumber 0.69 0.9 0 91 092 0.93 0.94 095 096 097 0.6 099

inter-cluster correlation

a) b)

Figure 8.11 - a) Waveform correlation and b) cluster tree of the 3.3 sec waveform covering the P and S-phase
segments for the WAO I station, H I component
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Figure 8.12 shows the cross-correlation matrix and cluster tree for a 1.5 sec waveform covering

part of the P-phase segment, starting tenths of seconds before the first P-wave arrival, as shown

earlier in Figure 8.9 a). Here the correlations are generally weaker than for the 3.3 sec-wave,

which means the strong correlations observed in Figure 8.11 are mainly caused by the S-phase

segment of the wave. It can also be observed that there are two clusters of events with

correlations greater than 0.8. One of the clusters comprises Events 7308, 7324, 7694 and 7473

(6, 7, 9 and 11), and the other comprises Events 6789 and 7548 (3 and 10). Event 7018 (5) is

again poorly correlated with all other events.

Maximum correlation coefficient

1 -Ev_ 1 9 >NA01-H1

09 2
2 -E_1560 -WA01 -H1

3 -Ev_6789 -WA01-H - 0.

Z 4 -Ev6984 -WA01-HI 0.7

5 -Ev _7018 -WA01-Hi f 1

6 -Ev_7308 -WA01 -H1

7 -Ev 7324 -WA01-HI
LU12

6 -Es_7363 -WA01-Hi 
0.4 6

E

9 -Ev 7473 -WA01 -Hi 0.3

10 -Ev_7548 -WA01 -HI 0 2

11 -Ev_7694 -WA01-HI
0.1 9

12 -Ev-892 -WA0i -HI -
20 046 0 L5 0 0'6 0 07 075 0.B 065 09

1 2 3 4 5 E6 7 6 9 10 11 12 inter-cluster correlation
Evert nuter

a) b)

Figure 8.12 - a) Waveform correlation and b) cluster tree of the 1.5 sec waveform covering the P-phase segment for

the WAO 1 station, HI component

Figure 8.13 shows the same as Figure 8.12, but the time interval of the correlation was reduced

from 1.5 sec to 0.5 sec. The 0.5 sec-P-wave was shown earlier in Figure 8.9 c). It can be seen

that the four-event cluster (6, 7, 9 and 11) has now a correlation greater than 0.85 and that Event

7383 (8) is now part of this cluster. Events 3 and 10 are still strongly correlated.
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Maximum correlation coefficient
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Figure 8.13 - a) Waveform correlation and b)

the WAO 1 station, HI component
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cluster tree of the 0.5 sec waveform covering the P-phase segment for

Figure 8.14 shows the cross-correlation matrix and cluster tree for a 1.0 sec wavefonrm covering

part of the S-phase segment, starting tenths of seconds before the first S-wave arrival. Similar to

what was observed in the 3.3 sec-wave, it can be noted that all events are strongly correlated,

with the exception of Events 5 and 8, which show a slightly weaker correlation (< 0.85) with the

other ten events.

421

I



Maximum correlation coefficient
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Figure 8.14 - a) Waveform correlation and b) cluster tree of the 1.0 sec waveform covering the S-phase segment for

the WAO I station, HI component
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Station WA03 - Horizontal HI Component

The cross-correlation matrix and cluster tree for the aligned and sectioned waveforms covering

2.3 sec of P and S-phase segments is shown in Figure 8.15. It can be observed that Event 1560

(2) is poorly correlated with all other events (< 0.50). The fact that the correlation coefficient is

so low may indicate a possible sensor malfunctioning. The remaining 11 events are well-

correlated (> 0.75), with two clusters of strongly correlated events: one includes Events 6, 8, 9

and 12, and another comprises Events 3, 4, 5, 7 and 10.

Maximum correlation coefficient
2 2

I -Ev_0019 -WA03-Hl1

0.9
2 -Ev_1560 -WA03-HI

08121
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a) b)

Figure 8.15 - a) Waveform correlation and b) cluster tree of the 2.3 sec waveform covering the P and S-phase

segments for the WA03 station, H 1 component

Figure 8.16 shows the cross-correlation matrix and cluster tree for a 1.0 sec waveform covering

part of the P-phase segment. Similar to what was observed for station WAO 1, it is noted that the

correlations are generally weaker than for the 2.3 sec-wave. Only two clusters show a correlation

greater than 0.80: one comprises Events 6 and 9, and another comprises Events 3, 5 and 10. By

comparing these clusters with those obtained for the P-phase analysis at station WAOI (Figure

8.11 and Figure 8.12), Events 3 and 10, as well as 6 and 9, appear to be strongly correlated in

both stations.
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Figure 8.16 - a) Waveform correlation and b) cluster tree of the 1.0 sec waveform covering the P-phase segments for

the WA03 station, HI component

I
Figure 8.17 shows the cross-correlation matrix and cluster tree for a 0.6 sec wavefonrm covering

part of the S-phase segment. With the exception of Event 2, all the others are strongly correlated

(> 0.85). The cluster with Events 3, 4, 5 and 10 shows correlations greater than 0.95.
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Figure 8.17 - a) Waveform correlation and b) cluster tree of

the WA03 station, HI component
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Station MWO1 - Horizontal H1 Component

The cross-correlation matrix and cluster tree for the waveforms covering 4.0 sec of P and S-

phase segments is shown in Figure 8.18. Event I is poorly correlated with the remaining events,

indicating a possible sensor malfunctioning when the event occurred. There are two clusters of

events with correlation coefficients greater than 0.85. The first comprises Events 7 and 12, and

the second includes Events 5, 9, 6, 8, 10, 3, as highlighted with orange rectangles in Figure 8.18

b). Within this cluster, Events 3 and 10 show a correlation coefficient greater than 0.95 and

Events 6 and 9 a coefficient greater than 0.90. These events have already shown a strong

correlation for the other stations and wave segments studied.
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Figure 8.18 - a) Waveform correlation and b) cluster tree of the 4.0 sec waveform covering the P and S-phase

segments for the MWO 1 station, HI component

Figure 8.19 shows the cross-correlation matrix and cluster tree for a 0.25 sec waveform covering

part of the P-phase segment. In general, the correlation between waveforms is not strong, with

the exception of two clusters, which have a correlation coefficient greater than 0.85; one is

formed by Events 6 and 9, and the other is formed by Events 7 and 11.
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Figure 8.19 - a) Waveform correlation and b) cluster tree of the 0.25 sec waveform covering a part of the P-phase

segment for the MWO 1 station, H 1 component

Figure 8.20 shows the cross-correlation matrix and cluster tree for a 1.0 sec waveform covering

part of the S-phase segment. The correlation between wavefonns is strong for two clusters,

showing correlation coefficients greater than 0.90; the first includes Events 9, 5, 6, 3, 10 and 8,

and the second includes Events 12 and 7. As noticed earlier, the pairs of events formed by Events

6 and 9, and 3 and 10 are again strongly correlated.
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Figure 8.20 - a) Waveform con-elation and b) cluster tree of the

segment for the MWO I station, H 1 component
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8.2.6 Discussion/Conclusion

From the analysis of different waveforms of 12 seismic events measured at three different

stations, the following was concluded:

- S-phase waveforms of the events are usually better correlated than P-phase waveforms.

- The very low correlation of certain events can be useful to identify possible inconsistent

waveforms, which can indicate equipment malfunctioning. These inconsistent waveforms

should be neglected in further seismic analyses, such as event location or moment tensor

inversion.

- It was found that two clusters with two events each are frequently very strongly

correlated. One cluster comprises Events 6789 and 7548 (3 and 10), and the other

comprises Events 7308 and 7473 (6 and 9). This may mean that the events have the same

source mechanism. This can only be verified with more sophisticated techniques, such as

moment tensor inversion.

- Apart from the two clusters of events mentioned (Events 3 and 10, and 6 and 9), no

strong correlations between events were found. The main reason for this may be that the

shape of a waveform is not only affected by the source mechanisms of a certain event,

but also by the properties of the rock through which the seismic waves travel. Therefore,

other sets of events may have similar source mechanisms even though their waveforms

may indicate otherwise.
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8.3 Preliminary hypocenter location of two seismic events triggered during

the Cooper Basin Habanero #1 stimulation

8.3.1 Objectives

The main objectives of the preliminary hypocenter location of two seismic events, namely

Events 6984 and 7324 shown in Table 8.1, and discussed in this section are:

- Estimating (P - S) wave velocity for the subsurface rock;

- Evaluating how precisely one is able to locate seismic events by using a very simplistic

earth/subsurface model;

For this preliminary analysis, the two events were randomly selected from the twelve analyzed in

Section 8.2. While it would be ideal to locate and estimate the (P - S) wave velocities for the

twelve events available, this is not in the scope of this study.

The locations and depths of the well Habanero #1 and of the monitoring seismic station were

shown earlier in Figure 8.1 and Figure 8.2.
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8.3.2 Methodology

The methodology described below was used for two of the available twelve microseismic events.

It should be noted that this is a preliminary calculation in which simple assumptions were made.

For different (P - S) wave velocities, one source location was calculated by the WA network (4

stations) and another by the MW network (3 stations), as illustrated in Figure 8.21. The distance

between the most likely source location, observed with the two different networks was calculated

and minimized, in order to determine the most probable hypocenter location of each seismic

event.

The subsurface material was considered homogenous and isotropic (same P- and S-wave velocity

throughout the depth). For a given station and component, the distance to the source was

estimated as:

Distance = (P - S waves velocity)x(Time between P and S arrivals)

Based on this expression, one can define a sphere around each station which represents the points

where the seismic hypocenter can be located. For the 3-station MW-network three spheres were

defined for each event and for the P and S velocities considered. The point of intersection of the

three spheres was considered as the most likely source location for the MW-network. For the 4-

station WA-network four spheres were defined for each event and P and S velocities, yielding

four intersection points between the spheres. The most likely source location for the WA-

network was considered to be the center of gravity of the pyramid defined by the four

intersection points.
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8.3.3 Results

As can be observed in Figure 8.22 and Figure 8.23, the shortest distance between the MW and

the WA source location occurs when the (P - S wave) velocity is 3,750 m/s for Event 6984 and

4,000 m/s for Event 7324. Since the two values are comparable and also expected (P and S wave

velocities of granite are approximately 5,000 m/s - 6,000 m/s and 2,000 rn/s - 3,000 m/s,

respectively), this is a reasonable first estimate of the (P - S wave) velocity of the subsurface

rock. However, the minimum distance between WA and MW networks is 1,000 m for Event

6984 and approximately 600 m for event 7324. These distances between the WA and MW event

locations are significant for this type of problem. Using more sophisticated methods, other

researchers have been able to locate seismic events with an accuracy of approximately 70 m (see

for instance Michelet and Toks6z, 2007).
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Figure 8.22 - Distance between WA and MW source locations versus (P - S) wave velocities for Event 6984
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Figure 8.23 - Distance between WA and MW source locations versus (P - S) wave velocities for Event 7324
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8.3.4 Discussion/Conclusion

From the preliminary hypocenter location of two seismic events triggered during the Habanero

#1 stimulation, one was able to learn that:

- Using a very simple velocity model, it was possible to estimate the difference between

the P- and S-wave velocities of the subsurface rock, considered homogeneous. This

difference was estimated to be approximately 3,750 m/s - 4,000 m/s.

- It is necessary to use more sophisticated methods in order to estimate the hypocenter

locations with more precision.
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9 Summary, Conclusions and Recommendations

9.1 Summary

Hydraulic fracturing tests were conducted in prismatic granite specimens with one single- and

five double-flaw geometries. A vertical load was applied simultaneously with water pressure

inside the flaws; while the vertical load was kept constant the water pressure was increased until

fractures propagated. In order to apply these loading conditions, a water pressure enclosure was

designed and built at MIT. A High-Resolution camera was used to capture the development of

white patching (micro-cracking) throughout the test and a High-Speed Video camera was used to

capture the initiation, propagation and coalescence of visible cracks that occur in the last

moments of the test. Eight Acoustic Emission (AE) sensors were also used (four on each side of

the specimens) in order to monitor the acoustic activity during the tests and to subsequently

interpret the fracturing processes that occur when granite is hydraulically fractured.

In order to avoid the Poisson effect caused the water pressure applied in the front and back faces

of the specimens, a flaw-pressurizing device capable of applying water pressure inside the flaws

only was designed and built, and preliminary hydraulic fracturing tests were conducted on

granite and shale specimens.

Using the AE data obtained in the hydraulic fracturing tests, a study of the source mechanisms of

several AE events located in white-patching (micro-cracking) regions was carried out. The study

used the radiation patterns produced by the first P-wave arrivals of several AE events as well as

Scanning Electron Microscope (SEM) images to estimate the source mechanism of micro-cracks.

Finite element analyses were performed to simulate the loading conditions applied in the

hydraulic fracturing tests conducted in the granite specimens. These numerical analyses modeled

a 2a-30-30 geometry and were used to analyze the stress field around the flaws and interpret the

visible crack behavior obtained in the hydraulic fracturing tests, particularly for double-flaw

geometries with low bridging angles.

An integrated interpretation of the hydraulic fracturing processes was made using water pressure,

imaging and acoustic emission data obtained in the tests, as well as the results from the

numerical and source mechanism studies.

433



Finally, twelve micro-seismic evens obtained in a hydraulic stimulation project were correlated

to each other, in order to understand if their source mechanisms were identical. Their hypocenter

locations were also preliminary estimated. The events were obtained in the Enhanced

Geothermal System (EGS) project located in Cooper Basin, Australia.

This chapter will first discuss the conclusions reached with the research work presented in this

thesis, distinguishing between the conclusions obtained from the experimental, source

mechanism and numerical studies, as well as from the integrated interpretation of these studies.

Subsequently, recommendations for future work will be given, distinguishing between

experimental and numerical recommendations.
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9.2 Conclusions

Experimental work

White patching and visible cracking

Permanent and short-lasting white patching were observed in the hydraulic fracturing tests

performed. The permanent white patching occurred in all the tests and consisted of the

brightening of grains. It initiated at or near the flaw tips and develops gradually in the last two or

three water pressure increments before the propagation of the visible cracks. The short-lasting

white patching occurred only in some tests and appeared to be water moving through deep

fractures (further investigation is necessary to confirm this interpretation). It consisted of narrow

bright bands that develop and fade away in less than 1 millisecond. Both permanent and short-

lasting white patching are the predecessors of visible cracks.

Most of the visible cracks observed initiated at or near the flaw tips and were of tensile nature,

even though there were short crack segments where sliding/shear was observed. The tensile

cracks could be inter- or intra-granular while the shear crack segments were always inter-

granular. For most specimens tested with no vertical load, cracks type II (after Wong and

Einstein, 2008) were frequently observed. When a vertical load of 5 MPa was applied, only

cracks types I (wing cracks) and III (vertical cracks) were observed. In a few cases, closure of

previously opened tensile cracks was observed, particularly when another tensile crack

developed parallel to an already developed tensile crack.

The coalescence patterns were strongly dependent on the vertical load applied for double-flaw

geometries with low bridging angles (00 and 300) and independent of the vertical load applied for

high bridging angles (900 and 1200), as shown in Figure 9.1.
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Figure 9.1 - Coalescence patterns for the different bridging angles and vertical loads tested. The ratio in parenthesis

represents the number of coalescence patterns with the same double-flaw geometry and vertical load similar to the

one shown. The coalescence categories shown are based on the classification proposed by Wong and Einstein (2008)

I

Water pressure and volume of water injected

The maximum water pressure reached in the tests occurred seconds or fractions of second before

the propagation of visible cracking. The maximum water pressures are 1) higher for single- than

for double-flaw geometries, 2) higher when a vertical load of 5 MPa is applied (with the

exception of the specimens with a bridging angle of 120'), and 3) independent of the bridging

angle of the double-flaw geometries.

The ratio between the maximum water pressures for the specimens with a vertical load of 5.0

MPa and no vertical load (WPinax( 5 MPa)/ WPmax(OMPa)) appears to be bridging-angle dependent. For

coplanar bridging angles the ratio is nearly 1.3 and decreases to approximately 1.0 as the

bridging angle increases to 1200. The fact that this ratio is nearly 1.0 and the coalescence patterns

are relatively similar for high bridging angles regardless of the vertical load applied indicate that

the fracturing processes are independent of the vertical load for flaw geometries with high

bridging angles (>60"). Higher WPmax(5 MPa)/ WPmax(MPa) ratios and different coalescence patterns
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were observed in geometries with lower bridging angles (<300), which indicates that the

fracturing processes may be vertical load-dependent for coplanar and nearly coplanar geometries.

The water pressure at which white patching occurs was approximately 80% of the maximum

water pressure reached in the tests, regardless of the vertical load applied and number of flaws in

the geometry tested.

More volume of water was injected in the specimens with one flaw than in the double-flaw

geometries. On the other hand, the volume of water injected was independent on the bridging

angle of the double-flaw geometries. By analyzing the relation between the maximum water

pressure and the volume of water injected, one learned that the tests in which higher maximum

water pressures were reached led to higher volumes of water injected, for both vertical load

conditions and flaw geometries.

Acoustic emission activity

For the tests without vertical load, there is a linear trend in the variation of the amplitudes of the

first P-wave arrivals with time. The amplitude is lower when white patching initiates at the flaw

tips and increases as the water pressure is raised, indicating an increase in the size of the cracks.

The tests with a vertical load of 5 MPa show an initial decrease in the amplitudes of the first P-

wave arrivals. The events with the highest amplitudes occur at the beginning of the test when the

vertical load is being applied, indicating that there is a significant transfer of energy from the

loading frame to the specimen when the vertical load is applied. After the application of the

vertical load, the amplitude of the events decreases, indicating that some of the energy

transferred to the specimen when the vertical load was applied is gradually released as the test

progresses and the water pressure is raised. The events responsible for the energy release after

the application of the vertical load may be caused by the closure of existing micro-cracks, the

collapse of existing pores or the sliding between grains in the entire specimen. The amplitude of

the P-waves increases again in the last stages of the tests with a similar upward trend as in the

tests without vertical load, due to the development of white patching and eventually due to the

propagation of visible cracks.
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Changes in the hit and event count curve were related to the fracturing processes observed in the

hydraulic fracturing tests:

- The first increase in the hit rate occurs at approximately the same time as the white

patching initiates, and therefore was interpreted as the stable initiation and early

development of micro-cracks at and near the flaw tips;

- The second increase in the hit rate occurs at the beginning of the last water pressure

increment when white patching is still the only visible damage. This increase in hit rate

was interpreted as the unstable development of micro-cracks at and near the flaw tips;

- Finally, the increase in the event rate occurs seconds before the propagation of visible

cracks. Since the only visible damage at this point is still the white patching, this increase

is interpreted as the unstable transition between micro- and visible cracks at and near the

flaw tips.

Preliminary tests with flaw-pressurizing device

In the tests performed in granite it was possible to see that the fracturing took place in two

distinct stages: the first consisted in the damage, possible micro-cracking, of the rock around the

entire flaw which caused a slight drop in the fluid pressure. After this stage, it was still possible

to create visible cracks initiating and propagating from the flaw tips. Given their size, these

cracks caused a total loss of fluid pressure.

In the tests performed in two different shales, flow through bedding planes was observed. In both

cases, the loss of fluid through the bedding planes was one of the main reasons why the fluid

pressure could not be further increased and therefore cracks could not be initiated.
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Source mechanism study

Causes of white patching development

Several acoustic emission (AE) events located in regions where white patching developed were

analyzed, and SEM images were captured in the same regions. Micro-cracks were observed in

the SEM images in the three specimens analyzed. This indicates that the white patching observed

in granite when the specimens were subject to high water pressures in the flaws are caused by

micro-cracking.

Source mechanisms of the micro-cracks for tests with a vertical load of 5 MPa

It was observed that the micro-cracks that develop in the white patching regions have a

zigzagging shape and usually two or three preferential orientations. Based on these orientations

and on the most likely moment tensor estimated, it was found that the events studied have a

strong shear component, even though tensile components were also observed.

Source mechanisms of the micro-cracks for a test with a vertical load of 0 MPa

It was observed that the micro-cracks that developed in the white patching region analyzed are

relatively straight and have two preferential orientations. Based on these orientations and on the

most likely moment tensor estimated for the AE events, it was found that the events studied have

a strong tensile component, even though shear components were also observed.
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Numerical work

The ratio between the water pressure applied in the flaws and the vertical load/stress (WP/VL)

plays a crucial role on the magnitude and shape of the stress field around a flaw tip, and therefore

on the location of tensile and shear fracture initiation. As WP/VL increases, the location of

initiation of new tensile fractures shifts from the upper face of the flaw under study, towards the

region right ahead of the flaw tip; simultaneously, the location of initiation of new shear fractures

shifts from the region ahead of the flaw tip to the upper face of the tip under study. Further

conclusions obtained in this numerical study will be addressed in the Integrated Interpretation

below.

Integrated Interpretation

General Interpretation:

For the case when no vertical load is applied, the interpreted fracturing processes that occur

when a rock is hydraulically loaded consist of three main stages: a first stage in which micro-

cracks, predominantly of tensile nature initiate and start to develop stably; a transition stage in

which the micro-cracks become larger and start to develop unstably; and a final stage in which

visible tensile cracks develop unstably.

When a vertical load of 5.0 MPa is applied to the specimens, the interpreted fracturing processes

were subdivided into four stages: the first stage occurs when the vertical load is applied and

existing micro-cracks are closed; the second stage consists of the initiation and stable early

development of micro-cracks of predominant shear nature; and the last two stages, which are

similar to the case in which no vertical load is applied i.e. the third stage corresponds to the

transition stage in which the micro-cracks become larger and start to develop unstably, and a

final stage in which visible tensile cracks develop unstably.
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Single-Flaw Geometries

The micro-cracking could be observed as white patching and was the precursor of the visible

cracking. It usually initiated at or near the flaw tips, where the stress concentrations are higher.

The visible cracking observed for the single-flaw geometries involved vertical tensile cracks,

regardless of the load applied. While vertical propagation was expected when a vertical load of 5

MPa was applied, a propagation of cracks with the same orientation of the axis of the flaw was

expected when no vertical load was applied. This did not occur probably because of the Poisson

effect caused by the water pressure applied in the full front and back faces of the specimens. This

showed that the Poisson effect might have had a role in the fracturing process observed,

particularly in the tests conducted in specimens with single-flaw geometries.

Double-Flaw Geometries with Low-Bridging Angle

The experimental observations were compared with the numerical and source mechanism

analyses discussed in Chapters 5 and 6. Based on this comparison, the following was concluded:

No Vertical Load

- The micro-cracking initiates ahead of the flaw tips and is predominantly of tensile

nature. These tensile micro-cracks are the predecessors of visible tensile cracks that

propagate with approximately the same direction as the axes of the flaws and coalesce

with a category 6 coalescence. Because there is no vertical load applied, it was expected

that the cracks propagated parallel to the axes of the flaws, as was observed.

Vertical Load = 5 MPa

- The micro-cracking initiates in the upper (for the inner and outer tips of the left and right

flaws, respectively) and lower faces of the flaw tips and is predominantly of shear nature.

These shear micro-cracks are the predecessors of visible tensile cracks that propagate

vertically and do not coalesce or indirectly coalesce with categories 1 or 2 coalescence.

Because there is a vertical load applied, it is expected that the cracks propagated parallel

to the direction of maximum compressive stresses (vertical direction in this case), as was

observed.
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Double-Flaw Geometries with High-Bridging Angle

The experimental observations were interpreted and compared with the source mechanism study.

The following was concluded:

No Vertical Load

- The micro-cracking is predominantly of tensile nature and initiates 1) ahead of the outer

tips of the flaws and propagate approximately parallel to the axes of the flaws, which is

expected since there is no vertical load applied and 2) at the upper or lower faces of the

inner tips of the flaws and propagate vertically or subvertically. These micro-cracks are

the predecessors of visible tensile cracks that propagate 1) from the outer tips with

approximately the same direction as the axes of the flaws, which is expected since the

cracks tend to propagate parallel to the axes of the flaws when no vertical load is applied

and 2) vertically or subvertically from the inner tips towards the outer tip of the opposite

flaw, coalescing with categories 7 or 8 coalescence.

Vertical Load = 5 MPa

- The micro-cracking initiates at the upper and lower faces of the flaw tips (upper face for

the inner and outer tips of the lower and upper flaws, respectively) and propagates with a

vertical direction, parallel to the direction of maximum compressive stresses. These

micro-cracks are the predecessors of visible tensile cracks that propagate vertically or

subvertically from all the flaw tips. The cracks that initiate at the inner flaw tips

propagate towards the outer tip of the opposite flaw, coalescing with categories 7 or 8

coalescences, similar to what was observed for the case with no vertical load applied.

The crack coalescence patterns observed when no vertical load is applied are similar to those

observed when a vertical load of 5 MPa is applied. Since the geometries with high-bridging

angles have a substantial overlap, the vertical load applied may not substantially affect the

stresses in the region between the flaws since their loading paths go around the flaws; therefore,

the stress field in the region between the flaws may be similar regardless of the vertical load

applied, which may have led to similar crack coalescence patterns.
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The resistance, or strength, of granite (and probably of other rocks and rock-like materials) may

be scale-dependent. In fact, since shear appears to be the prevalent mechanism involved in

micro-crack formation and tension appears to be the mainly observed mechanism in visible crack

fornation when a vertical load of 5 MPa is applied, the strengths of granite appear to be different

depending on the scale considered.
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9.3 Recommendations

Experimental

Study of the effects of biaxial stresses and different fluid viscosities

The hydraulic fracturing tests described and interpreted in this thesis used a uniaxial (vertical)

stress state and water as the fracturing fluid. These loading conditions and fracturing fluid gave

one a useful insight on how fracturing occurs when a rock is hydraulically fractured. However,

the loading conditions and fluid used do not correspond to field-scale hydraulic fracturing.

In the field, the rocks are subject to a vertical and two horizontal stresses. Therefore, tests with

biaxial (and eventually triaxial, as will be discussed) stresses are recommended to better

understand their effect on the fracturing processes. Initially, by using the pressure enclosure

described in Chapter 3 or the flaw-pressurizing device described in Chapter 4, different ratios of

vertical to lateral stresses could be applied, so the effect of these ratios on the hydraulic

fracturing processes could be investigated.

On the other hand, the fluid used to hydraulically fracture rocks in the field has a different

viscosity than water. Furthermore, in order to scale the hydraulic fracturing processes from the

laboratory to the field, other fluid viscosities may need to be used (see, for instance, de Pater et

al. 1994). Theoretical work on the scalability of the laboratory experiments is recommended, in

order to understand which variables may need to be modified in the experiments (viscosity of the

fluid may be the most relevant, but rate of fluid injection is also a variable to study) in order to

initiate and propagate cracks similarly to what occurs in the field.

Study the initiation and development of micro-cracks

In Chapter 5, the source mechanisms of several AE events that occurred in white patching (or

micro-cracking) regions were determined. This study combined the information from the

radiation patterns from the first P-wave arrivals with images obtained with the SEM. Since all

the hydraulic fracturing tests were run until visible cracks propagated, not many regions with

white patching could be observed and imaged after the tests (since visible cracks had propagated

in the same location). In order to better understand the fracturing mechanisms involved in the
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micro-cracking initiation and development, it is recommended that hydraulic fracturing tests are

performed without reaching fluid pressures capable of initiating visible cracking. The hydraulic

fracturing tests should be stopped at different stages of development of the white patches, so

these regions could be imaged in the SEM. By doing this, the sizes and displacements of the

micro-cracks could be studied at different stages of development. Simultaneously, AE emissions

should be monitored, so the source mechanisms of the events located in the white patching areas

could be studied and related to the micro-cracks imaged with the SEM.

Study AE events based on the P- and S-wave radiation patterns

In the study of the source mechanisms of AE events located in white patching areas, presented in

Chapter 5, the radiation patterns of the first P-wave arrivals were used to determine the most

likely moment tensor of each event. In fact, tensile, compressive, shear and mixed-mode events

generate P-wave radiation patterns which can be used to back-calculate the source mechanisms,

as was done in the present study. However, the fact that the P-waves are compressional may have

introduced a bias towards tensile and compressive components in the source mechanism

calculation. This possible bias could be addressed if both P- and S-waves were used in the source

mechanism calculation. Nevertheless, the waves reflected from the boundaries of the specimen

perturbed the waveforms, which were free of reflections for only the first P-wave wavelength.

Furthermore, the sensors used in this research measure motions perpendicular to the boundary

where they are attached. Because of these two reasons, it was not possible to distinguish the S-

waves caused by the AE events. In future tests, in order to capture the radiation patterns of the S-

waves, it is recommended that sensors capable of measuring shear motions and a thicker

specimen are used. Despite the time that would have to be spend in developing methods to

fabricate flaws in thicker rock specimens, they would decrease the wave reflections and allow

one to have waveforms free of reflections until the first S-wave arrival.

Improvements to the design of the flaw-pressurizing device

In Chapter 4, the design and preliminary testing of a flaw-pressurizing device were discussed.

The main issue with the design of the flaw-pressuring device was the leakage that frequently

occurred from the back seal located between the specimen and the steel plate. This indicated that
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the reaction between the seal and the rock was not high enough to completely seal the specimen.

In order to use the flaw-pressurizing device as a basis to develop an improved design that is

capable of applying fluid pressure in the flaw only without leakages, it is suggested that:

- The force to seal the specimen is applied externally rather than internally to the flaw. This

has been tried successfully by Morgan (2016) of the MIT rock mechanics group, in

Opalinus shale specimens using an external clamp.

- The use of an O-ring instead of a rubber membrane in order to seal the flaws. Given its

smaller area of contact with the specimen, the O-ring will generate a higher reaction

which may reduce the leaks in the interface between the specimen and the steel plate.

- Eventually, the application of fluid pressure inside the flaw could be done simultaneously

with the application of a different pressure to the faces of the specimen (cF3 or out-of-

plane stress, for the purpose of this discussion) through a hybrid of the devices shown in

Chapters 3 and 4. Ideally, this could be done together with the application of biaxial load,

which would allow one to additionally apply and control the vertical and lateral stresses

(cyi and (2 stresses).
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Numerical

Effect of the size of the micro-cracks in the stress field around flaws

The numerical model of a double-flaw geometry used to study the stress field around the flaws

was discussed in Chapter 6. This model considered the rock as a continuum with the same

properties everywhere, apart from the flaws which were modeled as openings. From the results

obtained from the hydraulic fracturing tests, one concluded that damage occurs mainly at and

near the flaw tips at a micro- and visible-scale. As the water pressure was raised, the micro-

cracks developed and increased in size (from the interpretation based on the amplitude of the

first P-wave arrivals). As these micro-cracks become larger, they may affect the stress field

around the flaw tips which, in turn, may affect the initiation and subsequent propagation of

visible cracks. It is recommended that numerical studies are performed in which micro-cracks are

also modeled. Micro-cracks with different sizes could be modeled in order to understand how

their size affects the stress field near the flaw tips.

Differences in fracturing behavior between lower and higher-bridging angle geometries

The double-flaw geometry 2a-30-30 (low-bridging angle) was numerically modeled in Chapter

6. This model gave one useful insights on why, how and where crack initiation and propagation

took place in low-bridging angle double-flaw geometries. In fact, the numerical results were

consistent with the experimental observations for the same flaw-geometries. However, different

fracturing processes were observed depending on the bridging angle of the double-flaw

geometries tested. It is, therefore, important to model a double-flaw geometry with a high-

bridging angle, in order to explain the differences between the fracturing processes observed in

double-flaw geometries with low- and high-bridging angles.

Applicability of existing crack initiation criteria to hydraulic fracturing

The numerical model described in Chapter 6 considered the material linear elastic. This

assumption is reasonable if one aims to study the initiation of the cracks. In fact, once a crack

initiates this model is no longer valid, since the stress field around the flaws and newly-formed

crack would change. It is recommended that a code (FROCK, which is a Boundary Element
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Method could be used, as well as Extended Finite Element or Particle Flow Codes) capable of

not only modeling the initiation but also the propagation of cracks is used to simulate the

hydraulic fracturing processes observed experimentally. Furthermore, it would be useful to study

if existing fracture initiation criteria, such as the strain-based and the stress-based criteria,

proposed by Gongalves da Silva and Einstein (2013) and Bobet and Einstein (1 998a),

respectively, could be used to simulate the hydraulic fracturing processes observed in the

experiments.
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Appendix A - Flaw cutting using the OMAX waterjet

Having similar round tips at both ends of a flaw produces repeatable stress concentrations in all

the flaw tips and leads to more consistent test results The effect of several waterjet settings and

cutting paths was studied, as presented in Table A. .This was done to produce round tips, with

similar shape at both ends of the flaws cut in the OMAX microMaxTM waterjet, shown in Figure

A. 1.. The front and back of the flaws obtained with these different options is shown in Figure

A.2. The settings and cutting paths studied are following described. The optimal settings are

highlighted in orange in Table A.1, corresponding to test (flaw) 17.

Waterjet settings:

- Machinability - the machinability affects the speed at which the nozzle travels while

cutting with the maximum pressure of approximately 100,000 psi. The lower the

machinability, the slower the nozzle moves. The optimal machinability was found to be

300 for the granite specimens;

- Thickness - represents the thickness of the specimen. In practical terms, the nozzle

moves slower as the thickness is increased. The optimal thickness (i.e. the input thickness

in the OMAX waterjet) for the granite specimens cut was 1.3", even though the actual

thickness of the specimens was 1.0". This was done, because the input thickness of 1.3"

produced better flaw cuts than the 1.0" input thickness.

- Quality of cut - is defined in the OMAX software when designing the geometry to be cut.

The best results were obtained with a quality of cut of 4 (maximum quality is 5)

- Lead in length - this is the length along which the nozzle wiggles (as will be discussed)

and starts to cut the specimen at a lower pressure (40,000 psi) before cutting the entire

flaw at a higher pressure. This is done to avoid spalling of the specimen which would

occur if a higher pressure was used from the beginning of the cut. The optimal lead in

length was set as 0.125".

- Lead out length - length along which the pressure is progressively being decreased at the

end of a cut, in order to avoid damage in the specimen when the pressure of the waterjet

is shut off. The optimal lead out length was 0.0 125".

- Wiggles before piercing - number of times the nozzle moves back and forth along the

lead in length with a lower pressure (40,000 psi) before piercing and cutting the entire
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with a higher pressure. As mentioned, this method is used to avoid spalling of the granite

when the specimen is pierced. The optimal number of wiggles was found to be two.

Cutting paths:

- From tests 1 to 8, the cutting path starts in one end of the flaw and goes to the opposite;

- In test 9 the nozzle passed twice in the flaw starting in one end. It used a higher

machinability in the second time it cut the flaw.

- Tests 10 to 19 started to cut the flaw from the center. Different combinations of

machinabilities, cut qualities, lead in and out lengths and number of wiggles were used

for the different tests.

In most of the tests, a stainless steel plate was used on top of the specimen. This decreased the

spalling caused by the initial waterjet pierce.

Figure A.1 - OMAX microMaxTM waterjet used to cut flaws in the granite specimens
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Variables

Flaw Machinability Quality of cut Lead in length Lead out length Wiggles before piercing in the Stainless Steel Plate Other options
(inches) (inches) (inches) lead in length

1 200 1.0 5 0.125 0.0125 4 Not used

2 200 1.1 5 0.125 0.0125 4 Used

3 150 1.1 5 0.125 0.0125 4 Used

4 150 1.3 5 0.125 0.0125 4 Used

5 150 1.3 5 0.125 0.0125 Dynamic piercing Used

6 150 1.3 5 0.125 0.0125 8 Used

7 150 1.3 5 0.200 0.0200 4 Used

8 150 1.3 5 0 0.0125 N/A Used

Jet passing twice in the flaw, second
9 150 1.3 5 0 0.0125 N/A Used tm ihMc 0time with Mach = 400

Piercing in the middle of the flaw,
10 150 1.3 5 0 0.0125 N/A Used lead out only at the end

Piercing in the middle of the flaw, 2
11 150 1.3 5 0 0.0125 N/A Used lead-outs

12 150 1.3 5 0.100 0.0125 2 Used Piercing in the middle of the flaw,
2x0.100 lead-ins and 2 lead-outs

13 Not done

14 150 1.3 5 0.125 0.0125 4 Used Piercing in the middle of the flaw,
1x0.125 lead-ins and 2 lead-outs

Piercing in the middle of the flaw, left

15 200 1.3 4 0 0.0125 N/A Used tip, back to the right tip and back to
the middle, always cutting

Piercing in the middle of the flaw, left

16 200 1.3 4 0 0 N/A Used tip, back to the right tip and back to
the middle, always cutting

Piercing in the middle of the flaw, left

17 300 1.3 4 0.125 0.0125 2 Used tip, back to the right tip and back to
the middle, always cutting

Piercing in the middle of the flaw, left

18 300 1.3 4 0.125 0.0125 8 Used tip, back to the right tip and back to
the middle, always cutting

Used in the top and Piercing in the middle of the flaw, left
19 300 1.3 4 0.125 0.0125 8 . tip, back to the right tip and back to

bottom of specimen the middle, always cutting
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Appendix B - Hydraulic fracturing tests performed in granite
specimens

Appendix B presents the analyses conducted to the data obtained from the hydraulic

fracturing tests. This appendix first presents Table B. 1, which summarizes the test

information and settings used in the different tests performed. The table includes the

geometry, vertical and specimen ID as well as the date when each test was performed. It

also identifies the AE system, the threshold for AE event detection, pre-amplification,

waveform sampling rate and maximum duration for each specimen tested. Furthermore, it

identifies the sampling rate used to log the parametric variables (water pressure, volume

of water injected, high-speed video trigger) and the moving averages used to plot the

parametric variables.

Subsequently, the appendix presents the analyses conducted for each test performed, in

the order used in Table B. 1.
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Summary of Settings Used in the Tests

Vertical Stress Waveform WaveformVria t sTh reshold Pne- Wvfr Waeom Parametric variables - Parametric vaniables - movingGeometry Specimen Test Date AE system T d P- . sampling rate maximum duration rameli rae r verabe Comments
(MPo) (dtB) amplificatiorn Mz is sampliog rate (Hz) average

(M Hz) (m s)

0 A 7/4/2014 Old 35 40 40 100 5 Not used Includes AE localization

0 B 7/3/2014 Old 35 40 40 100 5 Not used

30 0 C 8/12/2014 New 35 40 40 100 100 100 points Includes AE plots
5 A 4/12/2014 Old Not available Not available Not available Not available 5 50 points

5 B 3/26/2015 New 36 20 5 3 10 hit-based (end of test 50 points; 0.1 sec (end of test) Includes AE plots
5 C 3/27/2015 New 36 20 5 3 10 + hit-based (end of test 50 points; 0.1 sec (end of test) Includes AE plots
0 A 3/20/2014 Old Not available Not available Not available Not available 1 Not used

0 B 3/25/2015 New 36 20 5 3 10 + hit-based (end of test 50 points; 0.1 sec (end of test) Includes AE plots

0 C 2/21/2015 New 40 20 5 3 10 + hit-based (end of test 50 points; 0.1 sec (end of test) Includes AE plots2a-30-0 ________ ___________
5 Al 3/20/2015 New 40 20 5 3 10 + hit-based (end of test 50 points; 0.1 sec (end of test) Includes AE plots; HSV trigger not hit-based

5 B 7/4/2014 Old 35 40 40 100 5 Not used

5 C 3/26/2015 New 36 20 5 3 10 + hit-based (end of test 50 points; 0.1 sec (end of test) Includes AE plots
0 A 3/21/2014 Old Not available Not available Not available Not available 10 Not used

0 B 7/3/2014 Old 35 40 40 100 5 Not used No HRes frames in second half of the test

0 C 2/22/2015 New 36 20 5 3 10 + hit-based (end of test 50 points; 0.1 sec (end of test) Includes AE plots2a-30-30
5 A 4/14/2014 old Not available Not available Not available Not available 5 Not used

5 B 2/22/2015 New 36 20 5 3 10 + hit-based (end of test 50 points; 0.1 sec (end of test) Includes AE plots
5 C 2/20/2015 New 45 20 5 3 10 + hit-based (end of test 50 points; 0.1 sec (end of test) Includes AE plots; HSV trigger not hit-based

0 A 4/13/2014 Old Not available Not available Not available Not available 5 Not used

0 B 8/13/2014 New 35 40 40 100 100 50 points Includes AE plots

0 C 2/22/2015 New 36 20 5 3 10 + hit-based (end of test 50 points; 0.1 sec (end of test) Includes AE plots; No white-patches in HRes frames2a-30-60
5 A 4/12/2014 Old Not available Not available Not available Not available 5 Not used

5 B 8/13/2014 New 35 40 40 100 100 50 points Includes AE plots
5 C 8/13/2014 New 35 40 40 100 100 100 points Includes AE plots

0 A 3/21/2014 old Not available Not available Not available Not available 10 50 points

0 B 3/22/2015 New 36 20 5 3 10 50 points Includes AE plots
o C 8/13/2014 New 35 40 40 100 100 100 points Includes AE plots

2a-30-90
5 A 4/10/2014 Old Not available Not available Not available Not available 5 20 points

5 B 8/12/2014 New 35 40 40 100 100 50 points Includes AE plots

5 C 2/21/2015 New 40 20 5 3 10 + hit-based (end of test) 50 points; 0.1 sec (end of test) Includes AE plots

0 A 4/13/2014 Old Not available Not available Not available Not available 5 20 points

o B 2/21/2015 New 40 20 5 3 10 + hit-based (end of test) 50 points; 0.1 sec (end of test) Includes AE plots

0 C 8/14/2014 New 35 40 40 100 100 100 points Includes AE plots2a-30-12c
5 A 4/12/2014 Old Not available Not available Not available Not available 5 20 points

5 B 2/26/2015 New 36 20 5 3 10 + hit-based (end of test) 50 points; 0.1 sec (end of test) Includes AE plots; No High-Speed Video captured

5 C 8/14/2014 New 35 40 40 100 100 100 points Includes AE plots
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B.1 - Analyses of the hydraulic fracturing tests conducted

Specimen ID: Gr-30-VLO-INC5-A

Test Date: 07/04/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

0.12 0.06 5.95 5.809

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Nonnalized Water Injected

Number Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 1 19 -0.05 -0.008 0.005

1 High Resolution 28 23 5,50 0.924 5.445

2 High Resolution 29 47 5.94 0.999 5.809

3 High Speed 29 48.56614 5.91 0.994 5.807

4 High Speed 29 48.56629 5.91 0.994 5.807

5 High Speed 29 48.56643 5.91 0.994 5.807

6 High Speed 29 48.56657 5.91 0.994 5.807

7 High Speed 29 48.56693 5.91 0.994 5.807

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the

Crack ID Crack Type Maximum Water Sketch

(MPa) Pressure

A(T)ii Type I - Tensile 5.91 0.994 3

B(T)iii Type I - Tensile 5.91 0.994 3

Notes:
(1) Crack types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time
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Note: Only HSV sketches 3 and 7 are represented. They appear to be in the same point, because with the
time scale used in the plot it is not possible to differentiate the times when sketches 3 to 7 were taken.
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Water Pressure Vs Volume Injected
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Initial and Final Frames

A A

I 1 11:
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Sketch:

Frame:

vertical load)

Time:

p ater:

Gvertical:

Sketch:

Frame:

occurs)

Time:

pGater:

0 (High-Resolution Frame)

Initial (Right after applying

I min 19 sec

-0.05 MPa

0.06 MPa

7 (High-Speed Video Frame)

Final (Right after failure

29 min 48.56693 sec

5.91 MPa

0.06 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered)I

A(T)i Water Pressure
p_,* w99X Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw

Crack
Sheanng Direction

Point of Coalescence
White Patching

4-+ Crack Opening
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Frame:

Time:

pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 25

1 min 19 sec

-0.05 MPa

0.06 MPa

3"x6"x 1"

2a=1/2"

N/A Single-flaw geometry

300

N/A Single-flaw geometry

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

pwater:

Gvertical:
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28 min - 23 sec

5.50 MPa

0.06 MPa

White patching starts to develop at the flaw

tips.
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Sketches

Sketch 0

400

000



517

29 min - 47 sec

5.94 MPa

0.06 MPa

White patches continue to develop. At the left

tip the white patches appear to develop in a

downward fashion, while at the right tip they

appear to develop in a direction closer to the

direction of the flaw.

-7474

29 min - 48.56614 sec

5.91 MPa

0.06 MPa

Tensile crack A(T)II initiates at the left tip of

the flaw. Several segments can be observed,

very likely linked to the same crack A(T)111.

In general, these segments follow the white

patches formed before.

Simultaneously, crack B(T)I initiates at the

right tip of the flaw. Similar to crack A(T)11 ,

several segments also develop, most likely

linked to the same crack B(T)111. Some of the

segments, however, do not follow the white

patches previously developed, but propagate

in an vertical upward fashion.
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Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

Sketch 3

HSV frame:

Time:

Pwater:

Gvertical:

0

B(T)I /

A(T)I

.00



-7472

29 iin - 48.56629 sec

5.91 MPa

0.06 MPa

A region with white patches develops to the

right of the right flaw tip. Some of the

segments of A(T)I and B(T)III clearly open.

0
Sketch 5

B(T)II

( A(T)Im

$1

HSV frame:

Time:

Pwater:

Gvertical:

-7470

29 min - 48.56643 sec

5.91 MPa

0.06 MPa

The region with white patches that

developed in sketch 4 continues to grow.

New segments of cracks A(T)11 and B(T)ii

develop and existing ones further propagate.

471

Sketch 4
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/

HSV frame:

Time:

Pwater:

GverticaI:

B(T)II

A(T)III



-7468

29 min - 48.56657 sec

5.91 MPa

0.06 MPa

B(T)I $

A(T)nII

-7463

29 min - 48.56693 sec

5.91 MPa

0.06 MPa

All the existing segments of tensile cracks

A(T)II and B(T)1 are linked with each other.

The cracks A(T)II and B(T)1 extend until they reach the edges of the specimen.

The water pressure starts to drop when the first cracks initiate (from sketch 2 to sketch 3). The

pressure further drops after A(T)II, and B(T)II fully develop (after sketch 7)
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Sketch 6

Segments of tensile cracks A(T)1 and B(T)iii

propagate further, and some of them are

linked with each other.

HSV frame:

Time:

pNater:

Overtical:

Sketch 7

HSV frame:

Time:

pwater:

Uvertical:

Notes:

B(T)I"

A(T)III
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Acoustic Emission Analysis

- -- Boundary

- Flaw

* Events < 35dB

35dB < Events < 45dB

o Events > 45dB

E

Boundary

-Flaw

* Events<35dB

35dB < Events < 45dB

o Events >45dB

E

Gr-30-VLO-INC5-A - from Start to Sketch 0

160.0-

.. t
140.O- '- , ,

, *

120.0

100.0

80.0

60.0 -

40.0

20.0

0.0
0.0 20.0 40.0

xfmm)

60.0 80.0

Gr-30-VLO-INCS-A - from Sketch 0 to Sketch 1

160.0

140.0

120.0

100.0

80.0

60.0

40.0

20.0

0.0 4
0.0 20.0 40.0 60.0

x (mm)
80.0

Time Period:

From start of the test to Sketch 0

Application of vertical load

Time Window:

From 0 to 1 min 19 sec

Pwater:

Relatively constant at -0.05 MPa

9vertical:

From 0 to 0.06 MPa

Notes:

Strong activity in the top boundary,

likely due to the contact between the

load frame and the specimen

Time Period:

From Sketch 0 to Sketch 1 (first

visible white patches)

Time Window:

From I min 19 sec to 28 min 23 sec

Pwater:

Increased from -0.05 MPa to 5.50 MPa

Overticall:

Constant at 0.06 MPa

Notes:

Several events recorded ahead of the

left flaw tip, along the axis of the flaw.

The great majority of the events are

medium magnitude (between 35 dB

and 45 dB)
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Boundary

-Flaw

* Events < 35dB

35dB < Events < 45dB

* Events > 45dB

E

Gr-30-VLO-INC5-A - from Sketch 1 to End of Test
160.0

140.0

120.0

100.0 +

80.0

60.0-

40.0

20.0

0-0
0.0 20.0 40.0 60.0 80.0

x(mm)

The cracks represented with dashed lines are indicative and

based on the high-resolution images post-failure, since the high-

speed camera frames only cover an area in the vicinity of the

flaw.

Time Period:

From Sketch I to the end of test

Time Window:

From 28 min 23 sec to 29 min 49 sec

Pwater:

Increased from 5.50 MPa to a

maximum of 5.94 MPa

Gvertical:

Constant at 0.06 MPa

Notes:

Several medium (from 35 dB to 45

dB) and high (greater than 45 dB)

magnitude events recorded ahead of

the left flaw tip, most of them located

between the left boundary of the

specimen and the left flaw tip. These

events were not located along the

propagated cracks, which followed a

vertical path. No events were recorded

on the right side of the specimen; this

may indicate malfunctioning of some

of the sensors located on the right side

of the specimen.
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Specimen ID: Gr-30-VLO-INC5-B

Test Date: 07/03/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm3)

0.09 0.05 5.85 12.017

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Type of Frame Pressure
(min) (sec) (MPa) (cm 3)

0 High Resolution 1 25 0.06 0.010 0.610

1 High Resolution 28 31 4.95 0.847 9.719

2 High Resolution 30 57 5.43 0.928 10.989

3 High Resolution 32 49 5.84 0.999 11.968

4 High Speed 32 50.18593 1.68 0.287 12.017

5 High Speed 32 50.18607 1.68 0.287 12.017

6 High Speed 32 50.18643 1.68 0.287 12.017

7 High Speed 32 50.18671 1.68 0.287 12.017

8 High Speed 32 50.18700 1.68 0.287 12.017

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation2 Normalized to the

Crack ID Crack Type Maximum Water Sketch

(MPa) Pressure 2

A(T)111  Type III - Tensile 1.68 0.287 4

B(T)mi Type III - Tensile 1.68 0.287 4

Notes:
(I) Crack and coalescence types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time

6.0

5.0

-4 .0

3.0
A

2.0

1.0

0.0
0 250 500 750 1000 1250

Time (s)

1500 1750 2000

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

(Ua.

a,a-
=
IAa,
I-a.
a-a,

5.85

5.84

5.83

5.82

5.81

5.80

5.79

5.78

1945 1950 1955 1960 1965 1970

12.10

12.05

12.00
.

11.95
t

11.90 ."45

E
11.85 =

11.80

11.75
1975

Time (s)

Note: The HSV sketches 4 and 8 are not represented in their correct location, since they occur at a water
pressure of 1.68MPa, which falls out the scale used for the water pressure.
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Water Pressure Vs Volume Injected

7.0 -
- Water Pressure vs Volume Injected

6.0 - l HRes Sketches Sketch 3
Sketch 2

Sketch 1
,5.0-

4.0
4A
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2.0

1.0

Sket h 0
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Initial and Final Frames

~~A

4..V-

~v. . 4

I~t. - *

Sketch:

Frame:

vertical load)

Time:

Pater:
Yv.ertical:

Sketch:

Frame:

occurs)

Time:

p ater:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

I min 25 sec

0.06 MPa

0.05 MPa

8 (High-Speed Video Frame)

Final (Right after failure

32 min 50.18700 sec

1.68 MPa

0.05 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein. no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) 1

A(T)l Water Pressure
p_-* o,9% - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw

Crack

* Shearing Direction

Point of Coalescence
White Patching

4- Crack Opening
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Frame:

Time:

Pwater:

(ivertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 52

1 min 25 sec

0.06 MPa

0.05 MPa

3"x6"xl"

2a=1/2"

N/A Single-flaw geometry

300

N/A Single-flaw geometry

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

Pwater:

Uvertical:
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28 min - 31 sec

4.95 MPa

0.05 MPa

White patching starts to develop at the right flaw

tip and near the left flaw tip.
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547

30 min - 57 sec

5.43 MPa

0.05 MPa

White patches continue to develop below and

ahead of the left flaw tip. White patches also

propagate ahead of the right flaw tip.

I
Sketch 3

603

32 min - 49 sec

5.84 MPa

0.05 MPa

White patches develop vertically in a

downward fashion below the left flaw tip and

in an upward fashion above the right flaw

tip.

Sketch 2

Still frame:

Time:

pwater:

Gvertical:

Still frame:

Time:

Pwater:

Gvertical:
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Sketch 4

HSV frame:

Time:

Pwater:

Gvertical:

-8597

32 min - 50.18593 sec

1.68 MPa

0.05 MPa

Tensile crack A(T)m initiates at the left tip of

the flaw. Several segments can be observed

along the white patches fonred before, very

likely linked to the same crack A(T)I.

Simultaneously, tensile crack B(T) initiates

at the right tip of the flaw. Another segment

can be observed along the white patches

formed before, very likely linked to the same

crack B(T)II.

New white patches develop below and to the

left of the left flaw tip.

Sketch 5

B(T)II

A(T)II

HSV frame:

Time:

pwater:

Uvertical:

-8595

32 min - 50.18607 sec

1.68 MPa

0.05 MPa

New segments of cracks A(T)1 and B(T) 1

develop and existing ones further propagate.

The region with white patches that

developed in sketch 4 continues to grow.
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-8590

32 min - 50.18643 sec

5.91 MPa

0.05 MPa

Segments of tensile cracks A(T)I and B(T)I

propagate further, and some of them are

linked with each other.

New white patches develop near one of the

B(T)11 segments away from the right flaw

tip.

-8586

32 min - 50.18671 sec

5.91 MPa

0.05 MPa

Some segments of tensile crack B(T)II

propagate further and are linked with each

other.

The region with white patches that developed

in sketch 6 continues to grow.

The white patches that developed below and

to the left of the left flaw tip disappear. They

appear to be water creating and moving

along cracks located deeper in the specimen.

Sketch 6

HSV frame:

Time:

Pwater:

Uvertical:

B(T)II1

A(T)I

Sketch 7

HSV frame:

Time:

Pwater:

Gvertical:
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Sketch 8

B(T)I

A(T)I

HSV frame:

Time:

Pwater:

Gvertical:

-8582

32 min - 50.18700 sec

1.68 MPa

0.05 MPa

All the existing segments of tensile cracks

A(T),,, and B(T)1 are linked with each other.

Most of the white patches that developed

near a segment of B(T)I disappear. They

appear to be water creating and moving

along cracks located deeper in the specimen..

Notes:

The cracks A(T)I and B(T) extend until they reach the edges of the specimen.

The water pressure starts to drop when the first cracks initiate (from sketch 2 to sketch 3).

The pressure further continues to drop to zero after A(T)iii and B(T)m1 fully develop

(after sketch 8)
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Specimen ID: Gr-30-VLO-INC5-C

Test Date: 08/12/2014

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm')

0.00 0.00 5.20 5.769

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected
Number Pressure

(min) (see) (MPa) (cm )

0 High Resolution 1 5 0.00 -0.001 0.350

1 High Resolution 22 41 4.34 0.836 5.033

2 High Resolution 24 57 4.84 0.932 5.486

3 High Resolution 25 35 5.18 0.997 5.745

4 High Speed 25 38.19943 5.19 1.000 5.769

5 High Speed 25 38.19972 5.19 1.000 5.769

6 High Speed 25 38.19986 5.19 1.000 5.769

7 High Speed 25 38.20015 5.19 1.000 5.767

8 High Speed 25 38.20036 5.19 1.000 5.767

9 High Speed 25 38.20057 5.19 1.000 5.767

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

484

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water

(MPa) Pressure

A(T)n Type I - Tensile 5.19 1.0 4

B(T)n Type 11 - Tensile 5.19 1.0 4

C(T) Tensile 5.19 1.0 7

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

7.0

6.0

a. 5.0

4.0

3.0

2.0

1.0

u.u

0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0

7.0

6.0

4.0

3.0 S

2.0

1.0

0.0
.0175(

Time (s)

Note: (1) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

5.25

5.20

e. 5.15

5.10
&A
&A

5.05

m 5.00

4.95

4.90

1510.0 1515.0 1520.0 1525.0 1530.0 1535.0 154(

5.85

5.80

5.75

5.70 E

5.65 a
E

5.60 5

5.55

5.50
.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data
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- Water Pressure Sketch 3

Maximum Water Pressure Sketch 2 -
High-Res Sketches Sketch I

- Volume Injected

S Sketch 0

-- Water Pressure Sketch 3 ,
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Water Pressure and Volume Injected

5.20 . 5.82

Sketch95.18 -Skth45.80 F-
- E

2 Sketch 9

6A -.- 5.78 .!.

--- Water Pressure
Max Water Pressure

5.14 High-Res Sketches - 5.76>
D HSV Sketches

Volume Injected
...... HS Video

5.12 I 5.74

1534.0 1535.0 1536.0 1537.0 1538.0 1539.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data.

Water Pressure Vs Volume Injected

7.0 _
- Water Pressure vs Volume Injected

6.0 - High-Res Sketches Sketch 3

5.0 -Sketch 2
* 5.0- n. Sketch 1

* 4.0
4A
4A

U

S2.0

1.0 Sketch 0

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm 3 )

Notes: (1) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data.
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Initial and Final Frames

lysi 4

Sketch:

Frame:

Time:

pNater:

Overtical:

Sketch:

Frame:

occurs)

Time:

pNater:

Gvertical:

0 (High-Resolution Frame)

Initial

1 iin 5 sec

0.00 MPa

0.0 MPa

9 (High-Speed Video Frame)

Final (Right after failure

25 mim - 38.20057 sec

5.19 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode
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ordered) , 
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Pre-existing (cut) Flaw
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Sketch 0

Frame:

Time:

pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 38

1 min 3 sec

0.00 MPa

0.0 MPa

3"x6"xl"

2a=1/2"

N/A

300

N/A

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

I
Sketch 1

Still frame:

Time:

piater:

GverticaI:

273
22 min - 41 sec

4.34 MPa

0.0 MPa

White patching starts to develop at the right tip

and near the left tip of the flaw.
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328

24 min - 57 sec

4.84 MPa

0.0 MPa

White patches continue to develop from both

tips of the flaw.

I
Sketch 3

347

25 min - 35 sec

5.18 MPa

0.0 MPa

Narrow white patching continues to develop

from both tips of the flaw.

Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

Still frame:

Time:

Pwater:

Uvertical:
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Sketch 4

HSV frame:

Time:

pwater:

Gvertical:

-6729

25 min - 38.19943 sec

5.19 MPa

0.0 MPa

Two segments of tensile crack A(T)1 initiate

at and near the left tip of the flaw. Four

segments of tensile crack B(T)II initiate near

the right tip of the flaw, along the existing

white patches.

White patching develops away from the left

tip of the flaw, ahead of the existing white

patches.

Sketch 5

HSV frame:

Time:

pwater:

GverticaI:

-6725

25 min - 38.19972 see

5.19 MPa

0.0 MPa

Tensile crack A(T)1 propagates further

through the linkage and extension of the

existing segments and through the initiation of

two new segments. Tensile crack B(T)II

propagates further through the extension of

some of the existing segments and through the

initiation of several new segments.

White patching develops towards the right of

the right tip of the flaw, near the right

boundary of the specimen.
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Sketch 6

B(T)1

A(T)II
/0

B(T)

A(T)I

C(T)

HSV frame:

Time:

pwater:

Gvertical:

-6723

25 min - 38.19986 sec

5.19 MPa

0.0 MPa

Tensile crack A(T)1 propagates further through

the extension of existing segments and through

the initiation of a new segment. Tensile crack

B(T)1 propagates further through the extension

and linkage of some of the existing segments.

White patching continues to develop towards

the right of the right tip of the flaw.

Sketch 7

HSV frame:

Time:

Pwater:

Gvertical:

-6719

25 min - 38.20015 sec

5.19 MPa

0.0 MPa

Tensile cracks A(T) 1 and B(T)I1 propagate

further through the linkage and extension of the

existing segments. Tensile crack C(T) initiates

towards the right of the right tip of the flaw

where white patching developed previously. It

appears to propagate from right to left.

White patching that developed towards the right

of the right tip of the flaw starts to fade away.
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Sketch 8

C(T)

B(T)II

A(T)I1

C(T)

B(T)1

A(T)II

HSV frame:

Time:

pwater:

GverticaI:

-6716

25 min - 38.20036 sec

5.19 MPa

0.0 MPa

Tensile crack A(T)1 propagates further through

the extension of existing segments and through

the initiation of four new segments. Tensile

crack B(T)I1 propagates further through the

linkage of all its existing segments. Crack C(T)

propagates through the initiation of a new

segment.

White patching that developed towards the

right of the right tip of the flaw fades away

completely.

Sketch 9

HSV frame:

Time:

Pwater:

Uvertical:

-6713

25 min - 38.20057 sec

5.19 MPa

0.0 MPa

Tensile crack A(T)ii propagates further through

the linkage of all its existing segments.

Notes:

Post-testing visual analysis shows that cracks A(T)ji, B(T)II and C(T) reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).
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Acoustic Emission Analysis

Gr-30-VLO-INC5-C From Sketch 0 to Sketch 1
1st P-Wave Amplitude

0.0 20.0 40.0
x (mm)

60.0 80.0

Gr-30-VLO-INC5-C From Sketch 1to Sketch 2
1st P-Wave Amplitude

-

0.0 20.0 40.0

x (mm)

, ,0
60.0 80.0

- Boundary

-Flaws

E Sensors

Events<35dB

35dB< Events< 50dB

Events>50dB

Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 22 min 41 sec to 24 min 57 sec

Pwater:

Increased from 4.34 MPa to 4.84 MPa

Gvertical:

Constant at 0.0 MPa

AmpstP-Arrivas (Average) = 45.51 dB

Notes:

Many mid- and some high- amplitude

events detected around of the flaw,

especially ahead of the flaw tips. The

location of the AE events does not appear

to be very well correlated to the place

where white patching was observed.
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Time Period:

From Sketch 0 to Sketch 1

Time Window:

From 1 min 5 sec to 22 min 41 sec

P" ater:

Increased from 0.00 MPa to 4.34 MPa

Overtical:

Constant at 0.0 MPa

AmpstP-Arrivals (Average) = 45.14 dB

Notes:

Some mid- (35dB < Amp. < 50dB) and

four high- (Amp. > 50dB) amplitude

events detected around the flaw,

particularly ahead of the tips.
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Gr-30-VLO-INC5-C From Sketch 2 to Sketch 3
1st P-Wave Amplitude

0.0 20.0 40.0
x (mm)

60.0 80.0

Gr-30-VLO-INC5-C Last 50 Events
1st P-Wave Amplitude

0.0 20.0 40.0

x (mm)

60.0 80.0

-Boundary

-Flaws

E Sensors

Events<35dB

35dB< Events< 5OdB

Events>5OdB

Time Period:

Last 50 Events

Time Window:

From 25 min 33.95009 sec to 25 min

34.83277 sec

Pw~ater:
Approximately constant at 5.18 MPa

Gvertical:

Constant at 0.0 MPa

Ampist]-Arrivals (Average) = 44.44 dB

Notes:

Many mid- and few high- amplitude

events detected around the flaw, most of

them located ahead of the flaw tips. Some

of the events are located along the crack

that propagated from the

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence. No AE were

detected when visible cracking was observed.
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160.0 -

140.0 1

120.0 -

100.0 1
- 2-

6 3

4 4

80.0 -

60.0 -

40.0 -

20.0

0.04

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 24 min 57 sec to 25 min 35 sec

pwater.

Increased from 4.84 MPa to 5.18 MPa

Overtical:

Constant at 0.0 MPa

AmplistP-ArrivaIs (Average) = 45.90 dB

Notes:

Many mid- and many high- amplitude

events detected around of the flaw,

especially ahead of the flaw tips. There

are some high amplitude events located at

or very near the white patching that

developed from the right tip of the flaw.
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Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor1 25 34.83273

Sensor 2 25 34.83577

Sensor3 25 35.19653

Sensor4 25 35.20469

Sensor 5 25 34.99818

Sensor 6 25 34.99079

Sensor 7 25 34.38075

Sensor 8 25 34.36559
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Water Pressure and Amplitude of the Is' P-wave Arrivals of the Acoustic Events Vs Time

6.0 120.0
- Water Pressure Sketch 3

5.0 - High-Res Sketches Sketch 2 - 100.0.
-+ e Acoustic Events Sketch 1

2 4.0 80.0

E

3.0 0.0

+ 2.0 2.4 . 7 0.0

1.0 - _ _ 2f0

0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0

Time (s)

Water Pressure and Amplitude of the Is P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)

5.4 - 100.0
- Water Pressure

High-Res Sketches kA
5.2 80.0 m

E Acoustic Events

Sketch 2

5.0 60.0

4. -,+ +, '$4 * -4.
+ *+

4.6 -w-40.0 ,$

*$-o

4.6 20.0 Z

E

4.4 0.0
1375.0 1400.0 1425.0 1450.0 1475.0 1500.0 1525.0 1550.0

Time (s)
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Amplitude of the 1s P-wave Arrivals of the Acoustic Events Vs Water Pressure

2.0 3.0

Water Pressure (MPa)

I
Amplitude of the 1V P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

Sketch 1 Sketch 2

+

*

* .' *
4 * 4*4k I

4

4. 4.

* 4 4 4
44$, * 4 * 1*4~.. #4 ~%

*44~~
* , .~4

4*4 * * ~4,4

+ Acoustic Emission Events

4.6 4.8

Water Pressure (MPa)
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Water Pressure and Cumulative Number of Hits and Events Vs Time

6.0 - 4500
- Water Pressure Sketch 3 -

5.0 - High-Res Sketches Sketch 2375075
-Cumulative Hit Count Sketch 1

2 4.0 - Cumulative Event Count 3000

3.0 2250 -n
E
z

3 2.0 1500 I
Ap

Sketch 0 .
1.0 750 E

0.0 0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0

Time (s)

Water Pressure and Cumulative Number of Hits and Events Vs Time (Last Water

Pressure Increment)

5.4 - 6000
- Water Pressure Sketch3

5.2 _ : High-Res Sketches St5000 
Cumulative Hit Count

. - Cumulative Event Count 4000
2 5.0400F

Sketch 2

tA4.8 3000 -a
E
z

u 4.6 2000 I
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4.4 1000 E
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Time (s)
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Specimen ID: Gr-30-VL5-INC5-A

Test Date: 04/12/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm-)

9.53 4.90 7.40 9.270

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition NoWealized Water Injected
Number Type of Frame Pressure

(min) (see) (MPa) (cm 3)

0 High Resolution 3 3 0.00 0.000 0.421

1 High Resolution 28 10 5.94 0.802 6.987

2 High Resolution 29 46 6.43 0.869 7.595

3 High Speed 34 48.39050 7.40 1.000 9.270

4 High Speed 34 48.39097 7.40 1.000 9.270

5 High Speed 34 48.39110 7.40 1.000 9.270

6 High Speed 34 48.39123 7.40 1.000 9.270

7 High Speed 34 48.39163 7.40 1.000 9.270

Note: 1) High-Resolution frames were not taken until fracture coalescence was observed, since the camera ran out of
battery before the test was over. It was assumed a starting time for the High Resolution frames which should
approximately match the start of the data acquisition system.

2) The High Speed Video was obtained at a 15,000 frames per second rate

Fractures/Cracks Summary Table
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Water Pressure at Water Pressure
Crack Initiation Nonnalized to the

Crack ID Crack Type Maximum Water Sketch

(MPa) Pressure

A(T)mmm Type III - Tensile 7.40 1.0 3

B(T)m Type III - Tensile 7.40 1.0 3

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

Gr-30-VL5-INC5-A

10.0

8.0

6.0

4.0

2.0

0.0
0.0 250.0 500.0 750.0 1000.0 1250.0

Time (s)

1500.0 1750.0 2000.0 2250.0

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

Gr-30-VL5-INC5-A - Last 30 sec of the test

CL

A

-:

7.42 -
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7.36 -

7.34 -

7.32 d

7.30 -

7.28 d1
2065.0 2070.0 2075.0 2080.0 2085.0 2090.0

Time (s)

Note: Only HSV sketches 3 and 7 are represented. They appear to be in the same point, because with the

time scale used in the plot it is not possible to differentiate the times when sketches 3 to 7 were taken.
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

Gr-30-VL5-INC5-A - Last 5 sec of the test

2086.0 2087.0 2088.0

Time (s)

2089.0

- 9.30

- 9.28

- 9.26 -

C

- 9.24 W
E

- 9.22

Sketch 7

2090.0

Note: Only HSV sketches 3 and 7 are represented. They appear to be in the same point, because with the
time scale used in the plot it is not possible to differentiate the times when sketches 3 to 7 were taken.

Water Pressure Vs Volume Injected

Gr-30-VL5-INC5-A

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Volume Injected (cm 3)

11.0
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Initial and Final Frames

4 , r.*~

A~

74v

Sketch:

Frame:

vertical load)

Time:

p ater:

Sketch:

Frame:

occurs)

Time:

pNater:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

3 min 3 sec

0.0 MPa

4.90 MPa

7 (High-Speed Video Frame)

Final (Right after coalescence

34 min 48.39163 sec

7.40 MPa

4.90 MPa

Sketches - Legend

Note 1: Crack and coalescence types based on Wong and Einstein (2009). When a crack does not correspond

to any of the types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered)

) AOTI Water Pressure
* 099 - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack

Shearing Direction

Point of Coalescence
White Patching

4* Crack Opening
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Sketches

9
Sketch 0

Frame:

Time:

pwater:

UverticaI:

Initial Configuration

Prismatic specimen:

Flaw Length:

Ligament Spacing:

Flaw angle:

Bridging angle:

h-itial - 0050

3 min 3 sec

0.00 MPa

4.90 MPa

3"x6"x "

2a=1/2"

N/A

300

N/A

All cracks are alphabetically labeled based on

their initiation order (unless otherwise stated).

Still frame:

Time:

Pwater:

Overtical:

494

28 min - 10 sec

5.94 MPa

4.90 MPa

White patching starts to develop

tips.

near the flaw
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Sketch 1

/

/



541

29 min - 46 sec

6.43 MPa

4.90 MPa

White patching continues to

flaw tips.

develop near the

-10380

34 min - 48.39050 sec

7.40 MPa

4.90 MPa

Tensile crack A(T)II initiates near the left tip

of the flaw roughly along the existing white

patches.

Simultaneously, tensile crack B(T)II initiates

near the right tip of the flaw.

Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

Sketch 3

HSV frame:

Time:

Pwater:

Gvertical:\ B(T)II

(A(T)HI
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Sketch 4

))

B(T)III

A(T)II

HSV frame:

Time:

Pwater:

Gvertical:

-10373

34 min - 48.39097 sec

7.40 MPa

4.90 MPa

Tensile cracks A(T)i and B(T)III further

develop along the existing white patches,

through the initiation of new crack segments

and the extension of the existing cracks.

Both tensile cracks A(T),,, and B(T)I

propagate approximately in a vertical

direction.

I
Sketch 5

) B(T)I

A(T)nI

HSV frame:

Time:

Pwater:

Gvertical:

-10371

34 min - 48.39110 sec

7.40 MPa

4.90 MPa

Tensile cracks A(T)I and B(T)I propagate

further along the existing white patches

through the extension and linkage of existing

crack segments. New crack segments of

crack A(T)I also initiate further away from

the flaw tip.
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Sketch 6

B(T)II

A(T)Ix

HSV frame:

Time:

Pwater:

Gvertical:

-10369

34 min - 48.39123 sec

7.40 MPa

4.90 MPa

Tensile crack A(T)II, further develops

through the linkage of existing crack

segments.

Tensile crack B(T)I develops through the

linkage of existing crack segments and the

initiation of new crack segments. One of

these segments initiates from the right flaw

tip.

Sketch 7

B(T)I

A(T)III

HSV frame:

Time:

Pwater:

Gvertical:

-10363

34 min - 48.39163 sec

7.40 MPa

4.90 MPa

All the crack segments of tensile cracks

A(T)II and B(T) 1 are linked.

Notes:

The cracks A(T)III and B(T)iI, extend until they reach the edges of the specimen.

The water pressure drops after all the cracks propagate (after sketch 7).

The data acquisition logged the water pressure and the volume injected every 0.2 sec (5.0 Hz).
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Specimen ID: Gr-30-VL5-INC5-B

Test Date: 03/26/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm)

9.07 5.00 6.40 7.365

Sketch Summary Table

Time from beginning of data ater Pressure Volume

Sketch acquisition Normalized Water Injected

Number Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 3 3 0.00 0.000 0.464

1 High Resolution 31 33 5.42 0.846 6.418

2 High Resolution 34 21 5.91 0.923 6.892

3 High Resolution 36 43 6.35 0.991 7.349

4 High Speed 36 46.15764 6.35 0.991 7.365

5 High Speed 36 46.15778 6.35 0.991 7.365

6 High Speed 36 46.15792 6.35 0.991 7.365

7 High Speed 36 46.15814 6.35 0.991 7.365

8 High Speed 36 46.15850 6.35 0.991 7.365

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table
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Water Pressure at Water Pressure

Crack ID Crack Type Crack Initiation Normalized to the Sketch
Maximum Water

(MPa) Pressure

A(T)tt Type III - Tensile 6.35 0.991 4

B(T)tt Type III - Tensile 6.35 0.991 4

Notes:

(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

8.0 -

7.0 -

-. 6.0 -
.0

4.0 -

3.0 -

2.0 -

1.0 -

0.0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0 2250.0

8.0

7.0

6.0
E

5.0 .

4.0 .

3.0 E

2.0 >

1.0

-Water Pressure Sketch 3

Maximum Water Pressure Sketch 2

Sketch I
- High-Res Sketches

-Volume Injected

Sketch 0

-/i
2500.0

Time (s)

Note: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

6.42

6.40

w6.38

1A

S6.36

6.34

6.32
2180.0 2185.0 2190.0 2195.0 2200.0 2205.0 2210.0

Time (s)

Notes: (1) Only HSV sketches 4 and 8 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 8 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data
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0.0

Sketch 3

- Water Pressure -

Max Water Pressure
: High-Res Sketches
L HSV Sketches Sketch 4 --

Volume Injected Sketch 8

.HSVideo

7.50

7.45

E

7.40 70
W

7.35 WE

7.30

7.25
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Water Pressure and Volume Injected Vs Time

6.38

6.37 -

'A

6.35

6.34 -

6.33 -
2202.0 2203.0 2204.0

(Last 5 seconds of the Test)

2205.0 2206.0

7.42

- 7.40

E

- 7.36 0
E

- 7.34

- 7.32
2207.0

Time (s)

Notes: (1) Only HSV sketches 4 and 8 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 8 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.

Water Pressure Vs Time (Last 1.2 seconds of the Test)

6.38 -

6.36 -

6.34 -

6.32

6.30 1-
2205.2 2205.4 2205.6 2205.8 2206.0 2206.2 2206.4

Time (s)

Notes: (1) Only HSV sketches 4 and 8 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 8 were taken.

(2) This plot was obtained based on pressure data logged every time there was an AE hit, as opposed

to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average at 0.1 sec-

intervals was applied to these data. This explains the slight differences between this and the previous plots
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Water Pressure

Max Water Pressure

High-Res Sketches

E HSV Sketches

Volume Injected

..-.-. HS Video

Sketch 3 '-k~etch 4
Sketch 8

Sketch 4

Sketchl _.I8

- Water Pressure

D HSV Sketches
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essure Vs Volume Injected

0.0 1.0 2.0 3.0 4.0 5.0
Volume Injected (cm 3)

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a

was applied to the data.

Water Pt

8.0 -

7.0 -

6.0 -

5.0 -

4.0 -

3.0 -

2.0 -n
1 .0 -

200

- Water Pressure vs Volume Injected Sketch 3 -
- High-Res Sketches Sketch 2

Sketch 0

Sketch 0

moving average of 50 points
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Initial and Final Frames

- *.
Ake

ArA

J.-f;

if

Ft

V

2n,

Sketch:

Frame:

application

Time:

Pwater:

GverticaI:

Sketch:

Frame:

occurs)

Time:

Pwater:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after

of vertical load)

3 min 3 sec

0.0 MPa

5.0 MPa

8 (High-Speed Video Frame)

Final (Right after failure

36 min 46.15850 see

6.35 MPa

5.0 MPa

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Sketches - Legend

Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered)

r ) A(I Water Pressure
p * o 99% - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw

Crack
Shearng Direction

Point of Coalescence
White Patching

4+ Crack Opening



Sketches

I

Sketch 0

Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 227

3 min 3 sec

0.00 MPa

5.0 MPa

3"x6"x "

2a=1/2"

N/A

300

N/A

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

I
Sketch 1

Still frame:

Time:

Pwater:

Gvertical:

580

31 min - 33 sec

5.42 MPa

5.0 MPa

White patching starts to develop at the left tip

and near the right tip of the flaw.
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638
34 min - 21 sec

5.91 MPa

5.0 MPa

White patches continue to develop from both

tips of the flaw.

I
Sketch 3

686

36 min - 43 sec

6.35 MPa

5.0 MPa

White patches continue to develop from both

tips of the flaw, approximately in a vertical

direction.

Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

Still frame:

Time:

Pwater:

Gvertical:
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-6342

36 min - 46.15764 sec

6.35 MPa

5.0 MPa

Tensile cracks A(T)11 and B(T)I initiate at

both tips of the flaw. Both cracks consist of

several crack segments.

White patching continues to develop ahead

of existing white patches and of newly-

formed cracks and far away from the flaw

tips

Sketch 5

-6340

36 min - 46.15778 sec

6.35 MPa

5.0 MPa

Tensile cracks A(T)I and B(T)11 propagate

further through the initiation of new

segments, as well as through the linkage of

existing segments.

Sketch 4

HSV frame:

Time:

pNater:

Gvertical:

HSV frame:

Time:

Pwater:

OverticaI:

'B(T)iii

A(T)II
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Sketch 6

B(T)I

A(T)III

B(T)II

A(T)nI

HSV frame:

Time:

Pwater:
Overtieal:

-6338
36 min - 46.15792 sec

6.35 MPa

5.0 MPa

Tensile cracks A(T) and B(T)II propagate

further mainly through the linkage of existing

segments.

Sketch 7

HSV frame:

Time:

pwater:

Overtical:

-6335
36 min - 46.15814 sec

6.35 MPa

5.0 MPa

Tensile cracks A(T) 1 and B(T) 1 propagate

further through the linkage and extension of

existing segments.
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Sketch 8

B(T)11

A(T)II

HSV frame:

Time:

Pwater:

Gvertical:

-6330

36 min - 46.15850 sec

6.35 MPa

5.0 MPa

Cracks A(T)mI, and B(T)I propagate further

and all their segments get interconnected.

Notes:

Post-testing visual analysis shows that cracks A(T),,, and B(T),11 reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 8).
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Acoustic Emission Analysis

Gr-30-VL5-INC5-B From Start to Sketch 0
1st P-Wave Amplitude

160.0

140.0
4

120.0

100.0
3-

E
80.0 -

60.0

2-"

40.0 -

20.0 -

0.0
0.0 20.0 40.0

x (mm)

- Boundary

-Flaws

I Sensors

Events < 50dB

50dB < Events < 65dB

Events> 65dB

60.0 80.0

Gr-30-VL5-INC5-B From Sketch 0 to Sketch 1
1st P-Wave Amplitude

60.0

2

40.0 .

20.0 -

0.01
0.0 20.0 40.0

X(mm)

R

60.0 80.0

Time Period:

From Start of the test to Sketch 0

(Application of Vertical Load)

Time Window:

From 0 to 3 min 3 sec

Pwater:
Approximately constant at 0.0 MPa

Gvertical:

Increased from 0.0 MPa to 5.0 MPa

AmpistP.Arrivas (Average) = 71.81 dB

Notes:

Many events detected along the upper

and lower boundary of the specimen,

caused by the seating between the

loading machine and the specimen

while the vertical load is being applied.

Time Period:

From Sketch 0 to Sketch I

Time Window:

From 3 min 3 sec to 31 min 33 sec

Pwater:

Increased from 0.0 MPa to 5.42 MPa

Uverticall:

Constant at 5.0 MPa

Ampst-Arrivas (Average) = 69.26 dB

Notes:

Some events detected near the lower

boundary of the specimen, probably

still related to the seating between the

loading frame and the specimen. A few

events detected around the flaw, but

apparently unrelated to the white

patching observed.
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J1

IL

6

"7

[

*0

-Boundary

-Flaws

0 Sensors

Events<50dB

50dB < Events < 65dB

Events > 65dB

160.0 -

140.0)
4

120.0 -

100.0il
3 J

E 80.0 -
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Gr-30-VLS-INC5-B From Sketch 1 to Sketch 2
1st P-Wave Amplitude

160.0 -

140.0
4 -/

120.0

1000

E
E 80.0

60.0

2 -

40.0

20.0

0.0
0.0 20.0 40.0

x (mm)

60.0 80.0

Gr-30-VL5-INC5-B From Sketch 2 to Sketch 3
1st P-Wave Amplitude

0.0 20.0 40.0

x (mm)

6

-7

R_8

60.0 80.0

- Boundary

- Flaws

0 Sensors

Events<50dB

50dB < Events < 65dB

Events>65dB

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 34 min 21 sec to 36 min 43 sec

Pwater.

Increased from 5.91 MPa to 6.35 MPa

Gvertical:

Constant at 5.0 MPa

Ampst-Arrivas (Average) = 57.16 dB

Notes:

Many mid-amplitude and some high-

amplitude events, most detected ahead of

the flaw tips and towards the left of the

flaw. Most of the events are not located

where white patching was observed.
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Time Period:
From Sketch 1 to Sketch 2

Time Window:

From 31 min 33 sec to 34 min 21 sec

Pwater:
Increased from 5.42 MPa to 5.91 MPa

Gvertical:

Constant at 5.0 MPa

AmpistP-Arrivas (Average)= 66.67 dB

Notes:

Some mid-amplitude (50 dB < Amp <

65dB) and high-amplitude (Amp > 65dB)

events detected relatively close to the flaw

tips, most of them near the observed white

patching region. The events are mainly

localized ahead of the flaw tips and some

above the flaw.

- Boundary

-Flaws

* Sensors

+ Events<5OdB

50dB< Events< 65dB

Events >65dB

I 0

* *

*. r
E
E1b

160.0 -

140.0)
4

120.0 -

100.0i
3

80.0 -

60.0 -

2

40.0 -

20.0 -

0.0

5

6

7



Gr-30-VL5-INC5-B From Sketch 3 to Sketch 8
1st P-Wave Amplitude

0.0 20.0 40.0
x(mm)

I'

- Boundary

- Flaws

N Sensors

Events< 50dB

50d B< Events< 65dB

Events>65dB

60.0 80.0

Gr-30-VLS-INC5-B After Sketch 8
1st P-Wave Amplitude

,, -

.0 20.0 40.0
x (MM)

60.0 80.0

160.0

140.0

120.0

100.0
3

80.0

60. 
0

Time Period:

From Sketch 8 to last event

Time Window:

From 36 min 46.15850 sec to

36 min 59.81578 sec (Last event recorded)

Pwater:
Decreased from 6.35 MPa to -0.02 MPa

Overtical:

Constant at 5.0 MPa

Ampist-Arrivas (Average) = 66.19 dB

Notes:

Some mid- and high-amplitude events

detected throughout the specimen, even

more spread-out and away from the flaw

than in the last stage. This trend may be

caused by seepage occurring through micro-

cracks formed throughout the test.

Notes:

- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.
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I I

.1

2

I I

7

8

E

Time Period:

From Sketch 3 to Sketch 8

Time Window:

From 36 min 43 sec to 36 min 46.15850 sec

(Last HSV Frame used)

Pwater:

Constant at 6.35 MPa

GverticalI:

Constant at 5.0 MPa

AmpstP-Arrivas (Average) = 58.08 dB

Notes:

Many mid- and some high-amplitude events

detected around the flaw, most of them

away from the flaw tips. Not many events

were localized near or along visible

propagated cracks. Events are more spread-

out than in the previously analyzed stage,

indicating a possible effect of the water

seeping through micro-cracks opened

during the previous stages.

40.0

20.0 -

0.0

-- Boundary

-Flaws

* Sensors

* Events<50dB

50dB< Events< 65dB

Events >65dB

160.0 -

140.0
4

120.0

100.0
3

E 80.0 -

60.0 -

40.0 -

20.0 -

1)

0.0
0

I
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Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor1 37 19.77688

Sensor 2 37 19.57966

Sensor 3 37 19.59794

Sensor 4 37 19.57970

Sensor 5 37 19.84318

Sensor 6 37 19.84316

Sensor 7 37 19.84317

Sensor 8 37 18.38253
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Water Pressure and Amplitude of the 1s P-wave Arrivals of the Acoustic Events Vs Time

8.0 120.0
- Water Pressure Sketch 3

7.0 - High-Res Sketches Skftch 2 - .

- 6.0 - Acoustic Events Sketch 1 + - 90.0 .

5.0 75.0
(U,

4A4.0 60.0

3.0 45.0 2

2.0 30.0
Sketch 0

1.0 15.0 E

0.0 0.0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0 2250.0 2500.0

Time (s)

Water Pressure and Amplitude of the 1St P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)

6.5 100.0
- Water Pressure Sketch 3

+-
High-Res Sketches 1+

6.3 -+80.0 "
+3Acoustic Events 8

v6.1 - ++ 60.0

0 Sketch 2 *** + +
5.9 -+ 0.0

5.7 20.0 4

E

5.5 0.0
2000.0 2050.0 2100.0 2150.0 2200.0 2250.0

Time (s)
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[\ Sketch 0

Amplitude of the Is P-wave Arrivals of the Acoustic Events Vs Water Pressure

~' *z: 7

Sketch 1

sketch 2 ,

Sketch3 .

* +j:
.4

I
V

.

0.

E

0.0 1.0 2.0 3.0 4.0 5.0

-9

4.

4

6.0

Water Pressure (MPa)

I
Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

Sketch 2 A .:

Acoustic Emission Events
I I II I-

.J 4

4
4

4

5.6 5.7 5.8 5.9 6.0 6.1 6.2 6.3 6.4 6.5

Water Pressure (MPa)
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Water Pressure and Cumulative Number of Hits and Events Vs Time

7.0

6.0 -

a. 5.0 -

a,
4.0 -

63.0 -

m 2.0 -

1.0 -

0.0
0.0 250.0 500.0 750.0 1000.0 1250.0

Time (s)

1500.0 1750.0 2000.0 2250.0

I
Water Pressure and Cumulative Number of Hits and Events Vs Time (Last Two Water

Pressure Increments)

6.5 -

6.3 -
.f

6.1 -
1A

5.9 -

5.7 -

5.5

12500
4A

C

10000

7500 o

E
5000 2

2500 *
E

0

2000.0 2025.0 2050.0 2075.0 2100.0 2125.0

Time (s)
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2150.0 2175.0 2200.0 2225.0 2250.0

- Water Pressure Sketch 2

C High-Res Sketches

- Cumulative Hit Count

- Cumulative Event Count

Sketch 0
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- 14000
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- 4000 -
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Specimen ID: Gr-30-VL5-INC5-C

Test Date: 03/27/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm 3)

8.68 5.00 5.44 6.618

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Nonnalized Water Injected

Number Type of Frame Pressure
(min) (see) (MPa) (cm3

)

0 High Resolution 8 4 0.01 0.001 0.458

1 High Resolution 37 8 4.45 0.818 5.734

2 High Resolution 39 18 4.96 0.910 6.181

3 High Resolution 41 22 5.44 0.999 6.614

4 High Speed 41 23.89210 5.43 0.998 6.618

5 High Speed 41 23.89238 5.43 0.998 6.618

6 High Speed 41 23.89253 5.43 0.998 6.618

7 High Speed 41 23.89267 5.43 0.998 6.618

8 High Speed 41 23.89295 5.43 0.998 6.618

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

524

Water Pressure at Water Pressure
Crack Initiation Nonnalized to the

Crack ID Crack Type1  Maximum Water Sketch
(MPa) Pressure

A(T)111  Type Ill - Tensile 5.43 1.0 4

B(T)II1 Type III - Tensile 5.43 1.0 4

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time

7.0

6.0

. 5.0

2 4.0

0

3.0

"2.0

1.0

0.0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0 2250.0 2500.0

Time (s)

7.0

6.0

5.0
M

4.0 V

3.0
E

2.0 e

1.0

- Water Pressure Sketch 3

Maximum Water Pressure Sketch 2

High-Res Sketches Sketch 1

- Volume Injected

Sketch 0

2750.0

Note: (1) The data shown in the plot was logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

5.45

5.44

5.43

,A
'A

5.42

5.41

5.40

2460.0 2465.0 2470.0 2475.0 2480.0 2485.0 249

6.68

6.66

E

6.64 "

6.62 V
E

6.60

6.58

).0

Time (s)

Notes: (1) Only HSV sketches 4 and 8 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 8 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data
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0.0

Sketch 3

Sketch 4

Water Pressure
- ~Sketch 8 ::-

Max Water Pressure
High-Res Sketches

- HSV Sketches
Volume Injected

.HS Video



Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

5.45 .6.68

Sketch 3 -- Sketdh 4
5.44 6.66

2 - Sketq 8 C
- E

,5.43 ~-6.64
- Water Pressure -

0- 5.42 Max Water Pressure 6.62
a, E

High-Res Sketches
MC

E HSV Sketches
5.41 --- 6.60

Volume Injected

HSVideo
5.40 6.58

2480.0 2481.0 2482.0 2483.0 2484.0 2485.0

Time (s)

Notes: (1) Only HSV sketches 4 and 8 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 8 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.

Water Pressure Vs Time (Last 1.2 seconds of the Test)

5.44

5.42 -

a. 5.40

L 5.38

5.36

Sketch 4

5.34 -Sketch 8
-Water Pressure

D HSV Sketches
5.32

2482.8 2483.0 2483.2 2483.4 2483.6 2483.8 2484.0

Time (s)

Notes: (1) Only HSV sketches 4 and 8 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 8 were taken.

(2) This plot was obtained based on pressure data logged every time there was an AE hit, as opposed

to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average at 0.1 sec-

intervals was applied to these data. This explains the slight differences between this and the previous plots
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Water Pressure Vs Volume Injected

6.0 -
- Water Pressure vs Volume Injected Sketch 3

Sketch 2
5.0 - - High-Res Sketches Sketch 1

4.0

$A, 3.0

2.0

1.0
Sketch 0

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm3)

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.
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Initial and Final Frames

p . .-pT

l~A

( a

is i k ',Ap

k, 5,

Sketch:

Frame:

vertical load)

Time:

p1ater:

Gvertical:

Sketch:

Frame:

occurs)

Time:

pwater:

Uvertical:

0 (High-Resolution Frame)

Initial (Right after applying

8 min 4 sec

0.01 MPa

5.0 MPa

8 (High-Speed Video Frame)

Final (Right after failure

41 min - 23.89295 see

5.43 MPa

5.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein. no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) __

) A(T) Water Pressure
o. 0 9x - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack
Shearing Direction

Point of Coalescence
White Patching

4+ Crack Opening

I



Frame:

Time:

Pwater:

UverticaI:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 307

8 min 4 sec

0.01 MPa

5.0 MPa

3"x6"x 1"
2a=1/2"

N/A

300

N/A

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

I
Sketch I

Still frame:

Time:

Pwater:

Uvertical:

634

37 min - 8 sec

4.45 MPa

5.0 MPa

White patching starts to develop at the left tip of

the flaw and slightly above its upper face.

Sketches

Sketch 0
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654

39 min - 18 sec

4.96 MPa

5.0 MPa

White patches continue to develop from the left

tip of the flaw and starts to develop at its right

tip.

I
Sketch 3

684

41 min - 22 sec

5.44 MPa

5.0 MPa

Narrow white patching develops from the left

tip in a downward direction and from the right

tip in an upward direction.

Sketch 2

Still frame:

Time:

Pwater:

GverticaI:

Still frame:

Time:

pwater:

Gvertical:

530

000

400



HSV frame:

Time:

Pwater:

Gvertical:

-7679

41 min - 23.89210 sec

5.43 MPa

5.0 MPaB(T)I4

A(T)III

HSV frame:

Time:

Pwater:

Overtical:

-7675
41 min - 23.89238 sec

5.43 MPa

5.0 MPa

Tensile crack A(T)III propagates further

through the linkage and extension of the

existing segments and through the initiation

of two new segments. Tensile crack B(T)III

propagates further through the extension of

the existing segments and through the

initiation of two new segments

Sketch 4

Four segments of tensile cracks A(T)II and

B(T)III initiate at and near the left and right

tip of the flaw, respectively.

White patching develops away from both

tips of the flaw, ahead of the crack segments

that initiated in this stage.

Sketch 5

(I

B(T)IK

A(T)I

I
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Sketch 6

B(T)I

A(T)nI

HSV frame:

Time:

pwater:

Gvertical:

-7673

41 min - 23.89253 sec

5.43 MPa

5.0 MPa

Tensile crack B(T) opens and propagates

further through the linkage and extension of the

existing segments.

Sketch 7

HSV frame:

Time:

Pwater:

Gvertical:

-7671

41 min - 23.89267 sec

5.43 MPa

5.0 MPa

Tensile crack A(T)11 opens and propagates

further through the linkage and extension of the

existing segments.

Tensile crack B(T)11 propagates further through

the linkage of all its existing segments.

B(T)I

A(T)II
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Sketch 8

B(T)I

A(T)HII

HSV frame:

Time:

Piater:

GverticaI:

-7667

41 min - 23.89295 sec

5.43 MPa

5.0 MPa

Tensile crack A(T)I propagates further

through the linkage of all its existing segments.

Notes:

Post-testing visual analysis shows that cracks A(T) and B(T)1 reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 8).
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Acoustic Emission Analysis

Gr-30-VL5-INC5-C From Start to Sketch 0
1st P-Wave Amplitude

160.0 -

140.0)
4

120.0 -

100.li

E
E 80.0 -

60.0

24

40.0 -

20.0-

0.0

0.0 20.0 40.0

x (mm)

6

y7

60.0 80.0

Gr-30-VL5-INCS-C From Sketch 0 to Sketch 1
1st P-Wave Amplitude

100.0
3

0.0 20.0 40.0

x (mm)

S

-K

60.0 80.0

- Boundary

-Flaws

E Sensors

Events <50d B

50dB< Events<65dB

Events >65dB

Time

From

Time

From

Period:

Sketch 0 to Sketch 1

Window:

8 min 4 sec to 37 min 8 sec

Pwater:
Increased from 0.01 MPa to 4.45 MPa

Uvertical:

Constant at 5.0 MPa

AmpIstP-Arrivals (Average) = 61.15 dB

Notes:

Some mid- and high- amplitude events

detected near the top boundary of the

specimen, probably still related to the

contact between the loading frame and

the specimen.
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Time Period:

From Start to Sketch 0

Time Window:

From 0 min 0 sec to 8 min 4 sec

Pwater.

Approximately constant at 0.01 MPa

GverticaI:

Increased from 0.0 MPa to 5.0 MPa

Amplstr.Arrivas (Average) = 64.94 dB

Notes:

Many mid- (50dB < Amp. < 65dB) and

high- (Amp. > 65dB) amplitude events

detected near the top and bottom

boundaries of the specimen, related to the

contact between the loading frame and

the specimen.

- Bou ndary

-Flaws

N Sensors

+ Events<5OdB

50dB< Events< 65dB

- Events>65dB

160.0 -

140.0
4

120.0

'9
E 80.0

60.0

2)

40.0

20.0

0.0 . . ..

I

I

II

I I

__5

4



Gr-30-VL5-INC5-C From Sketch Ito Sketch 2
1st P-Wave Amplitude

160.0 ,
- Boundary

-Flaws

0 Sensors

Events< 50dB

50dB< Events< 65dB

Events>65dB

7,

140.0 1

4 -1

120.0 -

100.01

T

E 80.0

60.0

2 -

40.0

20.0

0.0
0.

Gr-30-VL5-INC5-C From Sketch 2 to Sketch 3
1st P-Wave Amplitude

0.0 20.0 40.0

x (mm)

K 6

>7

60.0 80.0

Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 37 min 8 sec to 39 min 18 sec

Pwater:

Increased from 4.45 MPa to 4.96 MPa

Uvertical:

Constant at 5.0 MPa

Ampst-Arrivas (Average) = 53.01 dB

Notes:

Some mid-amplitude events detected

around the flaw, especially above it.

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 39 min 18 sec to 41 min 22 sec

Pwater:

Decreased from 4.96 MPa to 5.44 MPa

OverticaI:

Constant at 5.0 MPa

Ampst-Arrivas (Average) = 57.72 dB

Notes:

Many mid- and high- amplitude events

detected around the flaw, most of them

located ahead of the flaw tips.
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I 1

60.0 80.00 20.0 40.0

x (mm)

I I

I I

- Boundary

-Flaws

N Sensors

Events<50dB

50dB< Events< 65dB

Events >65dB

160.0 -

140.0,

120.0 -

100.01

E 80.0-

60.0

40.0

20.0

0.0

to t

4e .2

7

k1-5



Gr-30-VL5-INC5-C From Sketch 3 to Sketch 8
1st P-Wave Amplitude

160.0

140.0

120.0

100.0

80.0 -

60.0 -

2

40.0 -

20.0 -

n 1

0.0 20.0 40.0
x (mm)

I
N-

_ 6

- Boundary

-Flaws

E Sensors

Events<50dB

50d B < Events < 65dB

Events>65dB

60.0 80.0

Gr-30-VL5-INC5-C After Sketch 8
1st P-Wave Amplitude

160.0

140.0
4 .5

120.0

3 I

E80.0

60.0

40.0

20.0

0.0

0.0 20.0 40.0 60.0 80.0
x (mm)

Time Period:

From Sketch 3 to Sketch 8

Time Window:

From 41 min 22 sec to 41 min 23.89295 sec

Pwater:

Decreased from 5.44 MPa to 5.43 MPa

Gvertical:

Constant at 5.0 MPa

Ampist-Arrivas (Average)= 59.04 dB

Notes:

Some mid- and few high- amplitude events

detected around the flaw, especially ahead

of the right tip of the flaw. A few events are

located along the crack that developed from

the right tip of the flaw, B(T)II1 .

Time Period:

After Sketch 8

Time Window:

From 41 mIn 23.89295

to 41 min 52.06057 sec

Pwater.
Decreased from 5.43 MPa to -0.05 MPa

Gvertical:

Constant at 5.0 MPa

Ampst-Arrivas (Average) = 60.56 dB

Notes:

Many mid- and high- amplitude events

detected below the flaw, most of them

located near or along the crack that

developed from the left tip of the flaw,

A(T)II.

Notes:

- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.
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Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor1 41 52.10400

Sensor 2 41 52.10401

Sensor 3 41 52.10430

Sensor 4 41 51.95309

Sensor 5 41 51.95309

Sensor 6 41 52.06057

Sensor 7 41 52.06057

Sensor 8 41 52.10400
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Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

0

a,

6.0

5.0

4.0

3.0

2.0

1.0

0.0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0 2250.0 2500.0

120.0

100.0

80.0 4

60.0 CL

40.0

20.0
E

0.0
2750.0

Time (s)

Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)

5.4

2 5.2
, .

Ba,5

4.8
2300.0 2350.0 2400.0 2450.0 2500.0

100.0

80.0 -

60.0

40.0

20.0 4

0.

E

0.0
2550.0

Time (s)
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- Water Pressure Sketch 3
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Amplitude of the 1 St P-wave Arrivals of the Acoustic Events Vs Water Pressure

7

Sketch 1

Sketch 2-

Sketch 3 +

+ 4+ .4
I--%
CO

'p

E

,- -~-- I

1.0 2.0 3.0 4.0 5.0 6.0

Water Pressure (MPa)

Sketch 0

I
Amplitude of the 1 1t P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

Sketch 2 -/

*
44 9

, *~ *#~ .4, 4. 4

4~4

Sketch 3 -/

4

+ Acoustic Emission Events

4.9 5.0 5.1 5.2 5.3 5.4

Water Pressure (MPa)
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Water Pressure and Cumulative Number of Hits and Events Vs Time

7.0 -

6.0 -

m 5.0 -

4.0 -
CA

3.0 -
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2.0 -

1.0 -

0.0 - t I - I I I I i I
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12000 C
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8000 2

6000 E
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2000
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0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0 2250.0 2500.0 2750.0

Time (s)

I
Water Pressure and Cumulative Number of Hits and Events Vs Time (Last Water

Pressure Increment)
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- Water Pressure
Sketch 3

High-Res Sketches

- Cumulative Hit Count Sketch 2
-Cumulative Event Count Sketch 1

Sketch 0-

-Water Pressure

High-Res Sketches Sketch 3

- Cumulative Hit Count

- Cumulative Event Count

- Sketch .2-
- -5
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Specimen ID: Gr-2a-30-0-VLO-INC5-A

Test Date: 03/20/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

0.00 0.00 5.28 3.699

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Type of Frame Pressure
(min) (sec) (MPa) (cm3)

0 High Resolution 0 20 0.05 0.010 0.005

1 High Resolution 25 6 4.98 0.944 3.434

2 High Resolution 26 14 5.27 0.999 3.689

3 High Speed 26 14.36260 5.28 1.0 3.699

4 High Speed 26 14.36280 5.28 1.0 3.699

5 High Speed 26 14.36300 5.28 1.0 3.699

6 High Speed 26 14.36320 5.28 1.0 3.699

Notes: 1) High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame
showing fracture coalescence occurs at the same time as the end of the High-Speed Video recording

2) The High Speed Video was obtained at a 5,000 frames per second rate

Fractures/Cracks Summary Table

Water Pressure at Water Pressure

Crack I D Crack Type Crack Initiation Normalized to the Sketch
Maximum Water

(MPa) Pressure

A(T)II Type II - Tensile 5.28 1.0 3

B(T)1  Type II - Tensile 5.28 1.0 3

C(T)11  Type II - Tensile 5.28 1.0 4

D(T) 1  Type II - Tensile 5.28 1.0 5

Coalescence Type: Direct (Category 6)

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time (Data in the following plots logged at 1 Hz)

- Water Pressure Sketch 2

Maximum Water Pressure

High-Res Sketches

- Volume Injected

SSketch 0

250 500 750 1000 1250 1500

Time (s)

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

5.30

5.25

a. 5.20

IV
Z 5.15
4A

a 5.10

5.05

5.00

4.95
1550

_____ 
Sketch:3 Sketdi 6
Sketch:3 Sketch 6

Water Pressure Sketch Z]
Max Water Pressure
High-Res Sketches

-W HS Video
Volume Injected

. HS Video

Noe OlHVskths3ad6aerpeetdThyapatobintesmponbcuewtte

- II

1555 1560 1565

Time (s)

1570 1575 15

3.85

3.80

3.75 E
V

3.70 *

C

3.65 _Z
E

3.60

3.55

Note: Only HSV sketches 3 and 6 are represented. They appear to be in the same point, because with the

time scale used in the plot it is not possible to differentiate the times when sketches 3 to 6 were taken.
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Water Pressure Vs Volume Injected

6.0
-Water Pressure vs Volume Injected Sketch 2

. HRes Sketches Sketch 1

4.0

2.0

1.0

Sketch 0
0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Volume Injected (cm3)
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Initial and Final Frames

'4

It"~ , XI

'4A

3 V~

i l~t . --

Sketch:

Frame:

vertical load)

Time:

piwter:

Gvertical:

Sketch:

Frame:

occurs)

Time:

pNater:

(Tvertical:

0 (High-Resolution Frame)

Initial (Right after applying

0 min 20 sec

0.05 MPa

0.0 MPa

6 (High-Speed Video Frame)

Final (Right after coalescence

26 min 14.36320 sec

5.28 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack and coalescence types based on Wong and Einstein (2009). When a crack does not correspond

to any of the types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) '-

A(Td)e Water Pressure
p_ 0 998 - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw

Crack

Shearing Direction

Point of Coalescence
White Patching

4* Crack Opening



Sketches

9

Sketch 0

Frame:

Time:

Pwater:

Gverfical:

Initial Configuration

Prismatic specimen:

Flaw Pairs:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 0072

0 min 20 sec

0.05 MPa

0.0 MPa

3"x6"xl"

2a= 1/2"

2a

300

00

All cracks are alphabetically labeled based on

their initiation order (unless otherwise stated).

I
Sketch 1

Still frame:

Time:

Pwater:

Overtical:

530

25 min - 06 sec

4.98 MPa

0.0 MPa

White patching starts to develop ahead of the

inner flaw tips and the outer tip of the left

flaw. There is also white patching near the

outer tip of the right flaw.
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564

26 min - 14 sec

5.27 MPa

0.0 MPa

White patching increases ahead of all the

flaw tips. It is narrow in the bridge between

flaws and ahead of the outer tip of the left

flaw. It is more disperse near the outer tip of

the right flaw.

I
Sketch 3

-3187

26 min - 14.36260 sec

5.28 MPa

0.0 MPa

Tensile crack A(T)1 initiates at the outer tip

of the left flaw roughly along the existing

white patches.

Simultaneously, tensile crack B(T)I1 initiates

near the inner tip of the right flaw, along the

existing white patches.

Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

HSV frame:

Time:

P water:

avertical:

B(T)II
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-3186

26 min - 14.36280 sec

5.28 MPa

0.0 MPa

Tensile crack A(T) 1 further develops along

the existing white patches.

Tensile crack C(T)1 initiates at the inner tip

of the left flaw, along the existing white

patches in a direction approximately coplanar

with the pre-existing flaws.

-3185

26 min - 14.36300 sec

5.28 MPa

0.0 MPa

Tensile crack B(T)1 propagates further along

the existing white patches in a direction

approximately coplanar with the pre-existing

flaws.

Tensile crack D(T)1 initiates at the outer tip

of the right flaw
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Sketch 4

HSV frame:

Time:

pwater:

GverticaI:

B(T)1

Sketch 5

HSV frame:

Time:

Pwater:

Overtical:

C(T)I

A(T)I

D (T)

C(T)II B(T)I

A(T)II



Sketch 6

HSV frame:

Time:

Pwater:

Gvertical:

-3184

26 min - 14.36320 sec

5.28 MPa

0.0 MPa

Coalescence

Tensile cracks C(T)1 and B(T)1 propagate

further and coalesce in the middle of the

bridge between flaws (marked with circle).

Crack D(T)1 propagates further.

Notes:

The cracks A(T) 1 and D(T)I1 extend until they reach the edges of the specimen.

This was the first laboratory hydraulic fracturing test performed in this research project. The data

acquisition logged the water pressure and the volume injected every 1.0 sec. This sampling rate

does not allow to relate the drop in water pressure at (or near) failure with imagery results in a

meaningful way. All the tests performed after the current test were logged using a higher

sampling rate.
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Specimen ID: Gr-2a-30-0-VLO-INC5-B

Test Date: 03/25/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until

Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cmi)

0.00 0.00 4.44 6.805

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Ijected

Number Type of Frame Pressure
(min) (sec) (MPa) (cm 3)

0 High Resolution 13 55 0.00 0.001 0.073

1 High Resolution 35 51 3.50 0.787 5.911

2 High Resolution 38 21 4.00 0.900 6.394

3 High Resolution 40 5 4.44 0.999 6.801

4 High Speed 40 8.90324 4.43 0.997 6.805

5 High Speed 40 8.90339 4.43 0.997 6.805

6 High Speed 40 8.90346 4.43 0.997 6.805

7 High Speed 40 8.90353 4.43 0.997 6.805

8 High Speed 40 8.90360 4.43 0.997 6.805

9 High Speed 40 8.90382 4.43 0.997 6.805

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water
(MPa) Pressure

A(T) 1  Type II - Tensile 4.43 1.0 4

B(T)n Type II - Tensile 4.43 1.0 4

C(T)! Type II - Tensile 4.43 1.0 8

Coalescence Type: Coalescence (Category 6)
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Notes:
(I) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

7.0

6.0

am 5.0

2 4.0
tA

3.0

m2.0

1.0

0.0
7

Water Pressure

Maximum Water Pressure

- High-Res Sketches

-Volume Injected Sketch 2

- Sketch 1 -

Sketch

- I

1000.0 1250.0 1500.0 1750.0 2000.0

7.0

6.0

5.0

4.0
C

3.0 -
E

2.0 -

1.0

0.0
2250.0 2500.0

Time (s)

Note: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

Water P
Max Wa
High-Re

D HSV Ske

Volume
.HS Vide

2380.0 2385.0

Sketch 3 :f

Sketc~h4

Sketch 9

ressure
ter Pressure

s Sketches
tches
Injected
0

2390.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data

I
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

4.45

4.44

S 4.43

4.42

4.41

4.40
240

High-Res Sketches

HSV Sketches

- Volume Injected

. - - HS Video

5 2406.0 2407.0 2408.0 2409.0

- 5.42

- 5.40

- 5.38 .!

E

- 5.36

1- 5.34
2410.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.

Water Pressure Vs Time (Last 1.2 seconds of the Test)

0I

4.46 -

4.44 -

4.42 -

4.40 -

4.38 -

4.36 --
2407.8

-I I 1

2408.0 2408.2 2408.4 2408.6 2408.8 2409.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) This plot was obtained based on pressure data logged every time there was an AE hit, as opposed
to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average at 0.1 sec-
intervals was applied to these data. This explains the slight differences between this and the previous plots
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Sketch 4

- Water Pressure

Max Water Pressure

Sketch 4

Sketch 9

-Water Pressure

l HSV Sketches

.0



Water Pressure Vs Volume Injected

5.0 -
-- Water Pressure vs Volume Injected Sketch 3 .

Sketch 2
4.0 - High-Res Sketches

Sketch 1

3.0

1.0 -

TSketch 
0

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm 3)

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.
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Initial and Final Frames

.41

~A ~r 'A
0

~ -~ All

lip 4-7

Sketch:

Frame:

vertical load)

Time:

P vrater:

Gvertical:

Sketch:

Frame:

occurs)

Time:

P water:

Overtical:

0 (High-Resolution Frame)

Initial (Right after applying

13 min 51 sec

0.0 MPa

0.0 MPa

9 (High-Speed Video Frame)

Final (Right after failure

40 min - 8.90382 sec

4.43 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein. no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) '_

A(T)l Water Pressure
p w* I)99 - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack

Sheanng Direction
Point of Coalescence
White Patching

4+ Crack Opening
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Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 210

13 min 51 sec

0.00 MPa

0.0 MPa

3"x6"x 1"

2a=1/2"

2a=1/2"

300

00

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

Pwater:

Gverticai:

472

35 min - 51 sec

3.50 MPa

0.0 MPa

White patching starts to develop at both tips of

the left flaw and near the outer tip of the right

flaw.

Sketches

Sketch 0
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0,00

0,00

'00

*00



502

38 min - 21 sec

4.00 MPa

0.0 MPa

White patches continue to develop from both

tips of the left flaw and near the outer tip of

the right flaw. White patching also starts to

develop at the inner tip of the right flaw.

I
Sketch 3

40 min - 5

4.83

0.0

534

sec

MPa

MPa

Narrow white patching develops in the bridge

between inner flaw tips.

Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

Still frame:

Time:

pwater:

Overtical:
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-4838

40 min - 8.90324 sec

4.43 MPa

0.0 MPa

Two segments of tensile crack A(T)II initiate

at and near the inner tip of the right flaw and

tensile crack B(T)1 initiates near the outer tip

of the right flaw.

White patching develops away from the

outer tip of the left flaw.

I

Sketch 5

-4836

40 min - 8.90339 sec

4.43 MPa

0.0 MPa

Tensile crack A(T)1 propagates further

through the linkage and extension of the

existing segments. Tensile crack B(T)1

propagates further through the extension of

the existing segment.

White patching develops near the outer tip of

the right flaw.

Sketch 4

HSV frame:

Time:

Pwater:

Gvertical:

B(T)2 ,

A(T)I

HSV frame:

Time:

Pwater:

Gvertical:B(T)-I

A(T)I
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-4835

40 min - 8.90346 sec

4.43 MPa

0.0 MPa

Tensile cracks A(T)I1 and B(T)1 open and

propagate further through the extension of their

existing segments.

White patching develops near the outer tip of

the right flaw.

Sketch 7

-4834

40 min - 8.90353 sec

4.43 MPa

0.0 MPa

Coalescence

Tensile cracks A(T)1 and B(T)1 propagate

further through the extension of their existing

segments. Tensile crack A(T)I1 coalesces with

the inner tip of the left flaw.

White patching develops near the outer tip of

the left flaw.

Sketch 6

HSV frame:

Time:

Pwater:

Gvertical:

A(T)i

HSV frame:

Time:

Pwater:

Overtical:
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-4833
40 min - 8.90360 sec

4.43 MPa

0.0 MPa

Two segments of tensile crack C(T)1 initiate

at and near the outer tip of the left flaw.

-4830

40 min - 8.90382 sec

4.43 MPa

0.0 MPa

Tensile crack C(T)ii opens and propagates

further through the extension and linkage of

the existing segments.

Notes:

Post-testing visual analysis shows that cracks B(T)1 and C(T)1 reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).
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Sketch 8

HSV frame:

Time:

pwater:

Gvertical:

Sketch 9

HSV frame:

Time:

Pwater:

Overtical:

B(T)

C(T)II

B(T)I

A(T)II

C(T)I



Acoustic Emission Analysis

Gr-2a-30-0-VLO-INC5-B From Sketch 2 to Sketch 3
1st P-Wave Amplitude

160.0 -

140.0
4

120.0 -

100.0
3

80.0 -

60.0 -

40.0 -

20.0 -

0.0
0.0 20.0 40.0

x (mm)

60.0 80.0

Gr-2a-30-0-VLO-INC5-B From Sketch 3 to Sketch 9
1st P-Wave Amplitude

160.0

140.0
4-

120.0

100.0
3

E 80.0 -

60.0 -

2 "

40.0 -

20.0 -

0.0
0.0 20.0 40.0

x (mm)

k's

60.0 80.0

-Boundary

-Flaws

. Sensors

- Events<50dB

50dB< Events< 65dB

Events>65dB

Time Period:

From Sketch 3 to Sketch 9

Time Window:

From 40 min 5 sec to 40 min 8.90382 sec

Pwater:

Decreased from 4.44 MPa to 4.43 MPa

Gvertical:

Constant at 0 MPa

Ampist-Arrivas (Average) = 59.43 dB

Notes:

Many mid- and some high- amplitude

events detected around the flaws, some of

them located in the bridge between inner

flaw tips, at the place where crack A(T)ii

developed.
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-~I

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 38 min 21 sec to 40 min 5 sec

Pwater:

Increased from 4.0 MPa to 4.44 MPa

Gvertical:

Constant at 0 MPa

AmpstP-Arrivas (Average)= 59.17 dB

Notes:

No events were detected before Sketch 2.

Many mid- (50dB < Amp. < 65dB) and

some high- (Amp. > 65dB) amplitude

events detected around the flaws,

especially above the left flaw.

E

I U

I - * I
2

I I

I I

- Boundary

- Flaws

* Sensors

Events<5OdB

50d B< Events< 65dB

Events>65dB
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Gr-2s-30-0-VLO-INC5-B After Sketch 9
1st P-Wave Amplitude

.0 20.0 40.0

x(MM)

5

- Boundary

-Flaws

. Sensors

Events<50d B

50dB< Events < 65dB

Events>65dB

60.0 80.0

160.0 -

140.0

120.0 -

100.0

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.

Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor1 40 17.63410

Sensor 2 40 17.63410

Sensor 3 40 17.63409

Sensor 4 40 17.63412

Sensor 5 40 17.63411

Sensor 6 40 17.62965

Sensor 7 40 17.63409

Sensor 8 40 17.63412
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4"1

.. I

Time Period:

From Sketch 9 to last AE event

Time Window:

From 40 min 8.90382 sec (Last HSV Frame

used) to 40 mmi 17.63411 sec

Pwater:

Decreased from 4.43 MPa to 0.01 MPa

Uvertical:

Constant at 0 MPa

AmpIstPArrivals (Average)= 63.44 dB

Notes:

Few acoustic events detected around the

flaw, most of them away from the flaw tips.

Not many events were localized near or

along visible propagated cracks. Events are

more spread-out than in the previously

analyzed stage.

E 80.0 -

60.0 -

2-/

40.0-

20.0 -

0.0
0
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Water Pressure and Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Time
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Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)
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Sketch I
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Sketch I
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Amplitude of the Is P-wave Arrivals of the Acoustic Events Vs Water Pressure

Sketch 1

Sketch 2

Sketch3 II-,

4
M

E

2.0 3.0

Water Pressure (MPa)

I
Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

/

Sketch 3.-

4 4

+ Acoustic Emission Events

4.2

Water Pressure (MPa)
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Sketch 0
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Water Pressure and Cumulative Number of Hits and Events Vs Time

5.0 -5000

- Water Pressure Sketch 3

High-Res Sketches Sketch 2,
4.0 4000
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-- Cumulative Event Count
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2.0 -2000
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Water Pressure and Cumulative Number of Hits and Events Vs Time (Last Water

Pressure Increment)
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Specimen ID: Gr-2a-30-0-VLO-INC5-C

Test Date: 02/21/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cmr)

0.00 0.00 4.45 5.405

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition NoWataezed Water Injected
Number Type of Frame Pressure

(min) (sec) (MPa) (cm )

0 High Resolution 2 43 0.06 0.014 0.640

1 High Resolution 21 9 3.45 0.776 4.451

2 High Resolution 23 45 3.95 0.887 4.926

3 High Resolution 26 23 4.40 0.990 5.390

4 High Speed 26 24.32322 4.41 0.990 5.405

5 High Speed 26 24.32344 4.41 0.990 5.405

6 High Speed 26 24.32372 4.41 0.990 5.405

7 High Speed 26 24.32387 4.41 0.990 5.405

8 High Speed 26 24.32415 4.41 0.990 5.405

9 High Speed 26 24.32444 4.41 0.990 5.405

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure

Crack ID Crack Type Crack Initiation Normalized to the
Maximum Water Sketch

(MPa) Pressure

A(T)n Type II - Tensile 4.41 1.0 4

B(T)n Type II - Tensile 4.41 1.0 5

C(T)1  Type II - Tensile 4.41 1.0 6

D(T)it Type II - Tensile 4.41 1.0 8

Coalescence Type: Coalescence (Category 6)

564

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

6.0

5.0 -

4.0 -

IA 3.0 -

2.0 -

1.0 -

0.0 -
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0

6.0

- 5.0

E
4.0 %w

-3.0 .$

E
- 2.0 E

-2 0

- 1.0

- 0.0
1750.0

Time (s)

Note: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

1575.0

Time (s)

1580.0 1585.0

- 5.50

5.48

5.46 E

5.44

5.42
E

- 5.40 *

- 5.38

5.36
1590.0

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data
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<- SketchO0
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Sketch 9:

Sketch 4
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

4.42 .5.42

~~ 4.41 Sketch 4 54' M ' 4 .4 1 -5 .4 0

L 4.40 - Water Pressure 5.38 .2.
43 C

Max Water Pressure

High-Res Sketches
M 0

a 4.39 - D HSV Sketches 5.36 >
- Volume Injected

. HS Video

4.38 5.34

1580.0 1581.0 1582.0 1583.0 1584.0 1585.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.

Water Pressure Vs Time (Last 1.2 seconds of the Test)

4.46 -

4.44

M

4.40 -Sketch 4

M Sketch 9

4.38
-- Water Pressure

El HSV Sketches

4.36

1583.4 1583.6 1583.8 1584.0 1584.2 1584.4

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) This plot was obtained based on pressure data logged every time there was an AE hit, as opposed

to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average at 0.1 sec-

intervals was applied to these data. This explains the slight differences between this and the previous plots
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Water Pressure Vs Volume Injected
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4.0 -

M

~3.0-

1A

S2.0-

1.0

A

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Volume Injected (cm 3)

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.
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Initial and Final Frames

-ArV

-o r ,b

4,4

"w4'

Sketch:

Frame:

Time:

p ater:
GverticaI:

0 (High-Resolution Frame)

Initial

2 min 43 sec

0.06 MPa

0.0 MPa

Sketch:

Frame:

occurs)

Time:

Pwater:

Gvertical:

9 (High-Speed Video Frame)

Final (Right after failure

26 min 24.32444 sec

4.41 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Lenend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered)

A(T)1 Water Pressure
* 0.998 - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw

Crack
Shearing Direction

Point of Coalescence
White Patching

4* Crack Opening
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Sketch 0

Frame:

Time:

P'ater:

GverticaI:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 201

2 min 43 sec

0.06 MPa

0.0 MPa

3"x6"x1"

2a=1/2"

2a=1/2"

300

00

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

I
Sketch 1

Still frame:

Time:

pwater:

Gvertical:

421
21 min - 9 sec

3.45 MPa

0.0 MPa

White patching starts to develop at both tips of

the left flaw and at the outer tip of the right

flaw.

0
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452

23 min - 45 sec

3.95 MPa

0.0 MPa

White patches continue to develop from the

inner tip of the left flaw and from the inner tip

of the right flaw.

I
Sketch 3
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26 min - 23 sec

4.40 MPa

0.0 MPa

White patches continue to develop from the

outer tips of both flaws.
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Sketch 2

Still frame:

Time:

pw~ater:

Gvertical:

04x0

Still frame:

Time:

Pwater:

Gvertical:

goo

0400

00



-6378

24 min - 24.32322 sec

4.41 MPa

0.0 MPa

Tensile crack A(T)II initiates at the outer tip

of the left flaw.

White patching continues to develop at the

inner tip of left flaw and starts to develop in

the bridge between flaw tips and above the

inner tip of the right flaw.

Sketch 5

HSV frame:

Time:

Pwater:

Overtical:

-6375

24 min - 24.32344 sec

4.41 MPa

0.0 MPa

Tensile crack A(T)I1 propagates further

through the initiation of new segments and

the extension of the existing segment.

Tensile crack B(T)1 initiates near the inner

tip of the left flaw.

White patching continues to develop in the

bridge between flaw tips and above the inner

tip of the right flaw. Small areas with white

patches also initiate ahead of crack A(T)1

and above the outer tip of the right flaw.
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Sketch 4

HSV frame:

Time:

Pwater:

Gvertical:

B(T)1 /

fA(T)Y
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-6371

24 min - 24.32372 sec

4.41 MPa

0.0 MPa

Tensile crack A(T)1 propagates further through

the extension and linkage of existing segments.

Tensile crack B(T)1 propagates further through

the initiation of new segments and the extension

of the existing segment

Two segments of tensile crack C(T)I1 initiate at

and near the inner tip of the right flaw.

White patching continues to develop in the

bridge between flaw tips and above the outer tip

of the right flaw.

-6369

24 min - 24.32387 sec

4.41 MPa

0.0 MPa

Tensile cracks A(T)1 and B(T)1 propagate

further through the linkage of existing segments.

Tensile crack C(T)I1 propagates further through

the extension of existing segments.

More white patching develops near the inner tip

of the left flaw.

Sketch 6

HSV frame:

Time:

Pwater:

(Tverfical:

B(T)I

/A(T)II

Sketch 7

HSV frame:

Time:

Pwater:

Gvertical:

C(T)"B(T)11

A(T)1
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-6365

24 min - 24.32415 sec

4.41 MPa

0.0 MPa

Tensile cracks B(T)I1 and C(T)1 propagate

further through the linkage and extension of

existing segments.

Tensile crack D(T)1 initiates and propagates

through from the outer tip of the right flaw.

-6361

24 min - 24.32444 sec

4.41 MPa

0.0 MPa

Coalescence

Crack C(T)i1 propagates further and

coalesces with the inner tip of the left flaw.

Crack D(T)I1 propagates further and all its

segments get interconnected.

Post-testing visual analysis shows that cracks A(T)1 and D(T)I1 reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).

9
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Sketch 8

HSV frame:

Time:

Pwater:

UverticaI:

D(T))

B(T)II C(T)II

A(T)II

Sketch 9

D(T)I1

B(T)II C(T)II

A(T)I

HSV frame:

Time:

Pwater:

Gvertical:

Notes:



Acoustic Emission Analysis

Gr-2a-30-0-VLO-INC5-C From Sketch 0 to Sketch 1
1st P-Wave Amplitude

160.0

140.0

120.0

100.0
3

E 80.0 -

60.0 -

40.0 -

0.0

0.0 20.0 40.0

x (mm)

\,-5

- Boundary

-Flaws

0 Sensors

Events<50dB

50dB< Events< 65dB

Events>65dB

60.0 80.0

Gr-2a-30-0-VLO-INC5-C From Sketch 1 to Sketch 2
1st P-Wave Amplitude

160.0

140.09
4

120.0

100.0 I

80.0 -

60.0

40.0 -

200 -

1n

0.0 20.0 40.0

x (mm)

60.0 80.0

Time Period:

From Sketch 0 to Sketch 1

Time Window:

From 2 min 43 sec to 21 min 9 sec

Pwater:

Increased from 0.06 MPa to 3.45 MPa

Gvertical:

Constant at 0 MPa

Ampst-Arrivals (Average) = 86.39 dB

Notes:

Only one AE event detected in this

stage.

Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 21 min 9 sec to 23 min 45 sec

Pwater.

Increased from 3.45 MPa to 3.95 MPa

Gvertical:

Constant at 0 MPa

Ampist-Arrivals (Average) = 63.93 dB

Notes:

Only three events detected near the left

flaw.
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Gr-2a-30-0-VLO-INC5-C From Sketch 2 to Sketch 3
1st P-Wave Amplitude

160.0 -1

0.0 20.0 40.0

x (mm)

60.0

-5

'-6

- Boundary

-Flaws

0 Sensors

Events<SOd B

50dB< Events< 65dB

Events>65dB

80.0

Gr-2a-30-0-VLO-INC5-C From Sketch 3 to Sketch 9
1st P-Wave Amplitude

0.0 20.0 40.0

x (mm)

5

6

_,

60.0 80.0

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 23 min 45 sec to 26 min 23 sec

pwater:

Increased from 3.95 MPa to 4.40 MPa

GverticalI:

Constant at 0 MPa

Ampst-Arrivas (Average) = 69.58 dB

Notes:

Many mid-amplitude (50 dB < Amp <

65dB) and high-amplitude (Amp > 65dB)

events detected around the flaws. There is a

high concentration of events ahead of the

outer tip of the left flaw, where visible

cracks later developed. There are not many

events localized in the bridge between flaw

tips.

Time Period:

From Sketch 3 to Sketch 9

Time Window:

From 26 min 23 sec to 26 min 24.32444 sec

(Last HSV Frame used)

pwater:

Increased from 4.40 MPa to 4.41 MPa

GverticalI:

Constant at 0 MPa

Ampst-Arrivas (Average)= 71.55 dB

Notes:

Few mid-amplitude and some high-

amplitude events, detected around the flaws.

Most of the events are not located where

white patching was observed.

Events are more spread-out than in the

previously analyzed stage
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Gr-2a-30-0-VL5-INC5-C After Sketch 9
1st P-Wave Amplitude

160.0

140.0
4

120.0

100.0
3

80.0 -

60.0 -

40.0

20.0 -

nn' , ,I
0.0 20.0 40.0

x (mm)

5.s.

-8

60.0 80.0

-Boundary

-Flaws

0 Sensors

Events < 50d B

50d B< Events< 65dB

Events > 65d B

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.

Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 26 33.07403

Sensor 2 26 33.19278

Sensor 3 26 33.20736

Sensor 4 26 33.20738

Sensor 5 26 33.20741

Sensor 6 26 33.19159

Sensor 7 26 33.15445

Sensor 8 26 33.07397

576

Time Period:

From Sketch 9 to last AE event

Time Window:

From 26 min 24.32444 sec (Last HSV

Frame used) to 26 min 32.23367 sec

Pwater:
Decreased from 4.41 MPa to -0.04 MPa

Gvertical:

Constant at 0 MPa

Ampist.Arrivas (Average)= 81.02 dB

Notes:

Few mid- and high-amplitude events

detected around the flaw, most of them

away from the flaw tips. Not many events

were localized near or along visible

propagated cracks. Events are more spread-

out than in the previously analyzed stage,

indicating a possible effect of the water

seeping through micro-cracks opened

during the previous stages.
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Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time
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Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure
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Water Pressure and Cumulative Number of Hits and Events Vs Time
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Specimen ID: Gr-2a-30-0-VL5-INC5-A1

Test Date: 03/20/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

9.35 5.00 4.95 5.562

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 6 9 0.00 0.000 0.339

1 High Resolution 26 19 3.97 0.803 4.721

2 High Resolution 28 29 4.45 0.899 5.135

3 High Resolution 30 35 4.94 0.998 5.559

4 High Speed 30 36.35079 4.93 0.997 5.562

5 High Speed 30 36.35115 4.93 0.997 5.562

6 High Speed 30 36.35165 4.93 0.997 5.562

7 High Speed 30 36.35222 4.93 0.997 5.562

8 High Speed 30 36.35294 4.93 0.997 5.562

9 High Speed 30 36.35258 4.93 0.997 5.562

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water
(MPa) Pressure

A(T)1  Type I - Tensile 4.93 1.0 4

B(T)i Type I - Tensile 4.93 1.0 4

Coalescence Type: No coalescence

580

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

6.0

5.0

a.
4.0

S3.0

'U 2.0

1.0

0.0
0.0 500.0 1000.0 1500.0 2000.0

Time (s)

Note: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

4.96

4.95

CL.
4.94

IA 4.93

4.92

4.91

4.90
1810.0 1815.0 1820.0 1825.0 1830.0 1835.0 1840.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

4.95 5.60

4.94 -ketch 3 Sketch 4 -554.94 -rs- 5.58 .
E

High-Res Sketches

4.92 - HSV Sketches -5.54

-Volume Injected
------HS Video

4.91 5.52

1833.0 1834.0 1835.0 1836.0 1837.0 1838.0

Time (s)

Notes: (1) Only HSV sketches 4 and 8 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 8 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.

Water Pressure Vs Time (Last 1.2 seconds of the Test)

4.94

4.92 -

4.90-

4.86-
-- Water Pressure

49 HSV Sketches
4.84

1835.4 1835.6 1835.8 1836.0 1836.2 1836.4 1836.6

Time (s)

Notes: (1) This plot was obtained based on pressure data logged every time there was an AE hit, as opposed

to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average at 0. 1 sec-

intervals was applied to these data. This explains the slight differences between this and the previous plots.

Since in this test the HSV trigger was not logged every time there was an AE hit, it was not possible to

accurately locate theHSV sketches in this plot.
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Water Pressure Vs Volume Injected

6.0 -
- Water Pressure vs Volume Injected Sketch 3 ,

5.0 - o High-Res Sketches Sketch 2

Sketch 1
4.0 -

3.0

+ 2.0

1.0

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm 3)

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.
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Initial and Final Frames

-A

4

" *

4

44t

+

Sketch:

Frame:

vertical load)

Time:

pwater:

Sketch:

Frame:

occurs)

Time:

PN 'ater:

Uvertical:

0 (High-Resolution Frame)

Initial (Right after applying

8 min 4 sec

0.01 MPa

5.0 MPa

8 (High-Speed Video Frame)

Final (Right after failure

41 min - 23.89295 sec

5.43 MPa

5.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.

584

Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) _ I

A(T) Water Pressure
p * .998 -- Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack
Sheanng Direction

Point of Coalescence
White Patching

4 Crack Opening



Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 211

6 min 9 sec

0.00 MPa

5.0 MPa

3"x6"x "

2a=1/2"

2a=1/2"

300

00

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

Pwater:

GverticaI:

452

26 min - 19 sec

3.97 MPa

5.0 MPa

White patching starts to develop at the inner tip

of the left flaw and near the inner tip of the

right flaw. White patching is also observed at

and near the outer tip of the right flaw.

Sketches

Sketch 0
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478

28 min - 29 sec

4.45 MPa

5.0 MPa

White patches starts to develop from the outer

tip of the left flaw and continues to develop

from the remaining flaw tips.

Sketch 3

530

30 min - 35 sec

4.94 MPa

5.0 MPa

White patching continues to develop from the

inner tip of the left flaw and from the outer tip

of the right flaw tip in an upward direction.

White patching develops in a downward

fashion from the outer tip of the left flaw and

from the inner tip of the right flaw.

White patches are also visible below the inner

tip of the left flaw.
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Sketch 2

Still frame:

Time:

Pwater:

Gvertical:00*0

40x

00x*
xx0

Still frame:

Time:

pwater:

Overtical:



-9020

30 min - 36.35079 sec

4.93 MPa

5.0 MPa

Three segments of tensile crack A(T), initiate

at and near the outer tip of the left flaw.

One segment of tensile crack B(T), initiates

near the inner tip of the left flaw.

White patching continues to develop away

from both tips of the left flaw, ahead of the

existing white patches.

I

Sketch 5

-9015

30 min - 36.35115 sec

4.93 MPa

5.0 MPa

Tensile crack A(T), propagates further

through the extension of two of the existing

segments.

Tensile crack B(T), propagates further

through the extension of the existing

segment.

I
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Sketch 4

HSV frame:

Time:

Pwater:

Uvertical:

HSV frame:

Time:

Pwater:

Uvertical:

B(T) I

A(T)i

400
B(T)I,

eoool

000



-9008

30 min - 36.35165 sec

4.93 MPa

5.0 MPa

Tensile crack A(T)i propagates further through

the extension of an existing segment and the

initiation of a new one.

Two new segments of tensile crack B(T)

initiate away from the inner tip of the left flaw.

ketch 7

-9000

30 min - 36.35222 sec

4.93 MPa

5.0 MPa

Tensile crack A(T), propagates further through

the initiation of two segments ahead of the

existing ones.

Tensile crack B(T), propagates further through

the linkage and extension of its existing

segments.

Sketch 6

HSV frame:

Time:

Pwater:

Gvertical:

B(T)i

A(T)j

HSV frame:

Time:

pwater:

Overtical:

B(T)i

A(T)1
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Sketch 8

HSV frame:

Time:

Pwater:

Uvertical:

-8995

30 min - 36.35294 sec

4.93 MPa

5.0 MPa

Tensile crack A(T), opens and propagates

further through the linkage and extension of the

existing segments.

Tensile crack B(T), opens and propagates

further through the extension of an existing

segment and the initiation of two new segments.

Sketch 9

HSV frame:

Time:

Pwater:

Uvertical:

-8990

30 min - 36.35294 sec

4.93 MPa

5.0 MPa

Tensile crack A(T), propagates further through

the linkage of all its existing segments.

Tensile crack B(T), propagates further through

the linkage and extension of its existing

segments and through the initiation of a new

segment ahead of the existing crack. Crack

B(T), does not reach the boundaries of the

specimen.

Notes:

Post-testing visual analysis shows that crack A(T), reaches the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).
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Acoustic Emission Analysis

Gr-2a-30-0-VL5-INC5-A1
1st P-Wave

160.0 1

140.0
4

1200

100.0
3-'

80.0 -

.0 20.0 40.0

x (mm)

- From Start to Sketch 0
Amplitude

-5

60.0 80.0

Gr-2a-30-0-VL5-INC5-A1 - From Sketch 0 to Sketch 1
1st P-Wave Amplitude

60.0

2

40.0

20.0

1 1)
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X"(mm)

5

-

60.0 80.0

-Boundary

- Flaws

N Sensors

Events <50dB

50dB < Events < 65dB

Events> 65dB

Time Period:

From Sketch 0 to Sketch 1

Time Window:

From 6 min 9 sec to 26 min 19 sec

Pwater:

Increased from 0.0 MPa to 3.97 MPa

Gvertical:

Constant at 5.0 MPa

AmpistP-Arrivais (Average) = 66.04 dB

Notes:

Few mid- and high- amplitude events

detected near the bottom boundary of the

specimen, probably still related to the

contact between the loading frame and

the specimen.

Few events detected slightly ahead of the

outer tip of the right flaw, near an area

where white patches developed.
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Time Period:

From Start to Sketch 0

Time Window:

From 0 min 0 sec to 6 min 9 sec

Pwater:

Approximately constant at 0.00 MPa

Gvertical:

Increased from 0.0 MPa to 5.0 MPa

Ampist-Arrivas (Average)= 71.50 dB

Notes:

Many high- (Amp. > 65dB) and some

mid- (50dB < Amp. < 65dB) amplitude

events detected near the top and bottom

boundaries of the specimen, related to the

contact between the loading frame and

the specimen.
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Gr-2a-30-0-VL5-INC5-A1 - From Sketch 1 to Sketch 2
1st P-Wave Amplitude

160.0 -1

0.0 20.0 40.0

x (mm)

5

- Boundary

- Flaws

0 Sensors

Events< 50dB
50dB< Events< 65dB

Events>65dB

60.0 80.0

Gr-2a-30-0-VL5-INC5-A1 - From Sketch 2 to Sketch 3
lst P-Wave Amplitude

*~ 66

6~

6~

I~ .,~*

0.0 20.0 40.0

x (mm)

I

p

us.

-5-

I

I

60.0

5

7

8
80.0

Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 26 min 19 sec to 28 min 29 sec

Pwater.

Increased from 3.97 MPa to 4.45 MPa

Gvertical:

Constant at 5.0 MPa

Ampist-Arrivas (Average) = 59.70dB

Notes:

Two mid-amplitude and one high-

amplitude event detected ahead of outer

tip of the left flaw.

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 28 min 29 sec to 30 min 35 sec

Pwater:

Increased from 4.45 MPa to 4.93 MPa

GverticalI:

Constant at 5.0 MPa

AmpistI-Arrivas (Average)= 60.79 dB

Notes:

Many mid- and high- amplitude events

detected around the flaws, most of them

located ahead of the outer flaw tips.

Some events are located near observed

white patching, indicating a possible

relation between the white patches and

the AE events. However, the large

amount of events detected ahead of the

outer flaw tips seems to indicate

considerable damage also in these

regions.
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Gr-2a-30-0-VLS-INCS-A1 - From Sketch 3 to Sketch 9
1st P-Wave Amplitude

.0 20.0 40.0

X (MM)

60.0

5

- Boundary

-Flaws

0 Sensors

Events<50dB

50dB < Events < 65dB

Events >65d B

80.0

Gr-2a-30-0-VL5-INCS-A1 - After Sketch 9
1st P-Wave Amplitude

160.0 1 .1

20.0

0.0
0. 20.0 40.0

x mm)

K 6

k_

60.0 80.0

160.0

140.0

4 -

120.0

100.0

Time Period:

After Sketch 8

Time Window:

From 30 min 36.35294

to 30 min 53.89861 sec

Pwater:

Decreased from 4.93 MPa to -0.04 MPa

Uvertical:

Constant at 5.0 MPa

Ampist-Arrivas (Average) = 64.74 dB

Notes:

Some mid- and few high- amplitude events

detected below the flaw, most of them

located near or along the crack that

developed from the outer tip of the left

flaw, A(T)I.

As in the previous analyzed stage, very low

activity was observed around the right flaw.

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.
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Time Period:

From Sketch 3 to Sketch 9

Time Window:

From 30 min 35 sec to 30 min 36.35294 sec

Pwater:
Decreased from 4.94 MPa to 4.93 MPa

Overtical:

Constant at 5.0 MPa

Ampist.Arrivals (Average) = 62.85 dB

Notes:

Some mid- and high- amplitude events

detected around the left flaw. Two events

are located along the crack that developed

from the outer tip of the left flaw, A(T)I.

Very low activity around the right flaw,

which is expected since no visible cracks

developed from this flaw.
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Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 30 53.93271

Sensor 2 30 53.95184

Sensor 3 30 53.93797

Sensor 4 30 53.97375

Sensor 5 30 53.93711

Sensor 6 30 53.89859

Sensor 7 30 53.54281

Sensor 8 30 53.54278
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Water Pressure and Amplitude of the 1St P-wave Arrivals of the Acoustic Events Vs Time

6.0 - 120.0
- Water Pressure Sketch 3

5.0 High-Res Sketches 100.0
+ Acoustic Events Sketch 2

0. Sketch I
S4.0 -- 80.0

3.0 - + * 60.0

2.0 40.0

1.0 20.0
E

0.0 _.0
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Time (s)

Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)

5.1 - 120.0
- Water Pressure Sketch 3 ,

4.9 - High-Res Sketches
+ Acoustic Events

S4.7 - : - 80.0

Sketch 2
A 4.5 -- 60.0

* 4.3 40.0 6

4.1 -- 20.0
E
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Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

Sketch 0
Sketch 1

Sketch 2-

Sketch 3 -

* I
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9 9
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4
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Water Pressure (MPa)
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Amplitude of the 11t P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

Sketch 2
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4
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*
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Water Pressure and Cumulative Number of Hits and Events Vs Time
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Specimen ID: Gr-2a-30-0-VL5-INC5-B

Test Date: 07/04/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

8.90 4.67 6.45 8.397

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Type of Frame Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 1 36 -0.02 -0.002 0.003

1 High Resolution 31 36 5.48 0.851 7.223

2 High Resolution 33 54 5.98 0.928 7.846

3 High Resolution 35 46 6.44 0.999 8.397

4 High Speed 35 47.36007 6.41 0.994 8.391

5 High Speed 35 47.36064 6.41 0.994 8.391

6 High Speed 35 47.36086 6.41 0.994 8.391

7 High Speed 35 47.36100 6.41 0.994 8.391

8 High Speed 35 47.36136 6.41 0.994 8.391

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type MakiemtateMaximum Water
(MPa) Pressure

A(T) Type I - Tensile 6.41 1.0 4

B(T) Type I - Tensile 6.41 1.0 4

Coalescence Type: No Coalescence (Category 1)
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Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

7.0

6.0

S5.0

a,

4.0

3.0

2.0

1.0

0.0
0 250 500 750 1000 1250 1500 1750 2000

Time (s)

225

I
Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

a)

a,

6.45

6.44

6.43

6.42

6.41

6.40

6.39
2120 2125 2130 2135 2140 2145

8.55

8.50

E
8.45 1

8.40 .
C

E8.35 =
8

8.30

8.25
2150

Time (s)

Note: Only HSV sketches 4 and 8 are represented. They appear to be in the same point, because with the

time scale used in the plot it is not possible to differentiate the times when sketches 4 to 8 were taken.
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Sketch 3
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High-Res Sketches

Volume Injected

Sketch

10.5

9.0

7.5 E

6.0 0

4.5
E

3.0 a

1.5

0.0
0

Water Pressure
Max Water Pressure Sketch 3
High-Res Sketches

11 HSV Sketches
Volume Injected

------ HS Video

Sketch:4 I:Sketch



A.
Water Pressure Vs Volume Injected

1.0 2.0 3.0 4.0 5.0

Volume Injected (cm3 )
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Initial and Final Frames

All.-'" -

-,7 $

Ai,i 4

V .~ 4%-

1.

.4F iiA).
-:; A

141 imp,

Sketch:

Frame:

vertical load)

Time:

P ater:
Gvertical:

Sketch:

Frame:

occurs)

Time:

Pwater:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

I min 36 sec

-0.02 MPa

4.67 MPa

8 (High-Speed Video Frame)

Final (Right after coalescence

35 min 47.36136 sec

6.41 MPa

4.67 MPa

Sketches - Legend

Note 1: Crack and coalescence types based on Wong and Einstein (2009). When a crack does not correspond

to any of the types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend

Crack Mode
Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) ~ A(T)1  Water Pressure

p-* 09 8 - Normalized to
Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack
Sheanng Direction
Point of Coalescence
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Sketches

6

Sketch 0

Frame:

Time:

Pwater:

Uvertical:

Initial Configuration

Prismatic specimen:

Flaw Pairs:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 30

1 min 36 sec

-0.02 MPa

4.67 MPa

3"x6"xl"

2a=1/2"

2a

300

00

All cracks are alphabetically labeled based on

their initiation order (unless otherwise stated).

I
Sketch 1

Still frame:

Time:

Pwater:

Gvertical:

521

31 min - 36 sec

5.48 MPa

4.67 MPa

White patching starts to develop above the

inner flaw tip of the left flaw and below the

inner flaw tip of the right flaw.

601

x00

/x

0,00

4000



Still frame:

Time:

Pwater:

Gvertical:

590

33 min - 54 sec

5.98 MPa

4.67 MPa

The white patching above the inner tip of the

left flaw increases. White patching ahead of

the outer tip of the right flaw can also be

observed.

Sketch 3

Still frame:

Time:

Pwater:

Gvertical:

646

35 min - 46 sec

6.44 MPa

4.67 MPa

White patches are observed below the outer

tip of the left flaw.

The white patches above the inner tip of the

left flaw and below the inner tip of the right

flaw propagate further. The latter propagates

downwards forming very narrow patches.

The white patching near the outer tip of the

right flaw propagates upward.
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Sketch 4

HSV frame:

Time:

P"ater:

Gvertical:

B(T)

A(T)1

Tensile crack A(T), initiates near the inner

tip of the right flaw along the existing white

patches.

Simultaneously, crack B(T), initiates at the

outer tip of the right flaw, along existing

white patches.

More white patching zones develop below

the inner tip of the right flaw and above the

outer tip of the right flaw. A small white

patching area can also be observed below the

outer tip of the left flaw, away from the flaw

tip.

Ske

B(T)i

A(T)i

-6117

35 min - 47.36007 sec

6.41 MPa

4.67 MPa

tch 5

HSV frame:

Time:

Pwater:

Gvertical:

-6109

35 min - 47.36064 sec

6.41 MPa

4.67 MPa

Tensile cracks A(T) and B(T) propagate

further along the existing white patches.

Several crack segments develop along the

existing white patches in the vicinity of crack

B(T)I. These segments are very likely linked

with B(T).

I
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Ske

)
B(T)

A(T)

B(T)i

A(T)i

tch 6

HSV frame:

Time:

Pwater:

Gvertical:

-6106

35 min - 47.36086 sec

6.41 MPa

4.67 MPa

Tensile cracks A(T), and B(T), propagate

further, through the connection of existing

cracks and initiation of new ones.

More white-patching develops in the region

below the inner tip of the right flaw, ahead of

the developing crack A(T)I.

I
Sketch 7

HSV frame:

Time:

Pwater:

Gvertical:

-6104

35 min - 47.36100 sec

6.41 MPa

4.67 MPa

Tensile crack A(T) propagates further along

the existing white patches, through crack

segments that develop slightly ahead of the

main crack A(T)I. All these segments are

very likely linked with A(T)I.
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Ske

B(T)i

A(T)

tch 8

HSV frame:

Time:

Pwater:

Gvertical:

-6099

35 min - 47.36136 sec

6.41 MPa

4.67 MPa

Tensile cracks A(T) and B(T), propagate

further and all their segments are connected

to each other.

There are no visible cracks developing from

the left flaw.

No coalescence occurs.

The cracks A(T)I and B(T)I extend until they

reach the edges of the specimen.

The cracks A(T), and B(T), extend until they reach the edges of the specimen.

The water pressure starts to drop slightly before the first cracks initiate (before sketch 3).

The pressure further drops after A(T)i and B(T)i fully develop (after sketch 8)
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Specimen ID: Gr-2a-30-0-VL5-INC5-C

Test Date: 03/26/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

8.45 5.00 5.14 5.818

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Type of Frame Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 5 49 0.03 0.007 0.730

I High Resolution 28 1 4.37 0.851 5.185

2 High Resolution 30 13 4.87 0.947 5.594

3 High Resolution 30 53 5.11 0.994 5.795

4 High Speed 30 56.00780 5.14 1.000 5.818

5 High Speed 30 56.00801 5.14 1.000 5.818

6 High Speed 30 56.00837 5.14 1.000 5.818

7 High Speed 30 56.00873 5.14 1.000 5.818

8 High Speed 30 56.00908 5.14 1.000 5.818

9 High Speed 30 56.00944 5.14 1.000 5.818

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type' Maximum Water
(MPa) Pressure

A(T) Type I - Tensile 5.14 1.0 4

B(T) Type I - Tensile 5.14 1.0 4

Coalescence Type: No coalescence (Category 1)
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Notes:

(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

7.0

6.0

5.0

4.0
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Note: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

5.20

5.15

Cm 5.10

5.05
[A

5.00

I 4.95

4.90

4.85
1830.0 1835.0 1840.0 1845.0 1850.0 1855.0 1860.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data
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- Water Pressure Sketch 3

Maximum Water Pressure Sketch 2
High-Res Sketches Sketch.1

-- Volume Injected

Sketch 0

-4-

Water Pressure Sketch 3
Max Water Pressure

K High-Res Sketches
-:W HSV Sketches

Volume Injected
- ------HS Video kth4-

Sketch 9
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1854.0 1855.0 1856.0 I

- - 5.84

5.83

E
5.82 .2..

5.81
C

5.80

5.79

- 5.78
857.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.

Water Pressure Vs Time (Last 1.2 seconds of the Test)

1855.2 1855.4 1855.6 1855.8 1856.0 1856.2

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) This plot was obtained based on pressure data logged every time there was an AE hit, as opposed

to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average at 0.1 sec-

intervals was applied to these data. This explains the slight differences between this and the previous plots
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)
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Water Pressure Vs Volume Injected

6.0 _

- Water Pressure vs Volume Injected Sketch 3
Sketch 25.0 - o High-Res Sketches Sketch 2

Sketch 1

4.0

+2.0-

1.0
Sketch 0

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm 3)

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.
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Initial and Final Frames

Iwo -7

ILi

W,

If

0? "PL

.4 ~ i

Sketch:

Frame:

vertical load)

Time:

piater:

Gvertical:

Sketch:

Frame:

occurs)

Time:

pVater:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

5 min 49 sec

0.03 MPa

5.0 MPa

9 (High-Speed Video Frame)

Final (Right after failure

30 min 56.00944 sec

5.09 MPa

5.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Sketches

0
Sketch 0

Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 241

5 min 49 sec

0.03 MPa

5.0 MPa

3"x6"xl"

2a=1/2"

2a=1/2"

300

00

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

I
Sketch 1

507

28 min - 1 sec

4.37 MPa

5.0 MPa

White patching starts to develop at both tips of

the right flaw.
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Still frame:

Time:

Pwater:

Uvertical:
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554

30 min - 13 sec

4.87 MPa

5.0 MPa

White patches continue to develop at and near

both tips of the right flaw.

Sketch 3

Still frame:

Time:

Pwater:

Gvertical:

568

30 min - 53 sec

5.11 MPa

5.0 MPa

White patches continue to develop from both

tips of the right flaw.

White patching initiates at the inner tip and

near the outer tip of the left flaw.
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Sketch 2

00x0

Still frame:

Time:

pwater:

GverticaI:

'00

.000

400



Sketch 4

B(T)j HSV frame: -7098

Time: 30 min - 56.00780 sec

P"ater: 5.14 MPa7vertical: 5.0 MPa
A(T)i Several segments of tensile crack A(T)

initiate at and near the inner tip of the right

flaw.

Several segments of tensile crack B(T)i

initiate near the outer tip of the right flaw.

White patching continues to develop ahead

of the existing white patches that propagated

from the inner flaw tips.

Sketch 5

B(T)j HSV frame: -7095

Time: 30 min - 56.00801 sec

Pwater: 5.14 MPa

evertical: 5.0 MPa
A(T)j

Tensile crack A(T) propagates further

through the initiation of new crack segments.

Tensile crack B(T) propagates further

through the initiation of a new crack

segment.
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-7090

30 min - 56.00837 sec

5.14 MPa

5.0 MPa

Tensile crack A(T), propagates further through

the initiation of new crack segments.

Tensile crack B(T), propagates further through

the initiation of a new crack segment.

Sketch 7

-7085

30 min - 56.00873 sec

5.14 MPa

5.0 MPa

Tensile crack A(T), propagates further through

the initiation of new crack segments and linkage

of existing segments.

Tensile crack B(T), propagates further through

the extension of an existing crack segment.

Sketch 6

HSV frame:

Time:

Pwater:

Gvertical:

B(T)1

A(T)

A(T)i

HSV frame:

Time:

Pwater:

Overtical:
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TB(T)

A(T)i

Sketch 8

HSV frame:

Time:

Pwater:

Overtical:

-7080
30 min - 56.00908 sec

5.14 MPa

5.0 MPa

Tensile crack A(T), opens and propagates

further through the initiation of new crack

segments and linkage of existing segments.

Tensile crack B(T), opens and propagates

further through the extension and linkage of

existing crack segments.

Sketch 9

HSV frame: -7075

Time: 30 min - 56.00944 sec

pwater: 5.14 MPa

Gvertical: 5.0 MPa

No coalescence

All the segments of cracks A(T), and B(T)

get interconnected.

Coalescence does not take place for this

geometry and loading conditions. There were

no cracks propagating from the left flaw.

Notes:

Post-testing visual analysis shows that cracks A(T), and B(T), reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).

I
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Acoustic Emission Analysis

Gr-2a-30--VL5-INCS-C From Start to Sketch 0
1st P-Wave Amplitude

160.0

140.0 5

120.0 - ..

.0 20.0 40.0
x (mm)

60.0

'-a

80.0

i
Gr-2a-30-0-VL5-INC5-C From Sketch 0 to Sketch 1

1st P-Wave Amplitude
160.0

140.0
4 5

120.0 -

100.0

E
E 80.0 -

60.0 -

2 400

20.0 -

0.0

0

k'_

7

I

.0 20.0 40.0

x (mm)

60.0 80.0

-Boundary

-Flaws

0 Sensors

Events<50dB

50dB < Events< 65dB

Events>65dB

Time Period:

From Sketch 0 to Sketch 1

Time Window:

From 5 min 49 sec to 28 min 1 sec

Pwater:

Increased from 0.03 MPa to 4.37 MPa

Gvertical:

Constant at 5.0 MPa

Ampst-Arrivas (Average) = 59.26 dB

Notes:

Many events detected near the top

boundary of the specimen, very likely

still related to the contact between the

loading machine and the specimen.
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Time Period:

From Start to Sketch 0

Time Window:

From 0 min 0 sec to 5 min 49 sec

Pwater:

Constant at 0.03 MPa

Gvertical:

Increased from 0.0 MPa to 5.0 MPa

Ampst-Arrivas (Average) = 60.25 dB

Notes:

Many acoustic events detected at and

near the top boundary of the specimen,

caused by the contact between the

loading machine and the specimen.
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Gr-2a-30-0-VL5-INC5-C From Sketch 1 to Sketch 2
1st P-Wave Amplitude

160.0 '1
- Boundary

-Flaws

0 Sensors

Events<50dB

50dB < Events < 65dB

Events>65dB

0.0 20.0 40.0

x (mm)

60.0

-

I 00

80.0

Gr-2a-30--VLS-INCS-C From Sketch 2 to Sketch 3
1st P-Wave Amplitude

160.0

140.0

120.0

100.0

E 80.0 -

60.0 -

40.0 -

20.0

0.04

0.0 20.0 40.0

x (mm)

5

7

60.0 80.0

Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 28 min I sec to 30 min 13 sec

Pwater:

Increased from 4.37 MPa to 4.87 MPa

140.0
4-

120.0

100.0

3 J.

80.0

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 30 min 13 sec to 30 min 53 sec

Pwater:
Increased from 4.87 MPa to 5.11 MPa

Overtical:

Constant at 5.0 MPa

AmpstP-Arrivals (Average) = 53.77 dB

Notes:

Many mid-amplitude and few high-

amplitude events detected around the right

flaw, especially ahead of the outer tip and

below the right flaw. It should be noted that

the visible cracks only developed from the

right flaw, the flaw around which more

acoustic activity was observed.
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Overtical:

Constant at 5.0 MPa

Ampist-Arrivas (Average)= 55.12 dB

Notes:

Some mid-amplitude (50 dB < Amp <

65dB) and few high-amplitude (Amp >

65dB) events detected, especially around

the right flaw. The events are mainly

localized below and ahead of the outer tip

of the right flaw.
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Gr-2a-30-0-VL5-INC5-C From Sketch 3 to Sketch 9
1st P-Wave Amplitude

160.0 -

140.01

120.0

100.01

E 80.0-

60.0

40.0 -

0.04
0.0

0.0 20.0 40.0

x (mm)

k

K1_

- Boundary

-Flaws

0 Sensors

- Events<50dB

50d B< Events< 65dB

Events >65dB

60.0 80.0

Gr-2a-30--VL-INC5-C After Sketch 9
1st P-Wave Amplitude

160.0

140.0
4 J

120.0

100.0
3

E 80.0 -

60.0

.0

40.0 .

20.0

0.0
0.0 20.0 40.0

x (mm)

Notes:
- The cracks represented with dashed lines are indicative

6

7

60.0 80.0

I -.

Time Period:
After Sketch 9

Time Window:

From 30 min 56.00944 sec to 31 min

2.00758 sec (Last event recorded)

Pwater:
Decreased from 5.14 MPa to -0.10 MPa

Gvertical:

Constant at 5.0 MPa

AmpistP-Arrivas (Average) = 58.98 dB

Notes:

Few acoustic events detected far away from

the flaws, most of them near the visible

crack that propagated from the inner tip of

the right flaw towards the bottom of the

specimen.

and based on the image at crack coalescence.
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Time Period:

From Sketch 3 to Sketch 9

Time Window:

From 30 min 53 sec to 30 min 56.00944 sec

(Last HSV Frame used)

Pwater:
Increased from 5.11 MPa to 5.14 MPa

Overtical:

Constant at 5.0 MPa

Ampst -Arrivas (Average) = 58.49 dB

Notes:

Some mid-amplitude and high-amplitude

events detected around the flaws, especially

around the right flaw. The events are mainly

localized ahead of the flaw tips of the right

flaw and some along or near propagated

visible cracks.
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Last Hit Recorded by the AE sensors

Sensor 1 31 2.00758

Sensor 2 31 2.00757

Sensor 3 31 2.01020

Sensor 4 31 2.00407

Sensor 5 31 2.00405

Sensor 6 31 2.00403

Sensor 7 31 2.00757

Sensor8 31 2.01259
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Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time
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Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure
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Water Pressure and Cumulative Number of Hits and Events Vs Time

6.0 - 12000
- Water Pressure Sketch 3

5.0 - High-Res Sketches Sketch 2 -- 10000
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Specimen ID: Gr-2a-30-30-VLO-INC5-A

Test Date: 03/21/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm3 
)

0.00 0.00 4.97 3.136

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 0 13 0.06 0.012 -0.002

1 High Resolution 17 47 4.48 0.900 2.809

2 High Resolution 19 33 4.96 0.998 3.129

3 High Speed 19 33.24100 4.95 0.996 3.136

4 High Speed 19 33.24140 4.95 0.996 3.136

5 High Speed 19 33.24160 4.95 0.996 3.136

6 High Speed 19 33.24180 4.95 0.996 3.136

7 High Speed 19 33.24200 4.95 0.996 3.136

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure

Crack ID Crack Type' Crack Initiation Normalized to the SketchMaximum Water
(MPa) Pressure

A(T)1, Type II - Tensile 4.95 0.996 5

B(T)i Type 11 - Tensile 4.95 0.996 5

C(T), Type II - Tensile 4.95 0.996 6

D(T), Type II - Tensile 4.95 0.996 6

Coalescence Type: Direct (Category 6)

Notes:

(1) Crack and coalescence types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time
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5.0 -

4.0 -

3.0 -
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- Water Pressure
Maximum Water Pressure Sketch 2

High-Res Sketches Sketch 1

-Volume Injected

I Sketch 0 1
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1200
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Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)
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Time (s)

1170

S7
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Note: Only HSV sketches 3 and 7 are represented. They appear to be in the same point, because with the time

scale used in the plot it is not possible to differentiate the times when sketches 3 to 7 were taken.
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Water Pressure Vs Volume Injected
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Initial and Final Frames

4~l A-e .'Ti

lbi

Sketch:

Frame:

vertical load)

Time:

p1.ater:

GverticaI:

Sketch:

Frame:

occurs)

Time:

p ater:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

0 min 14 sec

0.06 MPa

0. 12 MPa

7 (High-Speed Video Frame)

Final (Right after coalescence

19 min 34.66760 sec

4.91 MPa

0.12 MPa

Sketches - Legend

Note 1: Crack and coalescence types based on Wong and Einstein (2009). When a crack does not correspond

to any of the types observed by Wong and Einstein, no roman numeral is added.

I
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Fracture Analysis Legend
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(alphabetically Crack Type'
ordered) I

AlT) Water Pressure
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Sketches

Sketch 0

Frame:

Time:

pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw Pairs:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 15

7 min 27 see

0.19 MPa

0.00 MPa

3"x6"xl"

2a=1/2"

2a

300

300

All cracks are alphabetically labeled based

on their initiation order (unless otherwise

stated).

Still frame:

Time:

Pwater:

Overtical:

365

19 min - 48 sec

4.48 MPa

0.00 MPa

White patching starts to develop ahead of the

tips of the left flaw, and below the inner tip

of the right flaw.

Sketch 1
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Still frame:

Time:

pwater:

Gvertical:

417

19 min - 34 sec

4.93 MPa

0.00 MPa

White patching develops ahead of both inner

tips of the flaws spanning the entire bridge

between flaws.

Narrow white patches can be observed ahead

of the outer tip of the left flaw.

White patches develop also slightly away

from the outer tip of the right flaw.

Sketch 3

HSV frame:

Time:

Pwater:

Gvertical:

-3665

19 min - 34.66660 sec

4.91 MPa

0.00 MPa

White patching continues to increase in the

areas where they have been developing until

sketch 2.
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-3663

19 min - 34.66700 sec

4.91 MPa

0.00 MPa

Narrow white patching develops slightly

away from the outer tip of the right flaw.

White patching can also be observed towards

the left of the outer tip of the left flaw.

Sketch 5

-3662

19 min - 34.66720 sec

4.91 MPa

0.00 MPa

Tensile cracks A(T)I1 and B(T)I1 start to

propagate along the existing white patches.

Sketch 4

HSV frame:

Time:

Pwater:

GverticaI:

HSV frame:

Time:

Pwater:

Overtical:
B(T)II

A(T)i
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HSV frame:

Time:

Pwater:

GverticaI:

-3661

19 min - 34.66740 sec

4.91 MPa

0.00 MPa

Tensile crack C(T)ii develops from the inner

tip of the left flaw and D(T)1 develops from

the outer tip of the right flaw. Slightly away

from D(T)1 , there is a crack also developing,

very likely linked with D(T)1 .

Tensile cracks A(T) 1 and B(T)1 develop

further.

A crack can be observed in the bridge

between flaw tips, which is probably linked

with C(T)1 .

Sketch 7

D(T)II

B(T))

C(T)I

A(T)II

HSV frame:

Time:

Pwater:

GverticaI:

-3660

19 min - 34.66760 sec

4.91 MPa

0.00 MPa

Coalescence

Direct coalescence takes place at the

intersections between tensile cracks B(T)ii

and C(T)j1 , in the bridge between inner flaw

tips.

Cracks A(T)ii and D(T)I1 develop further

along existing white patches.

Post-testing visual analysis show that cracks A(T)ii and D(T)1 reach the edges of the

specimen.

The water pressure drops completely after all the cracks propagate (after sketch 7).

I
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Sketch 6

D(T)
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C(T)I f

,A(T)ii

Notes:



Specimen ID: Gr-2a-30-30-VLO-INC5-B

Test Date: 07/03/2014

Test Summary Table

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected
Number Type of Frame Pressure

(min) (sec) (MPa) (cm )

0 High Resolution 0 10 0.02 0.004 0.000

I High Speed 22 19.72271 4.61 0.990 4.025

2 High Speed 22 19.72514 4.61 0.990 4.025

3 High Speed 22 19.72529 4.61 0.990 4.025

4 High Speed 22 19.72557 4.61 0.990 4.025

5 High Speed 22 19.72614 4.61 0.990 4.025

6 High Speed 22 19.72636 4.61 0.990 4.025

Note: There were no High-Resolution frames of the last half of the test. Therefore, for this analysis only sketch 0 is
based on a High-Resolution image.

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water

(MPa) Pressure

A(T) 1  Type II - Tensile 4.61 0.990 2

B(T)11  Type 11 - Tensile 4.61 0.990 3

C(T)i1  Type 11 - Tensile 4.61 0.990 3

D(T)11  Type II - Tensile 4.61 0.990 4

Coalescence Type: Direct (Category 6)
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Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

0.22 0.12 4.66 4.025

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time
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5.0

S4.0
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Sketch C
0.0
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Time (s)

Water Pressure and Volume Injected Vs Time
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4.70 -
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a.
4.55 -

4.50

4.45
1315 1320 1325 1330

(Last 30 seconds of the Test)
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:Sketch 6
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Note: Only HSV sketches I and 6 are represented. They appear to be in the same point, because with the
time scale used in the plot it is not possible to differentiate the times when sketches 1 to 6 were taken.
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Water Pressure Vs Volume Injected
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Initial and Final Frames

4' w

r~ o,
O 4 .. ;-

'A ~-> '

Pu 4P~
A4- .-

4

4 % iC

~a

Sketch:

Frame:

Time:

pNater:
Cvertical:

Sketch:

Frame:

occurs)

Time:

p ater:
Gvertical:

0 (High-Resolution Frame)

Initial

0 min 10 sec

0.02 MPa

0.0 MPa

6 (High-Speed Video Frame)

Final (Right after coalescence

22 min 19.72636 sec

4.61 MPa

0.12 MPa

Sketches - Legend

Note 1: Crack and coalescence types based on Wong and Einstein (2009). When a crack does not correspond

to any of the types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
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I
Sketches

Sketch 0

Frame:

Time:

Pwater:

Uvertical:

Initial Configuration

Prismatic specimen:

Flaw Pairs:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 10

0 min 10 sec

0.02 MPa

0.0 MPa

3"x6"xl "

2a=1/2"

2a

300

300

All cracks are alphabetically labeled based on

their initiation order (unless otherwise stated).

Sketch I

HSV frame:

Time:

Pwater:

Gvertical:

-6682

22 min - 19.72271 sec

4.61 MPa

0.12 MPa

Tensile crack A(T) 1 initiates ahead of the

outer tip of the right flaw.

White patches develop at and below the outer

tip of the left flaw and above the inner tip of

the right flaw. There is also a small area with

white patches in the bridge between the inner

flaw tips, as well as on the top right of the

image, above the crack A(T)I1 .
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HSV frame:

Time:

Pwater:

GverticaI:

-6648

22 min - 19.72514 sec

4.61 MPa

0.12 MPa

Tensile crack A(T),, propagates further and a

new segment develops slightly ahead and

probably linked with the existing crack.

Sketch 3

HSV frame:

Time:

Pwater:

Uvertical:

-6646

22 min - 19.72529 sec

4.61 MPa

0.12 MPa

One of the existing segments of the tensile

crack A(T)I1 propagates further and two new

segments initiate, one at the outer tip of the

right flaw, and the other ahead of the further

away segment.

Two segments of the tensile crack B(T)ii

develop near the inner tip of the left flaw and

two segments of tensile crack C(T)I1 develop

near the inner tip of the right flaw.

Sketch 2

'I

A(T)111

'C(T)II
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A(T)

'C(T)i

B(T)II

D(T)11

Sketch 5

A(T)II

C(T)I

B(T)II

D(T)II

Sketch 4

HSV frame:

Time:

pwater:

Gvertical:

-6642

22 min - 19.72557 sec

4.61 MPa

0.12 MPa

Some of the segments of tensile crack A(T)ii

propagate further.

Some segments of cracks B(T)1 and C(T)ii

propagate further, in areas with some existing

white patches.

Tensile crack D(T)ji develops ahead and

slightly below the outer tip of the left flaw, in

an area with existing white patches.

A new area with white patches starts to

develop near the middle of the bridge between

inner flaw tips.

HSV frame:

Time:

Pwater:

Uvertical:

-6634

22 min - 19.72614 sec

4.61 MPa

0.12 MPa

Tensile crack A(T) 1 propagates further and

all its segments are connected to each other.

Tensile crack B(T)1 further develops and

appears to intersect one of the C(T)I1
segments approximately in the middle of the

bridge between inner flaw tips.

New segments of crack C(T)j1 develop at and

near the inner tip of the right flaw.

A segment of crack D(T)II develops from the

outer tip of the left flaw along existing white

patches. It merges with the segment that

initiated in sketch 4.

White patching (1) develops near the outer

tip of the right flaw and (2) further develops

in the middle of the bridge between inner

flaw tips, in a vertical downward direction
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A(T))

C(T)II

B(T)II

D(T)II

Sketch 6

HSV frame:

Time:

Pwater:

OverticaI:

-6631

22 min - 19.72636 sec

4.61 MPa

0.12 MPa

Tensile cracks B(T)II and C(T)1 propagate

further and all their segments are connected

to each other.

Direct coalescence occurs closer to the inner

tip of the right flaw.

The cracks A(T) 1 and D(T)1 extend until

they reach the edges of the specimen.

I

Notes:

It should be noted that one can not definitely state that C(T)ii and B(T)i1 are different

cracks, based on what we see at the surface of the specimen. C(T)1 can also be an

extension of B(T)ii, which started closer to the inner tip of the left flaw. However, for the

purpose of this description, B(T)I1 and C(T)ii are considered different cracks.

The cracks A(T) 1 and D(T)I1 extend until they reach the edges of the specimen.

The water pressure starts to drop right after it reaches its maximum and slightly before

the first cracks initiate (before sketch 1). The pressure further drops after A(T)1i, B(T)11,

C(T)ii and D(T)1 fully develop (after sketch 6)
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Specimen ID: Gr-2a-30-30-VLO-INC5-C

Test Date: 02/22/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until

Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

0.00 0.00 4.84 5.758

Sketch Summary Table

Time from beginning of data Volume
Water Pressure

Sketch acquisition Normalized Water Injected

Number Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 2 3 0.00 0.001 0.606

1 High Resolution 21 45 3.86 0.797 4.910

2 High Resolution 23 35 4.35 0.899 5.339

3 High Resolution 25 23 4.83 0.998 5.746

4 High Speed 25 24.75722 4.75 0.980 5.758

5 High Speed 25 24.75794 4.75 0.980 5.758

6 High Speed 25 24.75815 4.75 0.980 5.758

7 High Speed 25 24.75829 4.75 0.980 5.758

8 High Speed 25 24.75865 4.75 0.980 5.758

9 High Speed 25 24.75886 4.75 0.980 5.758

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing

fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water
(MPa) Pressure

A(T)11 Type II - Tensile 4.75 1.0 4

B(T)n Type II - Tensile 4.75 1.0 4

C(T)1  Type II - Tensile 4.75 1.0 5

D(T)n Type II - Tensile 4.75 1.0 6

E(T) Tensile 4.75 1.0 8

Coalescence Type: Coalescence (Category 6)

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time

6.0

5.0
'Ue'

4.0

13.0

a.

S2.0

1.0

0.0
0.0 200.0 400.0 600.0 800.0 1000.0 1200.0 1400.0 1600

6.0

5.0

4.0 .2

t
3.0 .J

2.0

1.0

0.0
.0

Time (s)

Note: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

4.86

4.84 -

2 4.82 -

,A 4.80

. 4.78 -

4.76 -

4.74 1-
1500.0 1505.0 1510.0 1515.0

Time (s)

1520.0 1525.0

5.90

5.85

E
5.80 ..

5.75 2%
C

5.70

5.65

1530.0

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

4.86

4.84 -

0.
24.82 -

4.80 -

4.78 -

4.76 -

4.74

1521.0 1522.0 1523.0 1524.0 1525.0 152

- 5.79

- 5.78

- 5.77 ..

V
5.76 AX

E-5.75

- 5.74

5.73
6.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.

Water Pressure Vs Time (Last 1.2 seconds of the Test)

4.82 -

4.80 -

. 4.74 -

4.72 -

470
1523.8 1524.0 1524.2 1524.4 1524.6 1524.8 1525.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) This plot was obtained based on pressure data logged every time there was an AE hit, as opposed
to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average at 0.1 sec-
intervals was applied to these data. This explains the slight differences between this and the previous plots
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Water Pressure Vs Volume Injected

6.0 _
- Water Pressure vs Volume Injected Sketch 3

5.0 - High-Res Sketches
Sketch 2

'U Sketch 1-
-. 4.0

I' 3.0 -

2.0

1.0
-Sketch

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm 3 )

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.
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Initial and Final Frames

~~A

X 2 r

"*" -'1

',- ,4

Sketch:

Frame:

Time:

pvater:

GverticaI:

Sketch:

Frame:

occurs)

Time:

P ater:
Gvertical:

0 (High-Resolution Frame)

Initial

2 min 3 sec

0.0 MPa

0.0 MlPa

9 (High-Speed Video Frame)

Final (Right after failure

25 min 24.75886 sec

4.75 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) _ I"

Ad) Water Pressure
p_ 0 998 - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw

Crack
Sheanng Direction

Point of Coalescence

White Patching

4+ Crack Opening



Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 185

2 min 3 sec

0.00 MPa

0.0 MPa

3"x6"x 1"

2a=1/2"

2a=1/2"

300

300

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

I
Sketch I

Still frame:

Time:

Pwater:

Overtical:

420

21 min - 45 sec

3.86 MPa

0.0 MPa

White patching starts to develop at both tips of

the right flaw.
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Sketch 2

-x000Still frame:

Time:

Pwater:

Overtical:

469

23 min - 35 sec

4.35 MPa

0.0 MPa

White patches continue to develop from both

tips of the right flaw, and starts to develop

from both tips of the left flaw.

Sketch 3

Still frame:

Time:

Pwater:

Gvertical:

517

25 min - 23 sec

4.83 MPa

0.0 MPa

White patches continue to develop from both

tips of the flaws. Narrow white patching spans

the bridge between inner flaw tips.
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HSV frame:

Time:

Pwater:

Overtical:

-6735
25 min - 24.75722 sec

4.75 MPa

0.0 MPa

Tensile crack A(T) 1 initiates near the outer

tip of the left flaw and two segments of

tensile crack B(T)I1 initiate at and near the

inner tip of the left flaw.

White patching continues to develop away

from the outer tips of both flaws.

II

Sketch 5

C(T)ii

A(T~j /0000 
B(T)IA(T~n/

HSV frame:

Time:

Pwater:

Uvertical:

-6725

25 min - 24.75794 see

4.75 MPa

0.0 MPa

Tensile crack B(T)1 propagates further

through the initiation of a new segment.

Tensile crack C(T)1 initiates near the inner

tip of the right flaw.

White patching develops near the outer tip of

the left flaw, ahead of crack A(T)1 .
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Sketch 6

HSV frame:

Time:

Pwater:

Uvertical:

D(T)II

' C(T)1

B(T)I

A(T)1

-6722

25 min - 24.75815 sec

4.75 MPa

0.0 MPa

Two segments of tensile crack D(T)I1 initiate

near the outer tip of the right flaw.

Tensile crack B(T)1 propagates further through

the linkage and extension of existing segments.

Tensile cracks A(T)1 and C(T)1 propagate

further through the extension of existing

segments and initiation of new crack segments.

A new area of white patching develops to the

left of the outer tip of the left flaw. This white

patching appears to be water moving inside a

- fracture deeper in the specimen.

Sketch 7

/D(T)II

C(T)I

B(T)II

4A(T)II

HSV frame:

Time:

Pwater:

OverticaI:

-6720

25 min - 24.75829 sec

4.75 MPa

0.0 MPa

Tensile cracks A(T)I1 and C(T)I1 propagate

further through the initiation of new segments

and the extension of existing segments.

A segment of tensile crack D(T)1 initiates at the

outer tip of the right flaw.

Some of the white patches observed in Sketch 7

at the left of the outer tip of the left flaw die out

or disappear. This observation is consistent with

the possibility of water flowing through a

deeper fracture.
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D(T)II

C(T)II

B(T)II
E(T)

A(T)II

Sketch 8

HSV frame:

Time:

-6715

25 min - 24.75865 sec

pwater: 4.75D M~a

OverticaI: 0.0 MPa

Coalescence

Cracks B(T)I1 and C(T)II coalesce with each

other in the bridge between inner flaw tips.

Tensile cracks A(T)I1 and D(T)I1 propagate

further through the initiation of new

segments and the extension of existing

segments.

Tensile crack E(T) initiates to the left of the

left flaw, where white patches were observed

in the previous sketches. These white patches

tend to disappear as E(T) develops.

Sketch 9

D(T)1

C(T)II

B(T)I1
E(T)

HSV frame:

Time:

Pwater:

Overtical:

-6712

25 min - 24.75886 sec

4.75 MPa

0.0 MPa

Crack D(T)1 propagates further and all their

segments get interconnected.

Crack E(T) propagates towards the outer tip

of the left flaw. The dashed lines in E(T)

indicate that the crack reached the outer tip

of the left flaw after Sketch 9.

Post-testing visual analysis shows that cracks A(T) 1 , D(T)1 and E(T) reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).

I
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Acoustic Emission Analysis

Gr-2a-30-30-VL0-INC5-C From Sketch 0 to Sketch 1
1st P-Wave Amplitude

160.0 -

140.0

120.0 -

100.0

3

E 80.0

60.0

40.0

20.0

0.0
0.0 20.0 40.0

x (mm)

K5

6

K,7a

60.0 80.0

Gr-2a-30-30.VLO-INCS-C From Sketch 1 to Sketch 2
1st P-Wave Amplitude

EE 80.0

60.0

40.0

20.0

0.0

.0 20.0 40.0

x (mm)

K5

K6

K7

60.0 80.0

- Boundary

-Flaws

0 Sensors

Events<50dB

50dB< Events< 65dB

- Events>65dB

Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 21 min 45 sec to 23 min 35 sec

Pwaterd
Increased from 3.86 MPa to 4.35 MPa

Gvertical:

Constant at 0 MPa

Ampist-Arrivas (Average) = 61.57 dB

Notes:

Only two events detected

tip of the left flaw.

near the outer
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Time Period:

From Sketch 0 to Sketch I

Time Window:

From 2 min 3 sec to 21 min 45 sec

Pwater.

Increased from 0 MPa to 3.86 MPa

Gvertical:

Constant at 0 MPa

Ampist-Arrivas (Average) = 54.30 dB

Notes:

Only one AE event detected in this

stage.

I

I

-V

I

I

- Boundary

-Flaws

0 Sensors

- Events<5OdB

50dB< Events< 65dB

Events>65dB

160.0

140.0

4-

120.0

100.0

3

I I

I I

I I

I I



Gr-2a-30-30-VLO-NC5-C From Sketch 2 to Sketch 3
1st P-Wave Amplitude

160.0 ,
- Boundary

-Flaws

E Sensors

Events < 50dB

SOd B < Events< 65dB

Events>65dB

5

6

140.0

120.0

100.0

3 J

E 80.0

60.0

2-/

40.0 -

20.0 -

1 _'

0.0A

0.0 20.0 40.0

x (mm)

Gr-2a-30-30-VLO-INC5-C From Sketch 3 to Sketch 9
1st P-Wave Amplitude

160.0

140.0

4

120.0

100.0

3

80.0

60.0

2 )

40.0

20.0

0.'

0.0 20.0 40.0

x (mm)

60.0

5

6

80.0

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 23 min 35 sec to 25 min 23 sec

Pwater.

Increased from 4.35 MPa to 4.83 MPa

Overtical:

Constant at 0 MPa

Ampst-Arrivas (Average) = 64.54 dB

Notes:

Some mid-amplitude (50 dB < Amp <

65dB) and high-amplitude (Amp > 65dB)

events detected around the flaws. The

events are mainly localized ahead of the

flaw tips and some above the left flaw.

There are no events localized in the bridge

between flaw tips, where white patching is

visible.

Time Period:

From Sketch 3 to Sketch 9

Time Window:

From 25 min 23 sec to 25 min 24.75886 sec

(Last HSV Frame used)

Pwater:

Decreased from 4.83 MPa to 4.75 MPa

Uvertical:

Constant at 0 MPa

Ampist-Arrivas (Average) = 67.48 dB

Notes:

Few mid-amplitude and high-amplitude

events, detected around the flaws. Most of

the events are not located where white

patching was observed.

Events are more spread-out than in the

previously analyzed stage
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E

Gr-2a-30-30-VLO-INC5-C After Sketch 9
1st P-Wave Amplitude

160.0 ,1
- Boundary

-Flaws

I Sensors

Events<50dB

50dB < Events < 65dB

Events > 65dB

0.0
0.0 20.0 40.0

x (mm)

I

140.0

4 -J

120.0 -

100.0

3 J

80.0-

60.0-

2 -

40.0

20.0-

60.0 80.0

Time Period:

From Sketch 9 to last AE event

Time Window:

From 25 min 24.75886 sec (Last HSV

Frame used) to 25 min 29.48090 sec

Pwater:
Decreased from 4.75 MPa to -0.09 MPa

Uvertical:

Constant at 0 MPa

Ampist-Arrivas (Average) = 66.61 dB

Notes:

Some mid- and some high-amplitude events

detected around the flaw, most of them

away from the flaw tips. Not many events

were localized near or along visible

propagated cracks. Events are more spread-

out than in the previously analyzed stage,

indicating a possible effect of the water

seeping through micro-cracks opened

during the previous stages.
Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.

Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 25 29.95789

Sensor 2 25 29.96240

Sensor 3 25 29.91716

Sensor4 25 29.91717

Sensor 5 25 29.91617

Sensor 6 25 29.95820

Sensor 7 25 29.95697

Sensor 8 25 29.95787
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Water Pressure and Amplitude of the Is' P-wave Arrivals of the Acoustic Events Vs Time

6.0 120.0
- Water Pressure 'O

5.0 . High-Res Sketches -100.0
+ Acoustic Events Sketch 2-

4.0 - ~Sketch 1 -8.
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Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)
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I
Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Water Pressure

Sketch 1

Sketch 2

Sketch 3

+7+
V

.

E

1.0 2.0 3.0

Water Pressure (MPa)

4.0 5.0

I
Amplitude of the 1 ' P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

4.2 4.4 4.6 4.8

Water Pressure (MPa)
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Sketch 0
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Water Pressure and Cumulative Number of Hits and Events Vs Time
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Specimen ID: Gr-2a-30-30-VL5-INC5-A

Test Date: 04/14/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

8.90 4.83 6.53 5.655

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected
Number Pressure

(min) (sec) (MPa) (cm )

0 High Resolution 4 7 0.00 0.000 0.177

1 High Resolution 25 5 5.50 0.842 4.682

2 High Resolution 26 41 5.99 0.918 5.128

3 High Resolution 29 15 6.53 1.000 5.655

4 High Speed 29 15.64364 6.52 0.999 5.655

5 High Speed 29 15.64436 6.52 0.999 5.655

6 High Speed 29 15.64450 6.52 0.999 5.655

7 High Speed 29 15.64493 6.52 0.999 5.655

8 High Speed 29 15.64536 6.52 0.999 5.655

9 High Speed 29 15.64593 6.52 0.999 5.655

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure

Crack Initiation2 Normalized to the
Crack ID Crack Type' Maximum Water Sketch

(MPa) Pressure
2

A(T), Type I - Tensile 6.52 0.999 4

B(T)i Type I - Tensile 6.52 0.999 4

C(T)i Type I - Tensile 6.52 0.999 4

D(T)1  Type I - Tensile 6.52 0.999 5

Coalescence Type: Indirect (Category 2)

Notes:

(1) Crack and coalescence types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time

7.0

6.0 -

5.0

v4.0 -

3.0 -

+2.0 -

1.0

0.0 4 1 1

0 250 500 750 1000 1250
Time (s)

1500 1750

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

6.54

6.53

6.52
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S6.51

6.50

$ 6.49

6.48

6.47

6.46
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5.65 w
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5.60 g

5.55

5.50
1760

Time (s)

Note: Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with the

time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.
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Water Pressure Vs Volume Injected
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Volume Injected (cm 3)
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Initial and Final Frames

N.

-of

ii V. A,

Sketch:

Frame:

vertical load)

Time:

pvater:

Uvertical:

Sketch:

Frame:

occurs)

Time:

Nater:

0 (High-Resolution Frame)

Initial (Right after applying

4 min 7 sec

0.00 MPa

4.83 MPa

9 (High-Speed Video Frame)

Final (Right after coalescence

29 min 15.64593 sec

6.52 MPa

4.83 MPa

Sketches - Legend

Note 1: Crack and coalescence types based on Wong and Einstein (2009). When a crack does not correspond

to any of the types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) IA(I) Water Pressure

* )9) -- Normalized to
Maximum Water
Pressure

Pre-existing (cut) Flaw

Crack

Shearing Direction

Point of Coalescence

White Patching

Crack Opening
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I
Sketches

Sketch 0

Frame:

Time:

Pwater:

OverticaI:

Initial Configuration

Prismatic specimen:

Flaw Pairs:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 56

4 min 7 sec

0.00 MPa

4.83 MPa

3"x6"x 1"
2a=1/2"

2a

300

300

All cracks are alphabetically labeled based

on their initiation order (unless otherwise

stated).

Sketch 1

Still frame:

Time:

Pwater:

Gvertical:

361

25 min - 5 sec

5.50 MPa

4.83 MPa

White patching starts to develop above (for

the left flaw) and below (for the right flaw)

the inner flaw tips.

0

659

00
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Still frame:

Time:

pwater:

Gvertical:

409

26 min - 41 sec

5.99 MPa

4.83 MPa

The areas with white patching above the

inner tip of the left flaw and below the inner

tip of the right flaw increase.

Sketch 3

485

29 min - 15 sec

6.53 MPa

4.83 MPa

White patching develops from the four flaw

tips. They appear to propagate in a wing

crack fashion.
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Sketch 2

AX

Still frame:

Time:

Pwater:

1verticaI:AX00

AX0

0,00



Sketch 4

HSV frame:

Time:

p water:

(Tvertical:

-7252

29 min - 15.64364 sec

6.52 MPa

4.83 MPa

Tensile crack A(T), initiates from the outer tip

of the left flaw along the existing white

patches.

Simultaneously, crack B(T), initiates at the

inner tip of the left flaw.

C(T), initiates near the outer tip of the right

flaw. C(T)i is very likely linked with the

nearest flaw tip, even though this is not visible

at the surface of the sample at this stage.

More white patching develops ahead of

fractures A(T), and B(T), and in the vicinity of

C(T)I, as well as ahead and below the inner tip

of the right flaw.

Sketch 5

HSV frame:

Time:

Pwater:

Uvertical:

-7242

29 min - 15.64436 sec

6.52 MPa

4.83 MPa

Tensile crack D(T), initiates from below the

inner tip of the right flaw, along the existing

white patches.

Tensile crack A(T), propagates further along

the existing white patches, particularly in

regions away from the flaw tip.

Sliding can be observed in two short segments

ahead of the already developed B(T)i.

Because these segments are so short, B(T)i is

still considered tensile and type I.

Another segment of crack C(T)i develops

along existing white patches, away from the

flaw tip.
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Sketch 6

HSV frame:

Time:

Pwater:

Gvertical:

-7240

29 min - 15.64450 sec

6.52 MPa

4.83 MPa

D(T)1

Sketch 7

HSV frame:

Time:

Pwater:

Gvertical:

-7234

29 min - 15.64493 sec

6.52 MPa

4.83 MPa

Tensile cracks A(T), B(T), C(T)i and D(T),

propagate further.

White patches continue to develop ahead of

B(T), along a path roughly perpendicular to

the existing flaws, in the region above the

inner tip of the left flaw and ahead of the

inner tip of the right flaw.
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Tensile cracks A(T),, B(T), C(T), and D(T),

propagate further.

In crack B(T), the two sliding segments

observed in sketch 5 are linked to the crack

that initiated at the flaw tip by tensile cracks.

More white-patching develops in the region

above the inner tip of the left flaw and ahead

of the inner tip of the right flaw.

B(T)

C(T)

D(T)1

B(T);

A(T)j



Sketch 8

C(T)1

IOD(T)i

T)B(T)i

A(T)j

C(T)w

D(T)i0

B(T)i

A(T)

HSV frame:

Time:

Pwater:

Gvertical:

-7228

29 min - 15.64536 sec

6.52 MPa

4.83 MPa

Tensile cracks B(T), and D(T), propagate

further. New cracks develop along the white

patches above the left flaw and to the left of

the right flaw. These are very likely linked to

B(T)I.

Sketch 9

HSV frame:

Time:

Pwater:
Overtical:

-7220

29 min - 15.64593 sec

6.52 MPa

4.83 MPa

Coalescence

Tensile cracks B(T), and D(T), propagate

further.

New cracks develop at the intersection

between B(T), and the white patches ahead of

the inner tip of the right flaw. Even though it

is not visible at the surface, indirect

coalescence takes probably place at this

intersection, deeper in the specimen.

The cracks A(T), and C(T), extend until they reach the edges of the specimen.

The water pressure starts to drop when the first cracks initiate (from sketch 3 to sketch 4). The

pressure further drops after A(T)I, B(T)I, C(T)I, D(T)I fully develop (after sketch 9)
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Specimen ID: Gr-2a-30-30-VL5-INC5-B

Test Date: 02/22/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

8.61 5.00 4.62 4.227

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Type of Frame Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 24 3 0.14 0.029 0.115

1 High Resolution 43 50 3.91 0.845 3.610

2 High Resolution 44 60 4.62 1.000 4.124

3 High Resolution 46 56 4.52 0.979 4.196

4 High Speed 46 59.25103 4.48 0.969 4.227

5 High Speed 46 59.25174 4.47 0.968 4.227

6 High Speed 46 59.25195 4.47 0.968 4.227

7 High Speed 46 59.25238 4.47 0.968 4.227

8 High Speed 46 59.25274 4.47 0.967 4.227

9 High Speed 46 59.25317 4.47 0.967 4.227

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the

Crack ID Crack Type
1  

Maximum Water Sketch
(MPa) Pressure

Ai(T) Tensile 4.48 1.0 4

A2(T) Type I - Tensile 4.47 1.0 6

B(T)i Type I - Tensile 4.48 1.0 4

C(T) Type I - Tensile 4.48 1.0 4

D(T) 1  Type III - Tensile 4.47 1.0 5

Coalescence Type: Indirect Coalescence (Category 2)
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Notes:
(I) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

6.0

5.0

4.0

3.0

2.0

1.0

0.0
1250.0

- Water Pressure Sketch 3 -
Maximum Water Pressure Sketch 2 -

High-Res Sketches
Sketch 1

- Volume Injected

Sketch 0

6.0

5.0

4.0 E

3.0 .
E

2.0 .

1.0

0.0

1500.0 1750.0 2000.0 2250.0 2500.0 2750.0 3000.0

Time (s)

Note: (1) The data shown in the plot was logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data

(2) From Sketch 1 to Sketch 2 the water pressure was increased from approximately 4.0 MPa to more

than 4.5 MPa, which was the target water pressure. Therefore, the 0.5 MPa water pressure increments used

in all the other tests was not followed in this increment. This may have introduced a bios in the water

pressure measured at failure and in the AE activity observed near the end of the test.

Water Pressure Vs Time (Last 30 seconds of the Test)

2795.0 2800.0 2805.0 2810.0 2815.0

-- 4.35

4.30

E
4.25

4.20 2
C

4.15 E

4.10

- 4.05
820.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot was logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data
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4.60 -

4.55 _

4.50 -

1 4.45 -

4.40 -

4.35 -

Water Pressure
Max Water Pressure Sketch 3
High-Res Sketches

D HSV Sketches
Volume Injected

.----HSVideo

Setch 4:-

Sketch 9

4.30 1
2790.0

-

2



Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

4.57 4.24

4.55 4.23

-
4.53 -Sketh -4.22 

4.51 - Water Pressure 4.21

C. Max Water Pressure Skt,2

4.49 - High-Res Sketches Sketch 4 ,.204.20

ED HSV Sketches

4.47 Volume Injected 4.19

HSVideo

4.45 L 4.18

2815.0 2816.0 2817.0 2818.0 2819.0 2820.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot was logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.

Water Pressure Vs Time (Last 1.2 seconds of the Test)

4.60

4.58 -

-4.56 -

l 4.54 -

4.50

4.48 -- Water Pressure Sketch 9
D HSV Sketches

4.46 -
2818.2 2818.4 2818.6 2818.8 2819.0 2819.2 2819.4

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) This plot was obtained based on pressure data logged every time there was an AE hit, as opposed

to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average of 100

points was applied to these data. Subsequently, a moving average at 0.1 sec-intervals was applied to these

data. This explains the slight differences between this and the previous plots).
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Water Pressure Vs Volume Injected

5.0 Sketch 2
---- Water Pressure vs Volume Injected

4.0 - High-Res Sketches

2.
~3.0

1A

2.0
M

2.0--- -

1.0 - - - -T

0.0 1.0 2.0 3.0 4.0 5.0

Volume Injected (cm3 )

Notes: (1) The data shown in the plot was logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.
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Initial and Final Frames

U Jr.

4-

?*(.-

1w.
-~t -.7

r~\ -0

Sketch:

Frame:

vertical load)

Time:

prater

Overtical:

Sketch:

Frame:

occurs)

Time:

pNater:
Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

24 min 3 sec

0.14 MPa

5.0 MPa

9 (High-Speed Video Frame)

Final (Right after failure

46 min 59.25317 sec

4.47 MPa

5.0 MPa

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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0'7

IN

Sketches - Legend

Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) '- 1

A(T), Water Pressure
, 099s - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw

Crack
Shearing Direction

Point of Coalescence
White Patching

4+~ Crack Opening

|



Sketches

4
Sketch 0

Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 411

24 min 3 sec

0.14 MPa

5.0 MPa

3"x6"x1"

2a=1/2"

2a

30"

300

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

Pwater:

Gvertical:

640

43 min - 50 sec

3.91 MPa

5.0 MPa

White patching starts to develop at the inner tip

of the left flaw and near the inner tip of the right

flaw.
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654

44 min - 60 sec

4.62 MPa

5.0 MPa

White patches continue to develop from the

inner flaw tips and start to develop at the outer

tips of both flaws.

I
Sketch 3

677

46 min - 56 sec

4.52 MPa

5.0 MPa

White patches continue to develop from the

flaw tips.
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Sketch 2

Still frame:

Time:

pwater:

Gvertical:

xxO

000x
xx00

Still frame:

Time:

Pwater:

Gvertical:

000



Sketch 4

HSV frame:

Time:

Pwater:

Gvertica':

-7172

46 min - 59.25103 sec

4.48 MPa

5.0 MPaC(T)i

I
Sketch 5

HSV frame:

Time:

Pwater:

Gvertical:

-7162

46 min - 59.25174 sec

4.47 MPa

5.0 MPa

New segments of crack C(T), initiate and

other segments further propagate.

Tensile crack D(T)II initiates at the inner tip

of the right flaw.

More white patches develop near crack

A1(T) and ahead of both inner tips.

671

Tensile crack A1(T) initiates away and below

the left tip of the lower flaw.

Tensile crack B(T), and several segments of

tensile crack C(T), initiate and propagate

from the inner tip of the left flaw and from

the outer tip of the right flaw, respectively.

White patching continues to develop at and

away from the outer tip of the left flaw, as

well as in the areas ahead of the inner tip of

the left flaw and ahead of the inner tip of the

right flaw.

B(T)i

! A(T)

B (T)i

A1(T)

C(T)i

D(T)nII



Sketch 6

HSV frame:

Time:

Pwater:

Gvertical:
C(T);

D(T)nII

B(T);

A2(T)i 1

/AI(T)

C(T)i

D(T)11

B(T)i

A2(T)i

!A 1 (T)

-7159

46 min -59.25195 sec

4.47 MPa

5.0 MPa

Tensile crack A2(T) initiates near the outer tip

of the left flaw. This crack is assumed to be a

part of A1(T).

A new segment of tensile crack B(T), starts to

develop slightly ahead the existing B(T),.

Tensile crack D(T)II further extends and new

segments initiate ahead of the existing crack.

The segments of crack C(T), get interconnected.

More white patching develops ahead of both

inner flaw tips.

Sketch 7

HSV frame: -7153

Time: 46 min -59.25238 sec

Pwater: 4.47 MPa

Uvertical: 5.0 MPa

Tensile crack A2(T)i further extends and a new

segment initiates ahead of the existing crack.

Crack D(T)1 further develops by the linkage of

existing segments and by the initiation of a new

segment.

New white patches develop to the right of the

left flaw and ahead of crack D(T)II. At this

point, they appear to be simultaneously the

precursors (1) of the extension of crack D(T)III

and (2) of a crack (not visible) developing from

the inner tip of the left flaw.
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Sketch 8

HSV frame:

Time:

Pwater:

Gvertical:

B(T)*>

A2(T)i

/A 1(T)

C(T)1

D(T)111

,

N

-7148

46 min -59.25274 sec

4.47 MPa

5.0 MPa

Several new segments of crack D(T)1 initiate

ahead of the existing crack along the white

patching that developed in the previous

sketch.

Segments of cracks B(T), and A2(T), close,

possibly due to the quick opening of crack

D(T)I. The closing segments are represented

by dashed lines.

More white patches develop ahead of crack

D(T)II.

Sketch 9

HSV frame:

Time:

C(T)

D(T)I

B(T)i

A2(T)

/ A1(T)

Notes:

-7142

46 min -59.25317 sec

pwater: 4.4 / MPa

UverticaI: 5.0 MPa

Indirect Coalescence

Crack D(T)1 propagates further and most of

its segments get interconnected. Two

segments at the bottom of the sketch do not

appear to be linked at the surface of the

specimen.

Segments of cracks AI(T) and A2(T), close,

possibly due to the quick opening of crack

D(T)nII.

The white patching developing from the

inner tip of the left flaw towards D(T)I

probably represents a deep crack (not visible

at the surface) that coalesces with D(T)1 .

Therefore, indirect coalescence is most likely

Post-testing visual analysis shows that cracks C(T), and D(T) reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).
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I
Acoustic Emission Analysis

Gr-2a-30-30-VL5-INC5-B From Start to Sketch I
1st P-Wave Amplitude

160.0 1

140.0
4

120.0

100.0
3-'

E
80.0

60 0

40 J

5

-6

-7

200 ,j-8

0.0
0.0 20.0 40.0 60.0 80.0

x (mm)

Gr-2a-30-30-VL5-INC5-B From Sketch 0 to Sketch 1
1st P-Wave Amplitude

160.0

140.0 1
4

120.0

100.0

E 80.0

60.0

40.0 -

20.0 .

0.0
0

7

.0 20.0 40.0 60.0 80.0

x (mm)

- Boundary

-Flaws

E Sensors

* Events<50d0B

5OdB < Events < 65dB

Events> 65dB

Time Period:

From Sketch 0 to Sketch 1 (first visible

white patches)

Time Window:

From 24 min 3 sec to 43 min 50 sec

Pwater:

Increased from 0.14 MPa to 3.91 MPa

Gvertical:

Constant at 5.0 MPa

Ampist-Arrivas (Average) = 56.62 dB

Notes:

Only three mid-amplitude (50dB <

Amp < 65dB) events detected,

unrelated to the white-patching

observed near the flaws.
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Time Period:

From start of the test to Sketch 0

Time Window:

From 0 to 24 min 3 sec

Pwater:

Relatively constant at 0.14 MPa

Gvertical:

Increased from 0.0 MPa to 5.0 MPa

Amp]st-Arrivas (Average) = 60.24 dB

Notes:

Events detected at the lower and upper

boundaries of the specimen, caused by

the seating between the specimen and

the loading frame

U

U

- Boundary

-Flaws

. Sensors

- Events <5OdB

50dB< Events< 65dB

Events>65dB

*

I



- Boundary

- Flaws

U Sensors

Events<50dB

5odB< Events< 65dB

Events>65dB

Gr-2a-30-30-VL5-INC5-B From Sketch 1to Sketch 2
1st P-Wave Amplitude

160.0

140.0
4 j

120.0-

100.0
3-

E 80.0

60.0

40.0

20.0

0.0 4
0.0 20.0 40.0

x (mm)
60.0 80.0

Gr-2a-30-30-VL5-INC5-B From Sketch 2 to Sketch 3
lit P-Wave Amplitude

160.0 ,

140.0)

120.0 -

100.0
3

E 80.0

60.0

2 -)

40.0 -

20.0 -

1)

0.0
0 .0 20.0 40.0

x (mm)

5

6

k8

60.0 80.0

Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 43 min 50 sec to 44 min 60 sec

Pwater.
Increased from 3.91 MPa

Overtical:

Constant at 5.0 MPa

AmpIstP-ArrivaIs (Average)

Notes:

Mainly mid-amplitude events detected

relatively close to the flaws but far from

visible white-patching.

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 44 min 60 sec to 46 min 56 sec

Pwater:
Decreased from 4.62 MPa to 4.52 MPa

Uvertical:

Constant at 0.0 MPa

Ampist-Arrivas (Average) = 58.59 dB

Notes:

High acoustic activity near the flaws, with

many mid-amplitude and some high-

amplitude (Amp > 65dB) events. The events

are mainly localized ahead of the flaw tips

and some above both flaws. Not many

events were observed in the bridge between

the flaw tips or along visible white-

patching.

I
675

I

-Boundary

- Flaws

N Sensors

Events<SOdB

50dB < Events < 65d B

Events>65dB

* I

-9

. . .

to 4.62 MPa

= 55.34 dB

7



Gr-2a-30-30-VL5-INC5-B From Sketch 3 to Sketch 9
1st P-Wave Amplitude

0.0 20.0 40.0

I I)

S6

60.0 80.0

Gr-2a-30-30-VL5-INCS-B After Sketch 9
1st P-Wave Amplitude

20.0 40.0

x (mm)
60.0

-7

80.0

- Boundary

-Flaws

. Sensors

Events<5OdB

50dB < Events < 65dB

Events > 65dB

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.
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160.0 -

140.0
4-

120.0

100.0

I I

/.

I I

E 80.0 -

60.0

2-"'

40.0 -

20.0 -

-'

5

-Boundary

-Flaws

* Sensors

- Events<50dB

50dB < Events < 65dB

Events>65dB

160.0 -

140.01

120.0 -

100.0

E 80.0

60.0

40.0

200,

00 -
0.0

e00101

Time Period:

From Sketch 3 to Sketch 9

Time Window:

From 46 min 56 sec to 46 min 59.25317 sec

(Last HSV Frame used)

Pwater.
Decreased from 4.52 MPa to 4.47 MPa

Gvertical:

Constant at 5.0 MPa

Ampist-Arrivas (Average) = 57.00 dB

Notes:

Many mid- and some high-amplitude events

detected around the flaws, mainly away

from the flaw tips. Not many events were

localized near or along visible propagated

cracks. Events are more spread-out than in

the previously analyzed stage, indicating a

possible effect of the water seeping through

micro-cracks opened during the previous

stages.

Time Period:

From Sketch 9 to last event

Time Window:

From 46 min 59.25317 sec to

47 min 7.51902 sec (Last event recorded)

Pwater.
Decreased from 4.47 MPa to -0.09 MPa

Overtical:

Constant at 5.0 MPa

Ampst-Arrivas (Average) = 65.09 dB

Notes:

Some mid- and high-amplitude events

detected throughout the specimen, even

more spread-out than in the last stage. This

trend may be caused by seepage occurring

through newly-formed micro-cracks.
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Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 47 7.72362

Sensor 2 47 7.74162

Sensor 3 47 7.74163

Sensor 4 47 7.68866

Sensor 5 47 7.69838

Sensor 6 47 7.69839

Sensor 7 47 7.51899

Sensor 8 47 7.72363

Water Pressure and Amplitude of the ls P-wave Arrivals of the Acoustic Events Vs Time

6.0 120.0
-Water Pressure

5.0 High-Res Sketches Sketch 2 - 100.0
+ Acoustic Events

4.0 -Sketch I Sketch 380.0 4

3.0 60.0

2.0 40.0

1.0 ketch 0 - .

0.0 0.0
1250.0 1500.0 1750.0 2000.0 2250.0 2500.0 2750.0 3000.0

Time (s)

Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)

4.8 - 120.0
- Water Pressure

4.6 High-Res Sketches 100.0Sketch 3+ Acoustic Events

4-4 80.0

V+

4.2 - + + + 60.0 a.

4.0 4.+ 4.0 -Sketch 1

3.8 20.0 .
E

3.6 0.0
2550.0 2600.0 2650.0 2700.0 2750.0 2800.0 2850.0

Time (s)
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Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

ic Emission Events

1.0 2.0 3.0

Sketch 1
Sketch 3
Sketch 2 *

4.0

Water Pressure (MPa)

Amplitude of the Is P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

100.0

5.0

Sketch 3 S

*4*

ketch 2
* .

9
* 9

**

~%% *~.
p 9'..*

9

* #9
9

* Acoustic Emission Events

I I

3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6 4.7

Water Pressure (MPa)
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100.0 -

80.0 -

+ Acoust

Sketch 0

60.0 -

-

-

.
E

40.0 -

20.0 -

0.0 -
0.0

Sketch 1

CL

E

C.

80.0 -

60.0 -

40.0 -
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Water Pressure and Cumulative Number of Hits and Events Vs Time
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Water Pressure and Cumulative Number of Hits and Events Vs Time (Last Two Water

Pressure Increments)
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Specimen ID: Gr-2a-30-30-VL5-INC5-C

Test Date: 02/20/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

8.49 5.00 5.09 6.138

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Pressure
(min) (sec) (MPa) (cm3)

0 High Resolution 8 3 0.36 0.070 1.387

1 High Resolution 28 0 3.95 0.777 5.121

2 High Resolution 30 38 4.44 0.872 5.549

3 High Resolution 33 8 5.08 0,997 6.123

4 High Speed 33 9.67091 5.09 1.000 6.138

5 High Speed 33 9.67105 5.09 1.000 6.138

6 High Speed 33 9.67119 5.09 1.000 6.138

7 High Speed 33 9.67134 5.09 1.000 6.138

8 High Speed 33 9.67148 5.09 1.000 6.138

9 High Speed 33 9.67176 5.09 1.000 6.138

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water

(MPa) Pressure

A(T)m11  Type II - Tensile 5.09 1.0 4

B(T)mn Type II - Tensile 5.09 1.0 4

C(T)m11  Type II - Tensile 5.09 1.0 4

D(T)m5  Type II - Tensile 5.09 1.0 6

Coalescence Type: No coalescence/Indirect coalescence (Category 1/2)
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Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



1
Water Pressure and Volume Injected Vs Time

7.0

6.0

m 5.0

E 4.02

3.0

1.0

0.0

7.0

6.0

5.0
E

4.0

3.0;
E

20

1.0

0.0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0

Time (s)

2000.0 225

Note: (1) The data shown in the plot was logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

5.10

-5.05

5.00

: 4.95

4.90

1965.0 1970.0 1975.0 1980.0 1985.0 1990.0 1991

6.30

6.20
E

-a

6.10 .!
C

E

6.00

5.90
.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot was logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

5.02 -f
1986.0 1987.0 1988.0 1989.0

Time (s)

1990.0

6.16

6.14 e-

E

6.12

E
0

6.10 >

Water Pressure

Max Water Pressure

High-Res Sketches

0 HSV Sketches

- Volume Injected

HS Video

1991.0

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot was logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.

Water Pressure Vs Time (Last 1.2 seconds of the Test)

1988.8 1989.0 1989.2

Time (s)

1989.4 1989.6

Notes: (1) This plot was obtained based on pressure data logged every time there was an AE hit, as opposed
to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average at 0.1 sec-
intervals was applied to these data. This explains the slight differences between this and the previous plots.

(2) The HSV trigger was not logged every time there was an AE hit. Therefore, it is not possible to
accurately identify where the HSV sketches are in this plot.
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(1) The HSV was not

Water Pressure Vs Volume Injected

6.0 ---

- Water Pressure vs Volume Injected Sketch 3

5.0 - o High-Res Sketches
_ Sketch 2

Sketch 1
4.0

3.0

+2.0

1.0 Sketc

0.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm 3)

Notes: (1) The data shown in the plot was logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.
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Initial and Final Frames

.vi.

A

44

4"i

v~*y

-. e

w

Sketch:

Frame:

Time:

pater:

(Tvertical:

0 (High-Resolution Frame)

Initial

8 min 14 sec

0.36 MPa

5.0 MPa

Sketch:

Frame:

occurs)

Time:

pwater:

Gv~ertical:

9 (High-Speed Video Frame)

Final (Right after failure

22 min 9.67176 sec

5.09 MPa

5.0 MlPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Sketches

Sketch 0

Frame:

Time:

Pwater:

Overtical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

hiitial - 190

8 min 14 sec

0.36 MPa

5.0 MPa

3"x6"xl"

2a=1/2"

2a=l/2"

300

300

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

pwater:

Gvertical:

426

28 min - 0 sec

3.95 MPa

5.0 MPa

White patching starts to develop at the inner tip

of the left flaw and near the outer tip of the right

flaw.
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Still frame:

Time:

Pwater:

Gvertical:

464

30 min - 38 sec

4.44 MPa

5.0 MPa

White patches continue to develop at the inner

tip of the left flaw and at the outer tip of the

right flaw. White patching initiates at and near

the inner tip of the right flaw.

I
Sketch 3

Still frame:

Time:

pwater:

Uvertical:

535

33 min - 8 sec

5.08 MPa

5.0 MPa

White patches continue to develop from both

tips of the flaws. Narrow white patching

develops upwards from the inner tip of the left

flaw and downwards from the inner tip of the

right flaw.

Sketch 2
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Sketch 4

HSV frame: -6709

Time: 33 min - 9.67091 sec

pwater: 5.09 MPa

Overtical: 5.0 MPa

Several segments of tensile crack A(T)I

develop at and near the outer tip of the left

flaw.

Two segments of tensile crack B(T)m initiate

at and near the inner tip of the left flaw.

Three segments of tensile crack C(T)i1

initiate near the outer tip of the right flaw.

White patching continues to develop ahead

of the existing white patches that propagated

from the inner flaw tips. The white patches

that developed from the inner tip of the right

flaw appear to propagate towards the inner

tip of the left flaw.

Sketch 5

HSV frame:

Time:

Pwater:

Gvertical:

-6707

33 min - 9.67105 sec

5.09 MPa

5.0 MPa

Tensile crack A(T)I opens and propagates

further through the extension and linkage of

existing segments.

The two existing segments of tensile crack

B(T)II, further extend.

Tensile crack C(T)m1 opens and propagates

further through the extension and linkage of

existing segments.

White patching continues to develop ahead

of the white patches that propagated from the

inner tip of the left flaw. Some of these white

patches appear to be propagating towards the

inner tip of the right flaw.
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Sketch 6

HSV frame:

Time:

pwater:

Gvertical:

-6705

33 min - 9.67119 sec

5.09 MPa

5.0 MPa

C(T)ID)

D(T) II

Sketch 7

C(T)I

1D(T)nI

B(T)I

A(T)11

HSV frame:

Time:

Pwater:

Uvertical:

-6703

33 min - 9.67134 sec

5.09 MPa

5.0 MPa

Tensile crack B(T)I propagates further through

the extension of its existing segment and the

initiation of a new segment.

More white patches develop ahead of the

existing white patches that propagated from the

inner tip of the left flaw. They develop

diagonally towards the top left of the specimen.
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All the segments of tensile crack A(T)ii get

interconnected.

Tensile crack B(T)11 opens and propagates

further through the extension and linkage of the

two existing segments.

Tensile crack C(T) I propagates further through

the extension of an existing segment and the

initiation of a new segment.

Tensile crack D(T)II initiates near the inner tip

of the right flaw.

More white patches develop ahead of the

existing white patches that propagated from the

inner tip of the left flaw.

B(T)I

A(T)nI



I
Sketch 8

HSV frame:

Time:

Pwater:

Gvertical:

-6701
33 min - 9.67148 sec

5.09 MPa

5.0 MPa

C(T)I-

,D(T)III

Sketch 9

HSV frame:

Time:

-6697

33 min - 9.67176 see

pwater: 5.09 MPa

GverticaI: 5.0 MPa

No coalescence/Possible indirect

coalescence

All the segments of crack B(T)II, get

interconnected.

It appears there is no coalescence between

the cracks initiated from the two flaws.

However, it can be argued that indirect

coalescence might have happened between

B(T)ij and a deeper crack (not visible at the

surface) that may have developed from the

inner tip of the right flaw along the visible

white patches. The location of possible

indirect coalescence is identified with a

circle.

Notes:

Post-testing visual analysis shows that cracks A(T)i and B(T)ii reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).
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B(T)i

A(T)nI

Tensile crack B(T) 1 propagates further

through the extension and linkage of existing

segments, and through the initiation of

existing segments.

Tensile crack D(T)I further propagates

through the initiation of a new segment at the

inner tip of the left flaw.

C( T )II

SD(T)III

B(T)II

A(T)II



Acoustic Emission Analysis

Gr-2a-30-30-VL5-INC5-C From Start to Sketch 0
1st P-Wave Amplitude

160.0 ,

20.0

0.0

0.0 20.0 40.0

x (mm)
60.0

-6

7

8

80.0

Gr-2a-30-30-VL5-INC5-C From Sketch 0 to Sketch
1st P-Wave Amplitude

160.0 -

140.0 I
4 -/

120.0 -

1000j

80.0 -

60.0 -

40.0 -

20.0 -

0.0

0.0 20.0 40.0

x (mm)

-

'-6

-8

, ,0
60.0 80.0

-Boundary

-Flaws

U Sensors

Events<50dB

50dB < Events< 65dB

Events>65dB

Time Period:

From Sketch 0 to Sketch 1

Time Window:

From 8 min 14 sec to 28 min 0 sec

Pwater:
Increased from 0.36 MPa to 3.95 MPa

Gs'ertical:

Constant at 5.0 MPa

Ampist-Arrivas (Average) = 57.13 dB

Notes:

Only one event detected near the lower

boundary, probably still related to the

contact between the loading machine

and the specimen.

690

Time Period:

From Start to Sketch 0

Time Window:

From 0 min 0 sec to 8 min 14 sec

Pwater:
Increased from 0 MPa to 0.36 MPa

(vertical:

Increased from 0 MPa to 5.0 MPa

Ampst-Arrivas (Average) = 65.02 dB

Notes:

Several acoustic events detected near

the boundaries of the specimen, caused

by the contact between the loading

machine and the specimen.

14 0
.0
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120.0 -

100.0
3-,

E 80.0

60.0
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- Boundary
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M Sensors

Events<5OdB

50dB< Events < 65dB

Events > 65dB
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Gr-2a-30-30-VL5-NC5-C From Sketch 2 to Sketch 3
1st P-Wave Amplitude

160.0

140.0'
4

120.0

100.0i

80.0 -

60.0 -

2

40.0-

20.0-

1-)"

0.0 4
0.0 20.0 40.0

x (MM)
60.0 80.0

Gr-2a-30-30-VL5-INC5-C From Sketch 3 to Sketch 9
lst P-Wave Amplitude

0.0 20.0 40.0

x (mm)

60.0

5

'7

*8

80.0

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 30 min 38 sec to 33 min 8 sec

Pwater.
Increased from 4.44 MPa to 5.08 MPa

- Bou ndary

-Flaws

0 Sensors

* Events<SOdB

50d8< Events<65dB

Events>65dB

Time Period:

From Sketch 3 to Sketch 9

Time Window:

From 33 min 9.67091 sec to 33 min

9.67176 sec (Last HSV Frame used)

Pwater:

Constant at 5.09 MPa

Gvertical:

Constant at 5.0 MPa

Ampst-Arrivals (Average) = 69.82 dB

Notes:

Few mid-amplitude and high-amplitude

events, detected around the flaws. Most of

the events are not located where white

patching was observed.

Events are more spread-out than in the

previously analyzed stage
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Overtical:

Constant at 5.0 MPa

AmpstP-Arrivas (Average)= 69.62 dB

Notes:

No events detected from Sketch 1 and

Sketch 2.

Some mid-amplitude (50 dB < Amp <

65dB) and many high-amplitude (Amp >

65dB) events detected around the flaws,

especially around the left flaw. The events

are mainly localized ahead of the flaw tips

and some above the left flaw. There are no

events localized in the bridge between flaw

tips, where white patching is visible.

E

|A'

-Boundary

-Flaws

* Sensors

+ Events<50dB

5OdB < Events < 65dB

Events > 65dB

T
E

160.0 -

140.0
4

120.0 -

10 0 .0 J
3

80.0 -

60.0 -

2-"

40.0

20.0 -

0.0



Gr-2a-30-30-VL5-INC5-C After Sketch 9
1st P-Wave Amplitude

160.0 -

140.0)

120.0 -

100.0

E 80.0

60.0 -

~ -

20.0

0.0 -
0.0 20.0 40.0

x (mm)

-5

1-7

-8

60.0 80.0

I
- Boundary

-Flaws

0 Sensors

Events<5OdB

50dB< Events < 65dB

Events>65dB

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.

Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 33 16.29116

Sensor 2 33 16.40509

Sensor 3 33 16.49738

Sensor 4 33 16.49737

Sensor 5 33 16.38930

Sensor 6 33 16.38928

Sensor 7 33 16.38929

Sensor 8 33 16.29118

I
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Time Period:

From Sketch 9 to last AE event

Time Window:

From 33 min 9.67176 sec (Last HSV Frame

used) to 33 min 16.29115 sec

Pwater:
Decreased from 5.09 MPa to -0.03 MPa

Gvertical:

Constant at 5.0 MPa

AmpistArrivas (Average) = 75.17 dB

Notes:

Few mid- and high-amplitude events

detected, most of them away from the flaws.

Not many events were localized near or

along visible propagated cracks, apart from

a cluster near the upper-boundary of the

specimen. Events are more spread-out than

in the previously analyzed stage, indicating

a possible effect of the water seeping

through micro-cracks opened during the

previous stages.
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Water Pressure and Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Time
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Water Pressure and Amplitude of the 1 " P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)
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1 _______________ 1
- Water Pressure Sketch 3

C High-Res Sketches
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Sketch I +

Sketch 0

- Water Pressure Sketch 3
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+ Acoustic Events

Sketch 2
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Time (s)
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Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

100.0

80.0 -

60.0 -].

0It
Ca
MJ

M'

E

0.0

h 2 7

Sketch 3

Sketch2

Sketc

+ Acoustic Emission Events

1.0 2.0 3.0 4.0 5.0 6.0

Water Pressure (MPa)

Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

Sketch 0

Sketch 3 +

* +

+ Acoustic Emission Events

I I

4.6

Water Pressure (MPa)
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Water Pressure and Cumulative Number of Hits and Events Vs Time

0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0

Time (s)
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Water Pressure and Cumulative Number of Hits and Events Vs Time (Last Two Water

Pressure Increments)
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- Water Pressure Sketch 3 ,
High-Res Sketches

- Cumulative Hit Count Sketch 2

- Cumulative Event Count Sketch 1 -

Sketch 0
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-Res Sketches
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ulative Event Count
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Specimen ID: Gr-2a-30-60-VLO-INC5-A

Test Date: 04/13/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (em 3)

0.22 0.12 5.43 6.839

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Type of Frame Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 7 27 0.19 0.035 0.795

1 High Resolution 24 25 4.44 0.818 5.340

2 High Resolution 26 11 4.93 0.908 6.007

3 High Resolution 28 43 5.39 0.993 6.839

4 High Speed 28 43.66707 5.38 0.991 6.836

5 High Speed 28 43.66773 5.38 0.991 6.836

6 High Speed 28 43.66793 5.38 0.991 6.836

7 High Speed 28 43.66813 5.38 0.991 6.836

8 High Speed 28 43.66853 5.38 0.991 6.836

9 High Speed 28 43.66900 5.38 0.991 6.836

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water
(MPa) Pressure

A(T)1  Type I - Tensile 5.38 1.0 4

B(T)n Type II - Tensile 5.38 1.0 4

C(T) No Type - Tensile 5.38 1.0 7

D(T)u Type II - Tensile 5.38 1.0 7

Coalescence Type: Direct (Category 7)

Notes:
(I) Crack and coalescence types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time

6.0 -_9.00
-- Water Pressure Sketch 3

5.0 - Maximum Water Pressure 7.50
Sketch 1

M High-Res Sketches0.E
S 4.0 --- 6.00 ,4. -- Volume Injected 6

I.IV

,A 3.0 4.50 .
C

2.0 3.00 E

1.0 1.50

0.0 Sketch 0 0.00
0 250 500 750 1000 1250 1500 1750 2000

Time (s)

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

5.44 . 7.05
Water Pressure
Max Water Pressure 7.00

K High-Res Sketches
E HSV Sketches

5.42 -- 6.95E
. -.2Volume Injected 6

- ---HS Video -V
5.41 6.90

IA a
&A

a, C
C 5.40 6.85

E
Sk tch 3

5.39 -k-36.80
Sketch 4 -Skeptch 9

5.38 - - 6.75

5.37 - 6.70
1700 1705 1710 1715 1720 1725 1730

Time (s)

Note: Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with the
time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.
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Water Pressure Vs Volume Injected

6.0

- Water Pressure vs Volume Injected Sketch 3

5.0 HRes Sketches
Sketch1

M 2.0-

1.0-

Sketch 0-
0.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (CM3)
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Initial and Final Frames

A *

tz-

- '1

-

X, '

;'A

~A%

~M

Sketch:

Frame:

vertical load)

Time:

pwater:

Uvertical:

Sketch:

Frame:

occurs)

Time:

pwater:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

7 min 27 sec

0.18 MPa

0.12 MPa

9 (High-Speed Video Frame)

Final (Right after coalescence

28 min 44.50513 sec

5.38 MPa

0.12 MPa

Sketches - Legend

Note 1: Crack and coalescence types based on Wong and Einstein (2009). When a crack does not correspond
to any of the types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) '_

A(T) Water Pressure
p. 0998 --- Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack
Shearing Direction

Point of Coalescence
White Patching

4 Crack Opening



Sketches

Sketch 0

Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw Pairs:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 44

7 min 27 sec

0.19 MPa

0.12 MPa

3"x6"x1"

2a=1/2"

2a

300

600

All cracks are alphabetically labeled based

on their initiation order (unless otherwise

stated).

Sketch 1

Aoo

A*00

Still frame:

Time:

Pwater:

Gvertical:

263

24 min - 25 sec

4.44 MPa

0.12 MPa

White patching starts to develop ahead of the

inner flaw tip of upper flaw.
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Sketch 2

7-00

4-70

Still frame:

Time:

pwater:

GverticaI:

315

26 min - 11 sec

4.93 MPa

0.12 MPa

White patching develops ahead of both tips

of the lower flaw. The area with white

patching in the upper inner flaw tip

increases. Some spots develop white

patching in the region between tips.

Sketch 3

Still frame:

Time:

Pwater:

Gvertical:

390

28 min - 43 sec

5.39 MPa

0.12 MPa

White patching develops from the four flaw

tips. The white patches initiating from the

lower inner flaw tip are narrow and

propagate towards the lower face of the

upper flaw. The two white patching regions

initiating from the outer flaw tips are very

long and narrow.
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HSV frame:

Time:

Pwater:

(Tvertical:

-7452

28 min - 44.50320 sec

5.38 MPa

0.12 MPa

Tensile crack A(T), initiates from the outer

tip of the lower flaw along the existing white

patching. It widens relatively quickly.

Simultaneously, crack B(T)1 initiates at the

inner tip of the lower flaw. Other smaller

cracks initiate in the vicinity of B(T)1 ., likely

linked to it.

Sketch 5

HSV frame:

Time:

Pv'ater:

Gvertical:

-7442

28 min - 44.50387 sec

5.38 MPa

0.12 MPa

Tensile crack A(T), propagates further along

the existing white patches.

New areas with white patching develop in

the vicinity of the inner tip of the lower flaw

and to the left of the outer tip of the lower

flaw.

Sketch 4

'000

7-0
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-7439

28 min - 44.50407 sec

5.38 MPa

0.12 MPa

Tensile crack develops in the bridge between

inner flaw tips. This flaw was not labeled

here since it is probably linked with crack

B(T)1 at depth.

Sketch 7

HSV frame:

Time:

Pwater:

Uvertical:

-7436

28 min - 44.50427 sec

5.38 MPa

0.12 MPa

Tensile crack C(T) initiates from the lower

face of the upper flaw and widens relatively

quickly. At the same time, tensile crack

D(T)II develops near the outer tip of the

upper flaw. Both develop along existing

white patching regions.

Crack A(T), propagates further.

Sketch 6

0000

000I

HSV frame:

Time:

pwater:

Gvertical:

00K
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Sketch 8

HSV frame:

Time:

pvwater:

Overtical:

-7430

28 min - 44.50467 sec

5.38 MPa

0.12 MPa
doo

HSV frame:

Time:

pR ater:

Gvertical:

-7423

28 min - 44.50513 sec

5.38 MPa

0.12 MPa

Coalescence

Tensile crack D(T)1 connects to the upper,

outer flaw tip, and simultaneously continues

to propagate away from the flaws. Likewise,

crack A(T), further propagates away from

the flaws.

Coalescence between the flaws occurs in the

middle of the bridge between inner tips,

when crack B(T)1 merges with crack C(T).

Notes:

The cracks A(T), and D(T)I1 extend until they reach the edges of the specimen.

The water pressure starts to decrease slightly before sketch 3, and drops substantially when the

first cracks initiate (from sketch 3 to sketch 4). The pressure further drops after A(T), B(T)ji,

C(T), D(T)i fully develop (after sketch 9)

704

Tensile crack B(T)I1 widens quickly and

propagates towards the bridge between inner

tips. Similarly, tensile crack C(T) propagates

towards the bridge between inner tips along

the existing white patches.

Tensile crack A(T), further propagates and

crack D(T)1 widens slightly.

Sketch 9



Specimen ID: Gr-2a-30-60-VLO-INC5-B

Test Date: 08/13/2014

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

0.00 0.00 4.92 5.127

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected
Number Type of Frame Pressure

(min) (sec) (MPa) (cm
3)

0 High Resolution 0 3 0.04 0.007 0.363

I High Resolution 18 41 4.32 0.878 4.517

2 High Resolution 20 37 4.84 0.983 4.967

3 High Resolution 21 37 4.91 0.997 5.110

4 High Speed 21 38.61085 4.90 0.996 5.127

5 High Speed 21 38.61100 4.90 0.996 5.127

6 High Speed 21 38.61114 4.90 0.996 5.127

7 High Speed 21 38.61128 4.90 0.996 5.127

8 High Speed 21 38.61142 4.90 0.996 5.127

9 High Speed 21 38.61171 4.90 0.996 5.127

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure

Crack ID Crack Type' Crack Initiation Nonnalized to the SketchMaximum Water
(MPa) Pressure

A1(T)n Type II - Tensile 4.90 1.0 4

A2(T)1i Type 11 - Tensile 4.90 1.0 8

B(T) Type II - Tensile 4.90 1.0 6

C(T)i Type 11 - Tensile 4.90 1.0 6

D(T) Type It - Tensile 4.90 1.0 7

Coalescence Type: Coalescence (Category 7)

Notes:
(I) Crack and coalescence types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time

6.0

5.0

a.
4.0

.A 3.0

4WJ 2.0

1.0

0.0
0.0 250.0 500.0 750.0

Time (s)

1000.0 1250.0

6.0

5.0

E
4.0 w

E3.0 2%
C

2.0 G

1.0

- Water Pressure Sketch 3
Maximum Water Pressure Sketch 2

High-Res Sketches Sketch 1

-- Volume Injected

-- f Sketcho 0

1500.0

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

4.94 -

4.92 -

4.90 -

0 4.88 -

4.86 -

4.84 -

- 4.82 -

m 4.80 -

4.78 -

4.76 -

4.74

127 0.0 1275.0 1280.0 1285.0

Time (s)

1290.0 1295.0

5.30

5.25

5.20

5.15

5.10

5.05

5.00

4.95

4.90

4.85

4.80

1300.0

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.
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0.0

- Water Pressure Sketch 3-
Max Water Pressure
High-Res Sketches

E HSV Sketches
- Volume Injected S tch4

------ HS Video Sketch 9

E

M
.U,

7
E2

---



Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

4.96 -- ._5.30
Water Pressure
Max Water Pressure 5.25
High-Res Sketches
T Ske tch 4

.2 HSV Sketches E
S4.92 -- 5.20Volume Injected Sketch 3 Skeich 9 V

- .....- HS Video-
,A 4.90

4.'A 5.150 1

4.88 5.10
4.86 50

4.84 5.00
1294.0 1295.0 1296.0 1297.0 1298.0 1299.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

Water Pressure Vs Volume Injected

7.0
- Water Pressure vs Volume Injected

6.0 High-Res Sketches Sketch 3

S5.0 Sketch 2
Sketch 1

4.0
fA

3.0

2.0

1.0 - Sketch

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm 3)
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Initial and Final Frames

4W

4V

re,

k.

t~

A x7-

10; &4#A

~4i~~ ~ N

44 ;

Sketch:

Frame:

Time:

p ater:

Gvertical:

Sketch:

Frame:

occurs)

Time:

p1water:

Gvertical:

0 (High-Resolution Frame)

Initial

0 min 3 sec

0.04 MPa

0.00 MPa

9 (High-Speed Video Frame)

Final (Right after failure

21 min 38.61171 sec

4.90 MPa

0.00 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered)

A(T), Water Pressure
p_.* o.99 - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack

*> Shearing Direction
Point of Coalescence
White Patching

4+ Crack Opening

I



Sketches

q
Sketch 0

Frame:

Time:

Pwater:

Uvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 16

0 min 3 sec

0.04 MPa

0.00 MPa

3"x6"xl"

2a=1/2"

2a

300

600

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

11
Sketch 1

Still frame:

Time:

Pwater:

Overtical:

238

18 min - 41 sec

4.32 MPa

0.00 MPa

White patching starts to develop at the inner

tips of both flaws.
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Still frame:

Time:

Pwater:

Overtical:

293

20 min - 37 sec

4.84 MPa

0.00 MPa

White patches continue to develop from the

inner tips of the flaws, and start to develop at

and near both outer tips of the flaws.

Sketch 3

Still frame:

Time:

Pwater:

Gvertical:

322

21 min - 37 sec

4.91 MPa

0.00 MPa

White patches continue to develop at and

near all four flaw tips. At the inner tips, the

white patches form narrow bands which

appear to propagate towards the opposite

flaw in an approximately vertical fashion.
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Sketch 2

00

0*00

'000



I
Sketch 4

-6709

21 min - 38.61085 sec

4.90 MPa

0.00 MPa

Tensile cracks A1(T)II initiate near the outer

tip of the right flaw. It consists of two

segments.

White patching continues to develop away

from the tips of both flaws.

Sketch 5

HSV frame:

Time:

Pwater:

Overtical:

-6707

21 min - 38.61100 sec

4.90 MPa

0.00 MPa

Tensile crack A,(T)II continues to develop at

and near the outer tip of the right flaw. This

occurs through the opening of new segments

and the linkage of existing segments. These

crack segments usually propagate along

existing white patches.

New white patches develop away from the

inner tip of the right flaw and away from the

outer tip of the left flaw.
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Ai(T)II HSV frame:

Time:

Pwater:

Gvertical:

A1(T)ii

0



Sketch 6

HSV frame:

Time:

Pwater:

Gvertical:

-6705

21 min -38.61114 sec

4.90 MPa

0.00 MPa
Ai(T)II

Sketch 7

A(T)II

D(T)II

B4C(T))

B(T)ii

HSV frame:

Time:

Pwater:

Gvertical:

-6703

21 min -38.61128 sec

4.90 MPa

0.00 MPa

Tensile cracks AI(T)ii and B(T)1 develop

further.

Crack C(T)I1 opens and a small area of white

patching develops away from the inner tip of

the left flaw and very close to the middle

point of the opposite flaw.

Tensile crack D(T)I1 initiates from the inner

tip of the right flaw, with a segment located

away from the tip, but along the existing

white patching band.

More white patches develop away from the

inner tips of both flaws, extending the

existing white patching bands and almost

reaching the opposite flaw face.
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7C(T)II

Segments of crack AI(T)1 propagate further

and are linked to each other.

Tensile cracks B(T)I1 and C(T)1 start to

develop at the outer tip of the left flaw and

near the inner tip of the left flaw,

respectively.

More white patches develop away from the

four tips, extending the existing white

patching bands already formed.

B(T)I



Sketch 8

HSV frame:

Time:

Pwater:

Gvertical:

-6701

21 min -38.61142 sec

4.90 MPa

0.00 MPa
2(T) 1

A1(T)II

D(T)I

Sketch 9

A 2(T) 1

D(T))

C(T)II

B(T)II

Notes:

HSV frame:

Time:

Pwater:

Overtical:

-6697

21 min -38.61171 sec

4.90 MPa

0.00 MPa

Coalescence

Segments of crack A2(T)1 are linked with

each other but do not intersect Al(T)i1 .

All the existing segments of tensile crack

B(T)I are linked with each other.

Tensile cracks C(T)1 and D(T)I1 develop until

they almost reach the opposite flaws. While

at the surface they never reach the flaws, it is

very likely that these cracks intersect the

existing flaws deeper in the specimen.

Therefore, the intersections between C(T)i1

and D(T)1 are considered coalescence points.

The cracks AI(T)1 , A2(T)1 and B(T)i extend until they reach the edges of the specimen.

The water pressure drops after all the cracks propagate (after sketch 9).
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A 2(T)1 opens very quickly near the existing

crack A1(T)1 . It is very likely that A2(T)1 is

connected to A1(T)1 and that both cracks

share the segment closer to the flaw tip; thus,

the same letter (A) was used to identify both

cracks. This cannot be observed, probably

because it occurs deeper in the specimen and

not at the surface.

Tensile cracks B(T)11, C(T) and D(T)1

propagate further, through the extension or

linkage of existing segments, or through the

development of new crack segments.

C(T)I1

B(T) j

2<

---- I



Acoustic Emission Analysis

Gr-2a-30-60-VLO-INC5-B From Start to Sketch 0 - 1st P-Wave

- Boundary Amplitude

- Flaws 160.0

* Sensors

Events < 35dB 140.0 11

35dB< Events<5OdB 4 -- 5

Events> 50dB
120.0

100.0

3-

E 80.0 -

60.0

2-

40.0

20.0

0.0
0.0 20.0 40.0

x (mm)

Gr-2a-30-60-VLO-IN

- Boundary
160.0 -

- Flaws

U Sensors

Events<35dB 140.0

35dB < Events< 5OdB

Events>SOdB
_________________ - 120.0

1 00 .0 1

E 80.0

60.0

40.0

20.0

0.0
0

C5-13

-6

-7

60.0 80.0

From Sketch 0 to Sketch 1 - 1st P-Wave
Amplitude

.0 20.0 40.0 60.0

x (mm)

S

80.0

Time Period:

From start of the test to Sketch 0

Time Window:

From 0 to 0 min 3 sec

Pwater:

Relatively constant at 0.04 MPa

Gvertical:

Constant at 0.00 MPa

Ampist-Arrivas (Average) => No events

Notes:

No events were detected, since no

vertical load was applied

Time Period:

From Sketch 0 to Sketch 1 (first visible

white patches)

Time Window:

From 0 min 3 sec to 18 min 41 sec

Pwater

Increased from 0.04 MPa to 4.32 MPa

Gvertical:

Constant at 0.00 MPa

Ampst-Arrivas (Average) = 50.80 dB

Notes:

Five events detected, but not near the

flaw tips. The average amplitude of the

first P-arrivals is significantly high

(50.8 dB)
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Gr-2a-30-60-VLO-INC5-B From Sketch 1to Sketch 2 - 1st P-Wave
- Boundary Amplitude

160.0
- Flaws

0 Sensors

* Events<35dB 140.0

35dB< Events< 50dB 12-.0
* Events>5dB 

120.0-

'E

100.0
3

80.0 -

60.0 -

2 -1

40.0-

20.0 -

1 0

0.0 a
0.0 20.0 40.0

x (mm)

7

60.0 80.0

Gr-2a-30-60-VLO-INC5-B From Sketch 2 to Sketch 3 (Last
- Boundary Recorded) - 1st P-Wave Amplitude

- Flaws 160.0

N Sensors

* Events<35dB 140.0

35d B < Events < 50dB 41
* Events>50dB

120.0

E

100.0i

3-

80.0 -

60.0

40.0

20.0

0.0
0.0 20.0 40.0

x (mm)

Event

6

K7

60.0 80.0

Time Period:

From Sketch I to Sketch 2

Time Window:

From 18 min 41 sec to 20 min 37 sec

Pwater:
Increased from 4.32 MPa to 4.84 MPa

Overtical:

Constant at 0.00 MPa

AmplstP-Arrivas (Average) = 48.89 dB

Notes:

Some activity near the flaws, mainly mid-

and high-amplitude events (>35dB). Most

of the events appear to be ahead of the flaw

tips, especially near the outer tip of the left

flaw. The average amplitude of the first P-

arrivals of the events is slightly lower than

in the previous time-frame

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 20 min 37 sec to 21 min 37 sec

Pwater:

Increased from 4.84 MPa to 4.91 MPa

Uvertical:

Constant at 0.00 MPa

AmpsP.Arrivas (Average) = 43.54 dB

Notes:

High acoustic activity in the vicinity of the

flaws, especially ahead the tips of both

flaws, very close to the location where the

cracks are going to propagate.

The events are mainly mid and high-

amplitude events (>35dB). Again, the

average amplitude of the first P-arrivals of

the events is slightly lower than in the

previous time-frame.
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E

Gr-2a-30-60-VLO-INC5-8 Last 100 Events
1st P-Wave Amplitude

160.0 -

140.0)
4j

120.0 -

100.0
3-/

80.0

60.0 -

40.0

20.0-

nn

K. -

0.0 20.0 40.0 60.0 80.0
x (mm)

- The cracks represented with dashed lines are indicative and based on the

images post-failure.

- The last acoustic event was recorded before any visible cracking could

be observed with the high-speed camera. The cracks shown in this figure

are simply added in order to help the reader relate the Acoustic Events at

this stage with the final cracking.

-Boundary

-Flaws

M Sensors

Events<35dB

35d B< Events < 50dB

Events> SOdB

Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 21 43.67120

Sensor 2 21 43.67570

Sensor 3 21 43.69988

Sensor 4 21 43.68400

Sensor 5 21 43.97964

Sensor 6 21 44.02092

Sensor 7 21 43.86165

Sensor 8 21 43.79307
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Time Period:

Last 100 acoustic events of the test

Time Window:

From 21 mn 34.41333 sec

to 21 min 36.51095 sec (Last Event recorded)

Pwater:

Approximately constant at 4.90 MPa

Overtical:

Constant at 0.00 MPa

Amp1stP-ArrivaIs (Average) = 41.51 dB

Notes:

High acoustic activity ahead of the flaw tips,

in a location where the macro-cracks

developed. The events are mainly mid-

amplitude (35dB < Amp < 50dB).

Yet again, the average amplitude of the first

P-arrivals of the events is slightly lower than

in the previous time-frame.

The last event was recorded approximately

2.1 sec before cracking was observed in the

High-Speed images. However, the last hits

recorded by the different sensors occurred

after these High-Speed images. This may be

due to the settings used in the AE data

collection.
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Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

6.0 120.0
- Water Pressure

5.0 - High-Res Sketches 100.0

* Acoustic Events Sketch 1 Sketch 3
4.0 80.0 <

f 3.0 60.0

2.0 40.0

1.0 -20.0 -

E
0.0 ketch 0 .

0.0 I 0.0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0

Time (s)

Water Pressure and Amplitude of the 1St P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)

5.0 Sketch 3 100.0

COSketch 2 -

4.8 81.0

4.b + + + *, 60.04)4

4.4 - * Sketch 1 +++ +4+4.

UV

4.2 - ~-Water Pressure -2.

7: High-Res SketchesM

+Acoustic Events
4.0 0.0

1050.0 1100.0 1150.0 1200.0 1250.0 1300.0

Time (s)
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Amplitude of the 1V P-wave Arrivals of the Acoustic Events Vs Water Pressure

* Acoustic Emission Events

2.0 3.0

SketchSketch 3
Sketch 2

**

4.0 5.0 6.0

Water Pressure (MPa)

Amplitude of the 1It P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

\Sketch 1 Sketch 2 - ~ Se

. + :. .r

-#

- Acoustic Emission Events I

4.2 4.4 4.6 4.8

h 3

5.0

Water Pressure (MPa)
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Water Pressure and Cumulative Number of Hits and Events Vs Time

6.0

5.0

4.0
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1500.0

Water Pressure and Cumulative Number of Hits and Events Vs Time (Last Two Water

Pressure Increments)
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Gr-2a-30-60-VLO-INC5-B - Entire Test - 1st Sensors Detectln
Signals

20.0 40.0

x (mm)

-Boundary

-Flaws

0 Sensors

C Sensor 1
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Specimen ID: Gr-30-60-VLO-INC5-C

Test Date: 02/22/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm3)

0.00 0.00 3.25 4.801

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Pressure
(min) (sec) (MPa) (cm 3)

0 High Speed 20 52.94383 3.24 0.996 4.801

1 High Speed 20 52.94418 3.24 0.996 4.801

2 High Speed 20 52.94447 3.24 0.996 4.801

3 High Speed 20 52.94483 3.24 0.996 4.801

4 High Speed 20 52.94533 3.24 0.996 4.801

5 High Speed 20 52.94611 3.24 0.996 4.801

Note: No
them

High-Resolution frames were used since neither white patching nor any type of cracking were observed on

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water
(MPa) Pressure

A(T) Tensile 3.24 1.0 1

B(T) Tensile 3.24 1.0 1

C(T) Tensile 3.24 1.0 5

Coalescence Type: No coalescence (Category 1)
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Notes:
(I) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected

U.u

5.0

m
CL
2 4.0

3.0

- 2.0

m

1.0

n n

Vs Time

6.0

5.0

4.0

3.0

2.0

1.0

n n

0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0

Time (s)

Note: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data

(2) No High-Resolution frames were used since neither white patching nor any type of cracking were
observed on them

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

3.30 - 4.84
- Water Pressure

3.28 - Max Water Pressure 4.82

D HSV Sketches Sketch 0
a. 3.26 - 4.80

Volume Injected

3.24 - - HS Video 4.78

Sketch 1:m 3.22 47

Sketch -

3.18 4.72

3.16 * 4.70

1225.0 1230.0 1235.0 1240.0 1245.0 1250.0 1255.0

Time (s)

Notes: (1) Only HSV sketches 0, 1 and 6 are represented. Sketches 1 and 6 appear to be in the same point,
because with the time scale used in the plot it is not possible to differentiate the times when sketches 1 to 6
were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

3.26 4.84

Sketch 0
3.25 Sketch 1 4.83

M-Skejh6 E
2 3.24 4.82 -

, 3.23 Water Pressure ' 4.81 .!,

Max Water Pressure
.W 3.22 4.80
M t HSV Sketches

3.21 - -- Volume Injected 4.79

------HS Video
3.20 1 4.78

1249.0 1250.0 1251.0 1252.0 1253.0 1254.0

Time (s)

Notes: (1) Only HSV sketches 0, 1 and 6 are represented. Sketches 1 and 6 appear to be in the same point,
because with the time scale used in the plot it is not possible to differentiate the times when sketches 1 to 6
were taken.

(2) The data shown in the plot was logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.

Water Pressure Vs Time (Last 1.2 seconds of the Test)

3.24

3.22

EU- Sketch 0

a. 3.20

1 3.18

3.16

3.14 -Water Pressure Sketch I

W HSV Sketches Sketch 6
3.12

1251.8 1252.0 1252.2 1252.4 1252.6 1252.8 1253.0
Time (s)

Notes: (1) Only HSV sketches 0, 1 and 6 are represented. Sketches 1 and 6 appear to be in the same point,
because with the time scale used in the plot it is not possible to differentiate the times when sketches 1 to 6
were taken.

(2) This plot was obtained based on pressure data logged every time there was an AE hit, as
opposed to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average
at 0.1 sec-intervals was applied to these data. This explains the slight differences between this and the
previous plots
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Water Pressure Vs Volume Injected

4.0

3.0
M

2.0

0.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0

Volume Injected (cm 3 )

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.
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Initial and Final Frames

0 (High-Speed Video Frame)

Final (Right after failure

20 min - 52.64618 sec

3.24 MPa

0.0 MPa

6 (High-Speed Video Frame)

Final (Right after failure

20 min - 52.94611 sec

3.24 MPa

0.0 MPa

Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) ~ A(T)I Water Pressure

p,_*- 0.998 - Normalized to
Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack

* Shearing Direction

Point of Coalescence
White Patching

4+ Crack Opening

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Sketch:

Frame:

occurs)

Time:

pvater:

Gvertical:

Sketch:

Frame:

occurs)

Time:

pNater:

Gvertical:

Sketches - Legend



Sketch 0

HSV frame:

Time:

x
-x

I B(T)

x00
A(T)

P-water:

GverticaI:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial: -11202

min - 52.64618 sec

3.24 MPa

0.0 MPa

3"x6"x "

2a=1/2"

N/A

300

600

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Since there were neither white patching nor

cracking observed in the High-Resolution images,

Sketches 0 to 6 were obtained only from High-

Speed video imagery.

Sketch 1

HSV frame:

Time:

Gvertical:

-7035

20 min - 52.94383 sec

3.24 MPa

0.0 MPa

Several segments of tensile crack A(T) initiate

below the center of the right flaw. Two

segments of tensile crack B(T) initiates at the

center and above the right flaw.

White patching starts to develop ahead of the

last segment of crack A(T) and to the right of

the outer ip of the right flaw.

726

Sketches

0*0



-7030

20 min - 52.94418 sec

3.24 MPa

0.0 MPa

Tensile crack A(T) propagates further through

the linkage and extension of its existing

segments. Tensile crack B(T) propagates

further through the extension of one of the

existing segments and through the initiation of

three new segments.

White patches continue to develop to the right

of the outer tip of the right flaw.

Sketch 3

HSV frame:

Time:

Pwater:

Overtical:

-7026

20 min - 52.94447 sec

3.24 MPa

0.0 MPa

Tensile crack A(T) propagates further through

the extension of some of the existing

segments and through the initiation of a new

segment. Tensile crack B(T) propagates

further through the extension of one of the

existing segments and through the initiation of

a new segment.

White patches continue to develop to the right

of the outer tip of the right flaw. This white

patching propagates in the direction of the

upper flaw.
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Sketch 2

HSV frame:

Time:

Pwatcr:

Gvertical:

B(T)

A(T)

B(T)

A(T)

000



-7021

20 min - 52.94483 sec

3.24 MPa

0.0 MPa
B(T)

Sketch 5

HSV frame:

Time:

Pwiater:

UverticaI:

C(T)

-7014

20 min - 52.94533 sec

3.24 MPa

0.0 MPa

Tensile crack A(T) propagates further

through the extension and linkage of existing

segments and through the initiation of new

segments. Tensile crack B(T) propagates

further through the extension and consequent

linkage of all its segments. Tensile crack

C(T) initiates to the right of the right flaw,

where white patching has been observed in

the previous sketches.

White patches continue to develop near the

outer tip of the right flaw.
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Sketch 4

HSV frame:

Time:

Pwater:

Gvertical:

Tensile crack A(T) propagates further

through the linkage and extension of existing

segments and through the initiation of new

segments. Tensile crack B(T) propagates

further through the extension and linkage of

existing segments.

White patches continue to develop to the

right of the outer tip of the right flaw. This

white patching propagates in the direction of

the upper flaw.

A(T)

I

B(T)

A(T)

0*0



B(T)

A(T)

Sket

C(T)

ch 6

HSV frame: -7003

Time: 20 min - 52.94611 sec

Pwater: 3.24 MPa

Overtical: 0.0 MPa

No coalescence

Tensile crack A(T) propagates further through

the extension and consequent linkage of all its

segments. Tensile crack C(T) propagates further

through the extension and linkage of its

segments.

White patches continue to develop near the

outer tip of the right flaw.

Post-test analysis shows that cracks A(T), B(T) and C(T) extend until they reach the edges of the
specimen.

The water pressure drops after all the cracks propagate (after sketch 6).
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Acoustic Emission Analysis

Gr-2a-30-60-VLO-INC5-C From Start to Sketch 0
1st P-Wave Amplitude

160.0 -

140.0
4-/

120.0 -

100.0

E 80.0-

60.0

2 _J

40.0

20.0

0.0

- Boundary

-Flaws

E Sensors

Events < 50dB

5OdB< Events<65dB

Events> 65dB

0.0 20.0 40.0
x (mm)

Gr-2a-30-60-

- Boundary
160.0 -

-Flaws

0 Sensors

- Events<5OdB 140.0

50dB< Events< 65dB 4-

Events>65dB 
120.0

'E

100.0
3

80.0

60.0

2_ j

40.0 -

0

8

60.0 80.0

VLO-INC5-C After Sketch 6 (Last 100 Ev
1st P-Wave Amplitude

.0 20.0 40.0

x (mm)

ents)

5

6

7

60.0 80.0

Time Period:

From Start to Sketch 0

Time Window:

From 0 min 0 sec to 20 min 52.64618 sec

P water:

Increased from 0.0 MPa to 3.26 MPa

Gvertical:

Constant at 0.0 MPa

Ampst-Arrivas (Average) = 61.30 dB

Notes:

Many mid- (50dB < Amp. < 65dB) and

high- (Amp. > 65dB) amplitude events

detected near the right flaw, near the

location where A(T), B(T) and C(T)

eventually develop.

Time Period:

After Sketch 6 (Last 100 Events). No

events captured from Sketches 0 to 6

Time Window:

From 20 min 53.36261 to

21 min 1.49558 sec

Pwater:
Decreased from 3.24 MPa to

Gvertical:

Constant at 0.0 MPa

Ampst-Arrivals (Average)= 72.98 dB

Notes:

Few mid- and some high-

events detected along and

the developed cracks.

amplitude

near the path of
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Gr-2a-30-60-VLO-INC5-C (Last 200 Events)
1st P-Wave Amplitude

160.0 1

140.0
4 -

120.0 J
100.0A

3

E 80.0

60.0 -

40.0 -

20.0 -

0.0
0.0 20.0 40.0

x (mm)

- Boundary

-Flaws

R Sensors

* Events < sOdB

50d B < Events < 65dB

Events >65dB

60.0 80.0

Notes:
- The cracks represented with dashed lines are indicative and based on the image

Time Period:

Last 200 Events

Time Window:

From 20 min 49.27019 sec to

21 min 1.49558 sec

Pwater:

Increased from 4.45

MPa

MPa to 4.96

I I

I -I

at crack coalescence.

Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 21 1.85082

Sensor 2 21 1.85082

Sensor 3 21 1.85343

Sensor 4 21 1.86399

Sensor 5 21 1.86399

Sensor 6 21 1.85079

Sensor 7 21 1.85083

Sensor 8 21 1.85083
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__I

ks

K8

Uvertical:

Constant at 5.0 MPa

AmpstP-Arrivals (Average) = 68.05 dB

Notes:

Some mid- and high- amplitude

events detected along and near the

path of the developed cracks.



Water Pressure and Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Time

3.5

3.0 -
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a 2 .5

2.0 -

1.5-

M1.0

0.5 -

0.0
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Sketch 0
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Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)
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Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Water Pressure

1.0 2.0 3.0

Water Pressure (MPa)

I
Amplitude of the 1St P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

* 4*

+4

4*

+ etchO0

4 ,.

I Acoustic Emission Events

2.7 3.12.9

Water Pressure (MPa)
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I
Water Pressure and Cumulative Number of Hits and Events Vs Time
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Specimen ID: Gr-2a-30-60-VL5-INC5-A

Test Date: 04/12/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm)

8.90 4.60 6.04 5.456

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Type of Frame Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 0 46 0.00 0.000 0.159

1 High Resolution 20 6 4.50 0.745 4.108

2 High Resolution 24 0 5.47 0.906 4.933

3 High Resolution 26 46 6.04 1.000 5.432

4 High Speed 26 46.94667 6.04 1.000 5.456

5 High Speed 26 46.94680 6.04 1.000 5.456

6 High Speed 26 46.94713 6.04 1.000 5.456

7 High Speed 26 46.94733 6.04 1.000 5.456

8 High Speed 26 46.94747 6.04 1.000 5.456

9 High Speed 26 46.94773 6.04 1.000 5.456

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water

(MPa) Pressure

A(T), Type I - Tensile 6.04 1.0 4

B(T)11  Type 11 - Tensile 6.04 1.0 4

C(T),, Type II - Tensile 6.04 1.0 4

D(T), Type I - Tensile 6.04 1.0 4

Coalescence Type: Direct (Category 6)

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)
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]
Water Pressure and Volume Injected Vs Time

7.0

6.0

am 5.0

2 4.0

- 3.0

m2.0

1.0

0.0
0 250 500 750 1000

Time (s)

1250 1500 1750 200

7.0

6.0

5.0
V

4.0

3.0
E

2.0

1.0

0.0
0

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

6.04

6.03

- 6.02
a.-

6.01
1A

1 6.00

5.99

5.98

5.97

5.96

Sketch 3_
Water Pressure ' Skicth9

Max Water Pressure
High-Res Sketches

- HSV Sketches
Volume Injected

- HS Video

1580 1585 1590 1595

Time (s)

1600 1605 161

Note: Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with the

time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.
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Water Pressure Vs Volume Injected

7.0 -

- Water Pressure vs Volume Injected Sketch 3

SHiRes Sketches Sketch

5.0
n. Sketch 1

aw 4.0

3.0

-:C2.0

1.0

Sketch 0
0.0 -

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm 3 )
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Initial and Final Frames

'4

A ~ 4
FN

, Z ir - 4.

A~i~

-L

6

Sketch:

Frame:

Time:

Pwater:

tGvertical:

0 (High-Resolution Frame)

Initial

0 min 46 sec

0.0 MPa

4.60 MPa

Sketch:

Frame:

occurs)

Time:

PNsater:

Gvertical:

9 (High-Speed Video Frame)

Final (Right after coalescence

26 min 47.64100 sec

6.04 MPa

4.60 MPa

Sketches - Legend

Note 1: Crack and coalescence types based on Wong and Einstein (2009). When a crack does not

correspond to any of the types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type
ordered)

A(T1 ' Water Pressure
p. 0998 - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw

Crack

Shearing Direction

Point of Coalescence
White Patching

4* Crack Opening
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Sketches

Sketch 0

Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw Pairs:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 0010

0 min 46 sec

0.0 MPa

4.60 MPa

3"x6"xl"

2a=1/2"

2a

300
600

All cracks are alphabetically labeled based

on their initiation order (unless otherwise

stated).

Sketch 1

Still frame:

Time:

Pwater:

Gvertical:

241

20 min - 6 sec

4.50 MPa

4.60 MPa

White patching starts to develop ahead of the

inner flaw tip of upper flaw.
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Still frame:

Time:

Pwater:

Uvertical:

356

24 min - 0 sec

5.47 MPa

4.60 MPa

White patching develops ahead of both tips

of the lower flaw. The area with white

patching ahead of the inner tip of the upper

flaw increases.

Sketch 3

0*

000

00*0

0000

438

26 min - 46 sec

6.04 MPa

4.60 MPa

White patching develops from the four flaw

tips. The white patches observed in the

bridge between inner flaw tips are usually

narrower than the white patching near the

flaw tips.
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Sketch 2

Still frame:

Time:

Pwater:

Uvertical:



Sketch 4

D(T)1

C(T)11

<-c B(T)I1

A(T),

D(T)

C (T)n

B(T)II

A(T)l

HSV frame:

Time:

Pwater:

GverticaI:

-8401

26 min - 47.63993 sec

6.04 MPa

4.60 MPa

Tensile crack A(T)i initiates from the outer

tip of the lower flaw.

Simultaneously, crack B(T)I1 and C(T)1

initiate at the imier tips of the flaws along

existing white patches.

Crack D(T), initiates from the outer tip of the

upper flaw, along existing white patches. A

long and two shorter cracks are also visible

above crack D(T)I, likely linked with it.

Smaller cracks initiate in the bridge between

inner flaw tips and near A(T).

Sketch 5

HSV frame:

Time:

Pwater:

Uvertical:

-8399

26 min - 47.64007 sec

6.04 MPa

4.60 MPa

Tensile cracks A(T), and D(T)i that initiated

from the outer tips propagate further.
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HSV frame:

Time:

pwater:

GverticaI:

-8394

26 min - 47.64040 sec

6.04 MPa

4.60 MPa

Tensile cracks in the bridge between inner

flaw tips further propagate.

More white-patching develops in the vicinity

of the outer flaw tips.

Cracks above D(T), propagate further along

existing white patches and widen

significantly. These cracks are likely linked

to D(T)I.

Sketch 7

HSV frame:

Time:

Pwater:

Gvertical:

-8391

26 min - 47.64060 sec

6.04 MPa

4.60 MPa

Tensile cracks in the bridge between inner

flaw tips extend and widen significantly.

They span almost the entire bridge without

connecting to the cracks B(T)1 and C(T)1

that initiated from the inner tips.

Outer tip cracks A(T), and D(T), extend as

well as the cracks in their vicinity.

I
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HSV frame:

Time:

Pwater:

GverticaI:

-8389

26 min - 47.64073 sec

6.04 MPa

4.60 MPa

Sketch 9

HSV frame:

Time:

Pwater:

Gvertical:

-8385

26 min - 47.64100 sec

6.04 MPa

4.60 MPa

Coalescence

Tensile cracks B(T)i1 and C(T)1 directly

coalescence in two points along the bridge

between inner flaw tips.

Tensile cracks A(T), and D(T), further

extend and link with existing cracks that

propagated before. The direction of

propagation of A(T)i and D(T)i is

approximately vertical or, in other words,

along the direction of major stresses.

743

Sketch 8

Tensile cracks B(T)1 and C(T)1 propagate

towards the bridge between inner tips, along

existing white patches.

Some cracks in the vicinity of A(T), open

significantly.
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Specimen ID: Gr-2a-30-60-VL5-INC5-B

Test Date: 08/13/2014

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm")

8.94 5.00 5.60 5.282

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Pressure
(min) (sec) (MPa) (cm 3)

0 High Resolution 6 3 0.00 0.000 0.345

1 High Resolution 27 2 4.82 0.860 4.681

2 High Resolution 29 6 5.35 0.955 5.110

3 High Resolution 29 54 5.60 1.000 5.265

4 High Speed 29 55.48852 5.59 0.998 5.282

5 High Speed 29 55.48895 5.59 0.998 5.282

6 High Speed 29 55.48988 5.59 0.998 5.282

7 High Speed 29 55.49031 5.59 0.998 5.282

8 High Speed 29 55.49074 5.59 0.998 5.282

9 High Speed 29 55.49102 5.59 0.998 5.282

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing

macro-cracking (usually corresponding to the failure of the specimen) occurs at the same time as the end of the High-

Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water
(MPa) Pressure

A(T)si Type III - Tensile 5.59 1.0 4

B(T)in Type Ill - Tensile 5.59 1.0 4

C(T)iii Type Ill - Tensile 5.59 1.0 5

D(T)nl Type III - Tensile 5.59 1.0 6

Coalescence Type: Coalescence (Category 6)

744

Notes:
(I) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

Sketch 3 -\

0.0 250.0 500.0 750.0 1000.0

Time (s)

1250.0 1500.0 1750.0

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

5.65

5.60

5.55

5.50
4A

5.45

5.40

5.35

5.30

1770.0 1775.0 1780.0 1785.0 1790.0 1795.0

5.45

5.40

5.35

5.30

5.25 -
E
=

5.20 -6

5.15

5.10
1800.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.
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u 3.0
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2.0

1.0
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Water Pressure 'Sketch 2 A

Maximum Water Pressure Sketch 2

i High-Res Sketches

- Volume Injected

__-- -___ - - Sketch 0I

6.0

5.0

E
4.0 %.
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2.0 E

1.0

0.0
.0200C

Sketch 3
Water Pressure
Max Water Pressure
High-Res Sketches

- HSV Sketches
Volume Injected

-..... HS Video Sketch 9
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

5.61 5.35
Sketch 3

Sketch 4

5.60 5.33
Sketch

6 5.59 1-5.31
OA
OA

.5 -s
Water PressureS5.58 .5.29

0Max Water Pressure E
M

High-Res Sketches
5.57 -' E HSV Sketches 5.27

-- Volume Injected
.HSVideo

5.56 5.25
1792.0 1793.0 1794.0 1795.0 1796.0 1797.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

Water Pressure Vs Volume Injected

7.0
- Water Pressure vs Volume Injected Sktch

6.0- 60High-Res Sketches Sketch 2 ,

5.0 Sketch 1-
C.

4.0
1A

C3.0

2.0

1.0 - Sketch

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm3)
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Initial and Final Frames

Wr-

4r

11 t

I Af
e-*t ep

Vol

Sketch:

Frame:

vertical load)

Time:

Pwater:

Gvertical:

Sketch:

Frame:

occurs)

Time:

P water:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

6 min 3 sec

0.00 MPa

5.00 MPa

9 (High-Speed Video Frame)

Final (Right after failure

29 min 55.49074 sec

5.59 MPa

5.00 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the
types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) '

A(T) Water Pressure
p-* 0998 - Normalized to

Maximum Water
Pressure

- Pre-existing (cut) Flaw
Crack
Shearing Direction

Point of Coalescence
White Patching

4+ Crack Opening



Sketches

I
Sketch 0

Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 41

6 mn 3 see

0.00 MPa

5.00 MPa

3"x6"x 1"
2a=1/2"

2a

300

600

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

I1
Sketch 1

Still frame:

Time:

Pwater:

Gvertical:

324

27 min - 2 see

4.82 MPa

5.00 MPa

White patching starts to develop at the inner

tips of both flaws.

I
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384

29 min - 6 sec

5.35 MPa

5.00 MPa

White patches continue to develop from the

inner tip of the right flaw.

I

Sketch 3

407

29 min - 54 sec

5.60 MPa

5.00 MPa

White patches continue to develop near the

inner flaw tips extending the entire bridge

between flaw tips. White patching also starts

to develop at the outer tips of both flaws.

Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

Still frame:

Time:

Pwater:

Gvertical:
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HSV frame:

Time:

Pwater:

Uvertical:

-7580

29 min - 55.48852 sec

5.59 MPa

5.00 MPa

Tensile cracks A(T)11 and B(T)m initiate near

the outer tip of the left flaw and at the inner

tip of the right flaw, respectively. B(T)iii

consists of two segments.

White patching continues to develop

particularly away from the outer tips of both

flaws.

9
Sketch 5

HSV frame:

Time:

Pwater:

Gvertical:

-7574

29 min - 55.48895 sec

5.59 MPa

5.00 MPa

Tensile crack C(T)1 starts to develop near

the inner tip of the left flaw.

New crack segments develop in the bridge

between flaw tips. They appear to be

segments of crack B(T)I.

Sketch 4
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B(T)II

A(T)II

B(T)III



HSV frame:

Time:

Pwater:

Gvertical:

-7561
29 min -55.48988 sec

5.59 MPa

5.00 MPa

New segments of crack A(T) start to

develop away from the flaw tip.

Some segments of crack B(T)I propagate

further and others are linked with each other.

Tensile crack D(T)II starts to develop away

from the outer tip of the right flaw.

Sketch 7

-7555

29 min -55.49031 sec

5.59 MPa

5.00 MPa

Some segments of cracks A(T)II and B(T)m

propagate further and others are linked with

each other.

Crack C(T)II is linked with the inner flaw tip

of the left flaw.

A new segment of crack D(T) 1 starts to

develop away from the outer tip of the right

flaw.

Sketch 6

B(T)I

C(T)111 '

A(T)III

HSV frame:

Time:

Pwater:

Overtical:

D(T)I

B(T)II

C(T)nI >

A(T)nI
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Sketch 8

D(T)"

B(T)II

C(T(Tn -

C(T)I

(WIII

HSV frame:

Time:

Pwater:
UverticaI:

-7549

29 min -55.49074 sec

5.59 MPa

5.00 MPa

Coalescence

Coalescence occurs between cracks B(T)I

and C(T)I in the bridge between inner flaw

tips, closer to the left flaw.

Some segments of cracks A(T) 1 and D(T)iii

propagate further and others are linked with

each other, but these cracks are still not

interconnected along their entire length.

Sketch 9

D(T)I)

.)B(T)III

C(T)III ,g

A(T)III

HSV frame:

Time:

Pwater:

Gverticai:

-7545

29 min -55.49102 sec

5.59 MPa

5.00 MPa

All the segments of cracks A(T)1 and D(T)II

are linked with each other.

The cracks A(T)I and D(T)I extend until they reach the edges of the specimen.

The water pressure drops after all the cracks propagate (after sketch 9).

I
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Acoustic Emission Analysis

Gr-2a-30-60-VLS-INCS-B From Start to Sketch 0
1st P-Wave Amplitude

160.0

140.09

120.0 -

100a

3

20.0.-

0.0 20.0 40.0

x (mm)

, ,.
60.0 80.0

Gr-2a-30-60-VL5-INC5-B From Sketch 0 to Sketch
1st P-Wave Amplitude

160.0 ,

-. I

K7

I

I

60.0 80.0

I .

0.0 20.0 40.0

x (MM)

-Boundary

- Flaws

M Sensors

Events<35dB

35dB< Events< 50dB

Events>50dB

Time Period:

From Sketch 0 to Sketch I (first visible

white patches)

Time Window:

From 6 min 3 sec to 27 min 2 sec

pwater:

Increased from 0.00 MPa to 4.82 MPa

Gvertical:

Constant at 5.00 MPa

Ampist-Arrivas (Average) = 41.87 dB

Notes:

Events detected near the top boundary

of the specimen. Despite the constant

vertical load applied in this time period,

this events may still be related to the

contact between the loading frame and

the specimen.

0
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Time Period:

From start of the test to Sketch 0

Time Window:

From 0 to 6 min 3 sec

Pwater.

Relatively constant at 0.00 MPa

Gvertical:

From 0.00 MPa to 5.00 MPa

Ampst-Arrivas (Average) = 47.93 dB

Notes:

Events detected in the top boundary of

the specimen, very likely related to the

contact between the loading frame and

the specimen.

E 80.0-

60.0 -

2 j

40.0-

1-00

- Boundary

- Flaws

* Sensors

Events<35dB

35dB< Events< 50dB

Events>5OdB

140.0
4-

120.0 -

100.0 '

E 80.0

60.0

2 -

40.0 -

20.0

0.0

I

7

I

I

I



Gr-2a-30-60-VL5-INC5-B From Sketch 1 to Sketch 2
1st P-Wave Amplitude

160.0 ,

140.0)

120.0 -

100.0

E 80.0 -

60.0

40.0 -

20.0-

0.0 20.0 40.0

x (mm)

- Boundary

-Flaws

M Sensors

- Events< 35dB

35d B < Events < 50dB

Events >5OdB

60.0 80.0

Gr-2a-30-60-VL5-INC5-B From Sketch 2 to Sketch 3 (Last Event)
- Boundary 1st P-Wave Amplitude

- Flaws 160.0

* Sensors

- Events <35dB 140.0
35d B< Events< 50dB 4 -

Events > 50d B 120.0

100,.0

3

E 80.0 -

60.0 -

2-

40.0

20.0

0.0
0.0 20.0 40.0

x (mm)

I 8

60.0 80.0

Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 27 min 2 sec to 29 min 6 sec

Pwater:

Increased from 4.82 MPa to 5.35 MPa

Gvertical:

Constant at 5.00 MPa

Ampist-Arrivas (Average) = 39.70 dB

Notes:

During this time period, only four mid-

amplitude (35 dB < Amp < 50 dB) events

were detected, three of them near the

existing flaws.

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 29 min 6 sec to

29 min 54.10508 sec (Last Event Recorded)

Pwater.

Increased from 5.35 MPa to 5.60 MPa

Gvertical:

Constant at 5.00 MPa

Ampst-Arrivas (Average) = 42.88 dB

Notes:

High acoustic activity in the vicinity of the

flaws, with many mid-amplitude events.

Not many events are located in the bridge

between the flaw tips, where the white-

patching is taking place.

I
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E

Gr-2a-30-60-VL5-INC5-B Last 50 Events
1st P-Wave Amplitude

160.0

140.0

4

120.0

100.0

80.0

60.0

2- j

40.0

20.0

n

K- 5

1-6

- Boundary

- Flaws

M Sensors

- Events<35dB

35d B< Events< 50dB

* Events>5OdB

0.0 20.0 40.0 60.0 80.0

X (mm)

- The cracks represented with dashed lines are indicative and based on the
images post-failure.

- The last acoustic event was recorded before any visible cracking could
be observed with the high-speed camera. The cracks shown in this figure
are simply added in order to help the reader relate the Acoustic Events at
this stage with the final cracking.

I

I I

I

Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 29 56.70130

Sensor 2 29 56.05222

Sensor 3 29 54.36765

Sensor 4 29 54.37468

Sensor 5 29 54.32000

Sensor 6 29 54.32084

Sensor 7 29 55.70962

Sensor 8 29 55.55310

755

______ __I

Time Period:

Last 50 acoustic events of the test

Time Window:

From 29 min 49.38999 sec

to 29 min 54.10508 sec (Last Event recorded)

Pwater.

Approximately constant at 5.59 MPa

Uvertical:

Constant at 5.00 MPa

Ampist-Arrivas (Average) = 42.01 dB

Notes:

High acoustic activity near the flaws, but not

many events are located where the macro-

cracks developed. The events are mainly

mid-amplitude (35dB < Amp < 50dB).

The last event was recorded approximately

1.3 sec before cracking was observed in the

High-Speed images. However, the last hits

recorded by sensors 1, 2, 7 and 8 occurred

after these High-Speed images. This may be

due to the settings used in the AE data

collection or/and to the debonding of sensors

2, 3, 4 and 5 when macro-cracking was

starting to take place.
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Water Pressure and Amplitude of the 1 s P-wave Arrivals of the Acoustic Events Vs Time
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(Last Two Water Pressure Increments)
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Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

+ Acoustic Emission Events S
7

ketch 1

Sketch 2

Sketch 3
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.1
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Water Pressure (MPa)

4.0 5.0

Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

Sketch 1
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Water Pressure and Cumulative Number of Hits and Events Vs Time
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- Water Pressure Sketch 2

High-Res Sketches Sketch 1

Cumulative Hit Count

- Cumulative Event Count

Sketch 0

Sketch
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Specimen ID: Gr-2a-30-60-VL5-INC5-C

Test Date: 08/13/2014

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until

Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

8.95 5.00 5.36 5.994

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Tyeo rmPressure
(min) (sec) (MPa) (cm 3)

0 High Resolution 3 0 0.02 0.004 0.434

1 High Resolution 21 58 4.30 0.803 4.990

2 High Resolution 24 6 4.84 0.903 5.508

3 High Resolution 25 56 5.34 0.996 5.994

4 High Speed 25 57.26162 5.32 0.993 5.994

5 High Speed 25 57.26298 5.32 0.993 5.994

6 High Speed 25 57.26319 5.32 0.993 5.994

7 High Speed 25 57.26383 5.32 0.993 5.994

8 High Speed 25 57.26405 5.32 0.993 5.994

9 High Speed 25 57.26419 5.32 0.993 5.994

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure

Crack ID Crack Type' Crack Initiation Nonnalized to the SketchMaximum Water
(MPa) Pressure

A(T)mD Type Ill - Tensile 5.32 1.0 4

B(T)mn Type Ill - Tensile 5.32 1.0 4

C(T)ms Type Ill - Tensile 5.32 1.0 5

D(T)im Type IlI - Tensile 5.32 1.0 6

Coalescence Type: Direct oalescence (Category 6)
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Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



_ _ _ __ __ I
Water Pressure and Volume Injected Vs Time

7.0

6.0

5.0

4.0
4A1A

3.0

m2.0

1.0

0.0
0.0 250.0 500.0 750.0 1000.0

Time (s)

1250.0 1500.0 1750.0 2000

7.0

6.0

5.0

4.0

3.0
E

2.0

1.0

0.0
.0

Note: (1) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

1545.0 1550.0 1555.0

- - 6.06

- 6.04

- 6.02 %

- 6.00 2

E

- 5.98

- 5.96

-- 5.94

1560.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100

points was applied to the data
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- Water Pressure
Sketch 3

Maximum Water Pressure

High-Res Sketches Sketch 2

- Volume Injected Sketch 1

Sketch 0

5.38

5.36 -

5.34 -

I 5.32 -

5.30 -

5.28 -

Sketch 3

Water Pressure

Max Water Pressure Sketch 4

o High-Res Sketches
Sketch 9-D HSV Sketches

Volume Injected
.HS Video

1530.0 1535.0

.J. -

1540.0
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

5.36 - 6.07

Sketch 4
5.34 - 6.05

Sketch 9:

0.E
2 5.32 6.03

4 5.30 - _-_6.01__

Water Pressure -

* 5.28 Max Water Pressure 5.99
High-Res Sketches

L HSV Sketches
5.26 ---- 5.97

5-Volume Injected
HS Video

5.24 5.95
1554.0 1555.0 1556.0 1557.0 1558.0 1559.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data.

Water Pressure Vs Volume Injected

7.0 _
-Water Pressure vs Volume Injected

6.0 - Sketch 3
: High-Res Sketches

Sketch 2
0Z 5.0

Sketch 1

S4.0

M-: 3.0 -

1.0 Sketch 0

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm3)

Notes: (1) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data.
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Initial and Final Frames

4'*

K ~ ~ V

V. -V

41p

AA

jf% 'Wft Ilk 4

Sketch:

Frame:

vertical load)

Time:

pvater:

Sketch:

Frame:

occurs)

Time:

Pwater:

Tvertical:

0 (High-Resolution Frame)

Initial (Right after applying

3 min 0 sec

0.02 MPa

5.00 MPa

9 (High-Speed Video Frame)

Final (Right after failure

25 min 57.26419 sec

5.32 MPa

5.00 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) _1 I" -

A(T), Water Pressure
p o. l99s - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack

* Sheanng Direction
Point of Coalescence
White Patching

4* Crack Opening



Sketches

*
Sketch 0

Frame:

Time:

pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 147

3 min 0 sec

0.02 MPa

5.00 MPa

3"x6"xl"

2a=1/2"

2a

300

60"

All cracks are alphabetically labeled based on

their initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

pwater:

Uvertical:

377
21 min - 58 sec

4.30 MPa

5.00 MPa

White patching starts to develop at the inner

tip of the right flaw.
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439

24 min - 6 sec

4.84 MPa

5.00 MPa

White patches continue to develop near the

inner tip of the right flaw, and from the outer

tips of both flaws.

I
Sketch 3

492

25 min - 56 sec

5.34 MPa

5.00 MPa

White patches continue to develop near the

inner flaw tips extending the entire bridge

between flaw tips. White patching also

continues to develop from the outer tips of

both flaws.

Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

Still frame:

Time:

Pwater:

Uvertical:
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Sketch 4

B(T)I

A(T)III

HSV frame:

Time:

Pwater:

Gvertical:

-13557

25 min - 57.26162 sec

5.32 MPa

5.00 MPa

Tensile cracks A(T)III and B(T) 1 initiate near

the outer and inner tips of the left flaw,

respectively. A(T) 1 and B(T) consist of five

and three segments, respectively.

White patching continues to develop

particularly away from the outer tips of both

flaws.

9
Sketch 5

C(T)11

B(T)III

1A00

HSV frame:

Time:

Pwater:

Overtical:

-13538

25 min - 57.26298 sec

5.32 MPa

5.00 MPa

Two segments of tensile crack C(T) start to

develop at and near the inner tip of the right

flaw.

Tensile cracks A(T)III and B(T) 1 propagate

further through the linkage and extension of

the existing segments.
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-13535

25 min - 57.26319 sec

5.32 MPa

5.00 MPa

Tensile crack D(T)ii initiates away from the

outer tip of the right flaw.

Crack A(T)ij further develops through the

extension of an existing segment.

Crack C(T)II propagates further through the

extension of its existing segments.

D(T)I

C(T)II

B(T)II

A(T)nI

HSV frame:

Time:

Pwater:

Gvertical:

-13526

25 min - 57.26383 sec

5.32 MPa

5.00 MPa

Crack A(T)I propagates further through the

linkage and extension of existing segments

and through the initiation of a new segment.

Cracks B(T)II and C(T)I propagate further

and are almost linked in the bridge between

the inner tips.

The existing segment of crack D(T)I

develops away from the outer tip of the right

flaw, and two short segments develop at and

near this flaw tip.
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Sketch 6

HSV frame:

Time:

Pwater:

GverticaI:

C(T)nIB

B(T)III

A(T)III

Sketch 7

"D(T)nI



Sketch 8

SD(T)nII

C(T)II

B(T)11

A(T)nII

HSV frame:

Time:

Pwater:

Overtical:

-13523

25 min - 57.26405 sec

5.32 MPa

5.00 MPa

Coalescence

Coalescence occurs between cracks B(T)m1

and C(T) 1 in the bridge between inner flaw

tips, closer to the right flaw.

Some segments of cracks A(T) 1 and D(T)m

propagate further and others are linked with

each other. All the segments of A(T)ii get

interconnected along their entire length.

Sketch 9

C(T)I

B(T)I1

A(T)nI

HSV frame:

Time:

Pwater:

Uvertical:

-13521

25 mIn - 57.26419 sec

5.32 MPa

5.00 MPa

All the segments of cracks D(T)m1 are linked

with each other.

The cracks A(T)m and D(T)i11 extend until they reach the edges of the specimen.

The water pressure drops after all the cracks propagate (after sketch 9).

I
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Acoustic Emission Analysis

Gr-2a-30-60-VL5-NC5C From Start to Sketch 0
1st P-Wave Amplitude

160.0 -

140.0

120.0

100.0 J

80.0 -

60.0

40.0 -

I *jt4

I

I

-6

y7

20.0

0.0 4

0.0 20.0 40.0 60.0 80.0

x (mm)

Gr-2a-3--60-VL5-INCS-C From Sketch 0 to Sketch
1st P-Wave Amplitude

160.0

140.09
4

120.0-

.0 20.0 40.0 60.0

x (mm)

K5

80.0

- Boundary

-Flaws

0 Sensors

Events<35dB

35dB< Events< 50dB

Events >50dB

Time Period:

From Sketch 0 to Sketch 1 (first visible

white patches)

Time Window:

From 3 min 0 sec to 21 min 58 sec

Pwater:

Increased from 0.02 MPa to 4.30 MPa

Gvertical:

Constant at 5.00 MPa

Amplst.Arrivas (Average) = 54.22 dB

Notes:

Few events detected spread throughout

the specimen.
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Time Period:

From start of the test to Sketch 0

Time Window:

From 0 to 3 min 0 sec

Pwater:
Relatively constant at 0.02 MPa

Gvertical:

From 0.00 MPa to 5.00 MPa

AmpistP-Arrivas (Average) = 57.69 dB

Notes:

Events detected in the top boundary of

the specimen, very likely related to the

contact between the loading frame and

the specimen.

E

-Boundary

- Flaws

. Sensors

- Events<3SdB

35dB< Events< 50dB

Events > 50d B

100.0

3 -

E 80.0

6 .0
2

40.0 -

20.0 -

0.0 -
0

I I

10000"

I

IIs



E

Gr-2a-30-60-VL5-INC5-C From Sketch 1 to Sketch 2
1st P-Wave Amplitude

160.0

140.0
4

120.0

100.0
3

80.0 -

60.0 -

2 j

40.0 -

20.0 -

0.0
0

2
.0 20.0 40.0

x (mm)

- Boundary

-Flaws

M Sensors

Events< 35dB

35d B < Events< 50dB

Events>5OdB

60.0 80.0

Gr-2a-30-60-VL5-INC5-C From Sketch 2 to Sketch 3 (Last E

- Boundary 1st P-Wave Amplitude

- Flaws 160.0

0 Sensors

Events< 35dB 140.0

35dB < Events< 50dB 4

Events > 50dB
120.0

100.01

E 80.0 -

60.0 -

2 j

40.0 -

20.0 -

0.0 -
0 .0 20.0 40.0

x (mm)

vent)

5

K_ 6

k-7

60.0 80.0

I I0

I I00

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 24 min 6 see to

25 min 53.11405 sec (Last Event Recorded)

Pwater:
Increased from 4.84 MPa to 5.34 MPa

Uvertical:

Constant at 5.00 MPa

AmpistP-Arrivas (Average) = 46.00 dB

Notes:

High acoustic activity in the vicinity of the

flaws, with many mid- and some high-

amplitude events detected, especially

around the left flaw.
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Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 21 min 58 see to 24 min 6 sec

Pwater:

Increased from 4.30 MPa to 4.84 MPa

Overtical:

Constant at 5.00 MPa

Ampst-Arrivals (Average) = 51.90 dB

Notes:

During this time period, only two high-

(Amp > 50 dB) and two mid-amplitude (35

dB < Amp < 50 dB) events were detected,

slightly below the left flaw.

7
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I I
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Gr-2a-30-60-VL5-INCS-C Last 50 Events
1st P-Wave Amplitude

160.0 1

140.0
4

120.0

100.0

80.0

60.0

40.0

20.0

0.0

Iv

0.0 20.0 40.0 60.0 80.0

x (mm)

- The cracks represented with dashed lines are indicative and based on the

images post-failure.
- The last acoustic event was recorded before any visible cracking could

be observed with the high-speed camera. The cracks shown in this figure

are simply added in order to help the reader relate the Acoustic Events at

this stage with the final cracking.

Bou ndary

- Flaws

0 Sensors

Events <35dB

35d 5< Events < 5OdB

Events> SOd B

Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 25 53.17288

Sensor 2 25 53.18423

Sensor 3 25 53.60146

Sensor 4 25 53.59765

Sensor 5 25 54.92023

Sensor 6 25 49.57114

Sensor 7 25 53.38179

Sensor 8 25 53.39038

770

Time Period:

Last 50 acoustic events of the test

Time Window:

From 25 min 51.36345 sec

to 25 min 53.11405 sec (Last Event recorded)

pwater.
Decreased from 5.35 MPa to 5.34 MPa

GverticaI:

Constant at 5.00 MPa

AmpstArriveas (Average)= 46.91 dB

Notes:

Acoustic activity near the flaws, but not

many events are located where the macro-

cracks developed, probably because the last

acoustic event was recorded approximately

4.0 sec before cracking was observed in the

High-Speed images. The events detected are

mainly mid-amplitude (35dB < Amp <

50dB).

I 00



Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time
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E
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I
Water Pressure and Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)
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Time (s)
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-Water Pressure Sketch 3

High-Res Sketches Sketch 2

+Acoustic Events Sketch 1

- -

- -

-Water Pressure

7 High-Res Sketches Sketch 3
+ Acoustic Events
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Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

1.0 3.0

Water Pressure (MPa)

Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

Sketch 2

9

/
/Sketch 3 -/

4

4*9~* $

*
* *9

4~
9

9*9 4%

- Acoustic Emission Events

4.9 5.1

Water Pressure (MPa)
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Sketch 0
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Sketch 3
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Water Pressure and Cumulative Number of Hits and Events Vs Time
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Pressure Increments)
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I

- Water Pressure Sketch 3

High-Res Sketches Sketch 2

- Cumulative Hit Count Sketch 1
- Cumulative Event Count

9tch 0

- Water Pressure
High-Res Sketches

- Cumulative Hit Cou nt
-Cumulative Event Count

Sketch 2

i- i.41F



Specimen ID: Gr-2a-30-90-VLO-INC5-A

Test Date: 03/21/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

0.00 0.00 5.00 5.537

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Pressure
(min) (see) (MPa) (cm 3)

0 High Resolution 3 8 0.24 0.047 1.994

1 High Resolution 21 4 4.52 0.904 5.191

2 High Resolution 22 26 5.00 1.000 5.403

3 High Speed 22 29.71960 4.99 0.997 5.537

4 High Speed 22 29.72710 4.99 0.997 5.537

5 High Speed 22 29.72760 4.99 0.997 5.537

6 High Speed 22 29.72780 4.99 0.997 5.537

7 High Speed 22 29.72800 4.99 0.997 5.537

Note: (1) High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame

showing fracture coalescence occurs at the same time as the end of the High-Speed Video recording
(2) The High Speed Video was obtained at a 10,000 frames per second rate and the High Resolution still pictures

were taken every 5 seconds throughout the test

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the

Crack ID Crack Type' Maximum Water Sketch
(MPa) Pressure

A(T)1  Type I - Tensile 4.99 1.0 3

B(T)11 Type II - Tensile 4.99 1.0 4

C(T)11 Type II - Tensile 4.99 1.0 4

D(T) Tensile 4.99 1.0 7

Coalescence Type: Coalescence (Category 7)

774

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

Gr-2a-30-90-VLO-INC5-A

7.0

6.0

M5.0

4.0
&A

3.0

2.0

1.0

0.0
0.0 250.0 500.0 750.0 1000.0 1250.0

Time (s)

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

Gr-2a-30-90-VLO-INC5-A - Last 30 sec of the test

5.02 -

5.00 -

4.98 -

. 4.96 -

4.94

4.92

1325.0 1330.0 1335.0 1340.0 1345.0 1350.0 1355.0

Time (s)

Notes: (1) Only HSV sketches 3 and 7 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 3 to 7 were taken.
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-Water Pressure

Maximum Water Pressure Sketch 2
High-Res Sketches Sketch -

- Volume Injected

Sketch 0

- -
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4.0

3.0
E
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1500.0

Water Pressure
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

Gr-2a-30-90-VLO-INC5-A - Last 5 sec of the test

5.02

5.00

@ 4.98

tA

4.96

4.94

4.92
1347.0 1348.0 1349.0 1350.0 1351.0

5.55

5.50

5.45

t

5.40 E

5.35

5.30
1352.0

Time (s)

Notes: (1) Only HSV sketches 3 and 7 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 3 to 7 were taken.

Water Pressure Vs Volume Injected

Gr-2a-30-90-VLO-INC5-A

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm3 )
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Sketch 3 Sketch 7

Water Pressure

Max Water Pressure
High-Res Sketches

-Ei HSV Sketches
Volume Injected

.
HS Video

7.0

6.0

- 5.0

4.0
IA

A3.0

2.0

1.0

0.0

- Water Pressure vs Volume Injected

High-Res Sketches
Sketch 2

Sketch 1

Ske 0
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Initial and Final Frames

k.

V~
,A,

Y~

Amffgw"/ilvl ,/r1

Sketch:

Frame:

Time:

Pvater:

0 (High-Resolution Frame)

Initial

3 min 8 sec

0.24 MPa

0.0 MPa

Sketch:

Frame:

occurs)

Time:

pvater:

Gvertical:

7 (High-Speed Video Frame)

Final (Right after failure

22 min 29.7800 sec

4.99 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the
types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) __ 1 1-'

A(T)l Water Pressure
p. 0.99 - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack

* Sheanng Direction
Point of Coalescence
White Patching

4-+ Crack Opening



Sketches

Sketch 0

Frame: Initial - 552

Time: 3 min 8 sec

Pwater: 0.24 MPa

Overtical: 0.0 MPa

Initial Configuration

Prismatic specimen: 3"x6"x1"

Flaw length: 2a=1/2"

Ligament Spacing: 2a

Flaw angle: 300

Bridging angle: 900

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch I

Still frame: 776

Time: 21 min - 4 sec

Pwater: 4.52 MPa

'vertical: 0.0 MPa

/0 White patching starts to develop at the tips of

the lower flaw and at the right tip of the upper

flaw.
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794

22 min - 26 sec

5.00 MPa

0.0 MPa

White patches continue to develop from the

left tip of the lower flaw and from both tips of

the upper flaw. The white patches extend

substantially from the right tip of the upper

flaw.

Sketch 3

-5776
22 min - 29.71960 sec

4.99 MPa

0.0 MPa

Tensile crack A(T) initiates from the left tip of

the upper flaw.

White patches continue to develop from the

left tips of the upper and lower flaws. The

white patching developing from the left tip of

the lower flaw is significantly long and narrow.

9
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Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

HSV frame:

Time:

Pwater:

Gvertical:

00

400

A(T)i 000

/ 0



Sketch 4

A(T) e

B(T)II /0

HSV frame:

Time:

Pwater:

Gvertical:

-5701

22 min - 29.72710 sec

4.99 MPa

0.0 MPa

Tensile cracks B(T)ii and C(T)II initiate at the

left tip of the lower flaw and at the right tip of

the upper flaw, respectively. Crack C(T),, is

composed of several crack segments.

White patching continues to develop from the

left tip of the upper flaw, extending almost

until the face of the lower flaw, and also from

the right tip of the lower flaw.

I
Sketch 5

C(T)/

A(T)i

B(T)I 1

HSV frame:

Time:

Pwater:

Uvertical:

-5696

22 min - 29.72760 sec

4.99 MPa

0.0 MPa

Tensile crack A(T)i extends and a new

segment initiates ahead of the existing one.

New crack segments initiate along the white

patches already developed from the left tip of

the lower flaw. They are very likely segments

of crack B(T)1 .

One segment of crack C(T)1 further extends.

White patches continue to develop from the

right tip of the lower flaw.
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Sketch 6

HS
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Sketch 7

HS

Ti
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C(T)I D(T)
Cc

Cr
A(T)l fa(

th

fla
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B(T)ji Al

ge

Te

th

na

V frame:

me:

ater:

ertical:

-5694

22 min - 29.72780 sec

4.99 MPa

0.0 MPa

ack A(T) extends through the linkage of

e two existing crack segments. A new

gment initiates away from the flaw tip.

ew segments of cracks B(T)1 and C(T)1

tiate away from their respective tips, while

her segments propagate further and are

ked with each other.

large area with white patching develops to

e upper right of the upper flaw. This

ecific whiting seems to be caused by water

eping in deeper layers of the specimen.

V frame:

me:

ater:

ertical:

-5692

22 min - 29.72800 sec

4.99 MPa

0.0 MPa

alescence

ack A(T), coalesces with the middle of the

ce of the lower flaw. The last segment of

crack slides before it reaches the lower

w. Since this segment is very short, it will

11 be considered as crack A(T)j.

1 the segments of cracks B(T)1 and C(T)1

t linked with each other.

nsile crack D(T) develops very quickly to

e right of the upper flaw. It is much

rrower than A(T)i, B(T)ii and C(T)1 .

Notes:
The cracks B(T)ii, C(T)ii and D(T) extend until they reach the edges of the specimen.

The water pressure drops after all the cracks propagate (after sketch 7).

The data acquisition logged the water pressure and the volume injected every 0.1 sec (10.0 Hz).
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Specimen ID: Gr-2a-30-90-VLO-INC5-B

Test Date: 02/22/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm)

8.94 4.93 5.33 7.093

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Type of Frame Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 10 45 0.02 0.004 0.550

1 High Resolution 34 13 4.41 0.826 6.201

2 High Resolution 36 13 4.90 0.919 6.676

3 High Resolution 37 43 5.33 0.999 7.076

4 High Speed 37 46.98873 5.29 0.991 7.093

5 High Speed 37 46.98909 5.29 0.991 7.093

6 High Speed 37 46.98938 5.29 0.991 7.093

7 High Speed 37 46.98973 5.29 0.991 7.093

8 High Speed 37 46.99002 5.29 0.991 7.093

9 High Speed 37 46.99023 5.29 0.991 7.093

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the

Crack ID Crack Type Maximum Water Sketch
(MPa) Pressure

A(T)u Type II - Tensile 5.29 0.991 4

B(T)i Type I - Tensile 5.29 0.991 5

C(T) Type II - Tensile 5.29 0.991 5

D(T)n Type II - Tensile 5.29 0.991 6

E(T)tn Type II - Tensile 5.29 0.991 6

Coalescence Type: Coalescence (Category 7/8)
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Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

6.0

5.0 -

.0

1.0

0.0
0.0 500.0 1000.0

Water Pressure and Volume Injected Vs Time

5.34 -

5.32 -

a. 5.30 -

5.28 -
EA
& 5.26

m 5.24

5.22

5.20
2240.0 2245.0 2250.0

(Last 30 seconds of the Test)

2255.0 2260.0 2265.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

. - -

2263.0 2264.0 2265.0 2266.0 2267.0

7.11

7.10

E

7.09 -

.a,
C

7.08 W
E

7.07

Sketch 3

Water Pressure

Max Water Pressure -

- High-Res Sketches Sketth 4

D HSV Sketches - Sketth 9 -
-- Volume injected

.HS Video

2268.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

Water Pressure Vs Volume Injected

- Water Pressure vs Volume Injected Sketch 3

Sketch 2 -
High-Res Sketches Sketch 2 -

Sketch 1

- - - - -- -- - -

Sketch 0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm 3)
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Initial and Final Frames

#

"'A"

Sketch:

Frame:

vertical load)

Time:

P*ater:

(Tvertical:

Sketch:

Frame:

occurs)

Time:

pwater:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

10 min 45 sec

0.02 MPa

0.0 MPa

9 (High-Speed Video Frame)

Final (Right after failure

37 main 46.99023 sec

5.29 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically I Crack Type'
ordered) AlT)1 Water Pressure

p__* o(.995 - Normalized to
Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack
Shearing Direction
Point of Coalescence
White Patching

4+ Crack Opening



Frame:

Time:

pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 174

10 min 3 sec

0.02 MPa

0.0 MPa

3"x6"x1"

2a=1/2"

2a

300

900

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

t

Sketch I

Still frame:

Time:

Pwater:

Gvertical:

454

34 min - 13 sec

4.41 MPa

0.0 MPa

White patching starts to develop at the inner tips

of both flaws and at the left tip of the lower

flaw.

I
786

Sketches

Sketch 0

000

0000

600



478
36 min - 13 sec

4.90 MPa

0.0 MPa

White patches continue to develop from the

inner flaw tips and left tip of the lower flaw,

and start to develop at the right tip of the

upper flaw.

Sketch 3

496

37 min - 43 sec

5.33 MPa

0.0 MPa

White patches continue to develop near the

flaw tips.

Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

-x00

Still frame:

Time:

Pwater:

Gvertical:

787
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*00



Sketch 4

A(T)I1

HSV frame:

Time:

Pwater:

Gvertical:

-7122

37 min - 46.98873 sec

5.29 MPa

0.0 MPa

Tensile crack A(T)ii initiates at the left tip of

the lower flaw.

White patching continues to develop away

from the tips of both flaws. An area with

white patching also develops towards the left

of the lower flaw. This white patch area

appears to be water moving deeper in the

specimen.

Sketch 5

HSV frame:

-- Time:

Pwater:

Overtical:

-7117

37 min - 46.98909 sec

5.29 MPa

0.0 MPa

Tensile crack B(T), starts to develop at the

inner tip of the lower flaw.

Tensile crack C(T) initiates towards the left

of the lower flaw.

Crack A(T) extends further and a new

segment initiates slightly ahead of the

existing crack.

More white patches develop away from

crack B(T), near the upper flaw. Some of the

white patches near C(T) are no longer visible

and new ones develop closer to the left tip of

the lower flaw.

I
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Sketch 6

HSV frame:

I Time:

Pwater:

Overtical:

-7113

37 min -46.98938 sec

5.29 MPa

0.0 MPa

Two segments of tensile crack D(T)I1 start to

develop near the right tip of the upper flaw.

Tensile crack E(T)I initiates at the inner tip of

the upper flaw.

New segments of crack A(T)I1 start to develop

away from the flaw tip, while the existing

segments extend and are linked with each other.

A segment of crack B(T), initiates away from

the flaw tip and the existing crack propagates

further; Crack C(T) extends.

White patches continue to develop away from

cracks B(T), and D(T)1 .

D(T)I

E(T)1 1

C(T) B(T)1

CA(T)(

Sketch 7

HSV frame: -7108

Time: 37 min -46.98973 sec

Pwater: 5.29 MPa

Overtical: 0.0 MPa

The segments of cracks A(T) 1 and B(T)i

propagate further and are linked with each

other.

Cracks C(T) and E(T)11 extend further. Some

white patches observed near C(T) are no longer

visible.

A new segment of crack D(T)1 starts to develop

at the right tip of the upper flaw and is linked

with the existing segments. New segments of

D(T)1 and new white patches develop away

from the flaw tip.

New white patches also develop away from

B(T), near the upper flaw. They appear to be

caused by water moving deeper in the specimen.
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Sketel

D(T)I

E(T)III

C(T) B(T)l

(T)C

I')I

HSV frame:

Time:

Pwater:

Gvertical:

-7104

37 min -46.99002 sec

5.29 MPa

0.0 MPa

Cracks B(T), C(T) and E(T)11 propagate

further and new segments develop.

Segments of crack D(T),, propagate and are

linked with each other.

Some white patches observed near C(T) are

no longer visible.

Sketch 9

HS

Ti

D(T)I1

E(T)nII

B(T)i

C(T)

A(T)/

V frame:

me:

-7101

37 min -46.99023 sec

Pwater: 5.29 Ma

Overtical: 0.0 MPa

Coalescence

Crack B(T), propagates further and coalesces

with the upper flaw near its right tip. While

at the surface B(T), does not appear to reach

the upper flaw, it is likely that deeper in the

specimen coalescence might have occurred.

Crack C(T) propagates further but does not

reach the left tip of the lower flaw.

The segments of crack D(T)1 are linked with

each other.

Segments of crack E(T)I are linked with

each other and propagate further without

reaching the lower flaw. This crack is

considered Type III because it does not have

the curvature of a wing crack (Type I).
Notes:

Post-testing visual analysis shows that cracks A(T)11, C(T) and D(T)1 reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).
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Acoustic Emission Analysis

- Boundary

-Flaws

U Sensors

Events < 50dB

50dB < Events <65dB

Events > 65dB

E

Gr-2a-30-90-VLO-INC5-B From Start to Sketch 0
1st P-Wave Amplitude

160.0

140.0
4

120.0

100.0

80.0

60.0

2 -

40.0

20.0

0.0
0. 20.0 40.0

x (mm)

5

6

8

6 ,.
60.0 80.0

Gr-2a-30-90-VLO-INCS-B From Sketch 0 to Sketch 1
1st P-Wave Amplitude

160.0 -

140.0 I
4 -

120.0 -

100.0J

E 80.0

60.0

2 _

40.0 -

20.0 -

0.0
0.0 20.0 40.0

X(mm)

_7

8

60.0 80.0

Time Period:

From start of the test to Sketch 0

Time Window:

From 0 to 10 min 45 sec

Pwater.

Relatively constant at 0.00 MPa

Gvertical:

Constant at 0.0 MPa

Ampst-Arrivas (Average) = 72.41 dB

Notes:

Events detected in the lower boundary

of the specimen, likely related to 0-

ring movement in the early stages of

the test.

Time Period:

From Sketch 0 to Sketch

white patches)

Time Window:

From 10 min 45 see to 3z

I (first visible

4 nun 13 sec

Pwater.
Increased from 0.00 MPa to 4.41 MPa

Gvertical:

Constant at 0.0 MPa

Ampst-Arrivas (Average) = 55.16 dB

Notes:

Low- (Amp < 50dB) and mid- (50dB <

Amp < 65dB) amplitude events

detected near the flaws. One event is

localized at the right tip of the lower

flaw, where white patching is observed

in the next stage (sketch 2) of crack

development.
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Gr-2a-30-90-VLO-INC5-B From Sketch Ito Sketch 2
1st P-Wave Amplitude

160.0 -

140.0J
4ja

120.0 -

100.0J

E80.0 -

60.0

2 _)
40.0

20.0

0.0
0..0 20.0 40.0

x (mm)

5

-6

- Boundary

-Flaws

0 Sensors

Events<50dB

50dB< Events < 65dB

Events > 65d B

-0

60.0 80.0

i
Gr-2a-30-90-VLO-INC5-B From Sketch 2 to Sketch 3

1st P-Wave Amplitude
160.0 -

140.0
4

120.0 -

100.01
3

80.0 -

60.

2

"-5

6e

60.0 80.00.0 20.0 40.0

x (mm)

Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 34 min 13 see to 36 min 13 sec

Pwater.

Increased from 4.41 MPa to 4.90 MPa

UverticalI:

Constant at 0.0 MPa

Ampst.Arri%aIs (Average) = 53.67 dB

Notes:

Mainly mid-amplitude events detected

around both flaws, particularly ahead of the

flaw tips.

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 36 min 13 see to

37 min 43 see (Last Event Recorded)

Pwater.

Increased from 4.90 MPa to 5.33 MPa

Gvertical:

Constant at 0.0 MPa

Ampist.Arrivas (Average) = 56.62 dB

Notes:

High acoustic activity in the vicinity of the

flaws, with many mid-amplitude and some

high-amplitude (Amp > 65dB) events. The

events are mainly localized ahead of the

flaw tips and not many in the bridge

between the flaw tips.
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E

Gr-2a-30-90-VLO-INC5-B After Sketch 3
1st P-Wave Amplitude

160.0 -1
- Boundary

- Flaws

E Sensors

Events<50dB

50dB< Events< 65dB

Events >65dB

0.0 4 1
0.0 20.0 40.0

x (mm)

5

I

60.0 80.0

Gr-2a-30-90-VLO-INC5-B Last 100 Events
1st P-Wave Amplitude

160.0 -

140.0
4 .

120.0

100.0
3S

E
E80.0 -

60.0

2j

40.0

20.0

0.0 -

0.0 20.0 40.0

x (mm)

k ' 5

7

60.0 80.0

Time Period:

From Sketch 3 to end of test

Time Window:

From 37 min 43 sec to 38 min 7.33293 sec

(last event recorded)

Pwater:

Decreased from 5.33 MPa to 0.0 MPa

GverticalI:

Constant at 0.0 MPa

AmpisrPArrivas (Average) = 60.40 dB

Notes:

Many mid- and high-amplitude events

detected around the flaws, particularly in or

near areas where visible cracking occurs.

Time Period:

Last 100 events recorded in the test

Time Window:

From 37 min 45.79053 sec to

38 min 7.33293 sec (Last event recorded)

Pwater:
Decreased from 5.29 MPa to 0.0 MPa

OverticalI:

Constant at 0.0 MPa

Ampist-ArrivaIs (Average) = 64.72 dB

Notes:

Some mid- and many high-amplitude events

detected around the flaws, particularly in or

near areas where visible cracking occurs

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.
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Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 38 7.81038

Sensor 2 38 7.81036

Sensor 3 38 7.80650

Sensor4 38 7.67303

Sensor 5 38 7.67303

Sensor 6 38 7.77605

Sensor 7 38 7.75915

Sensor 8 38 7.81038

Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

6.0 -

5.0 -

4.0 -

3.0 -

2.0 -

1.0 -

0.0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0

Time (s)

1750.0 2000.0 2250.0

--- 120.0

100.0 .4

80.0 <
2I.

60.0
'I

40.0 '
E

0.0

2500 .0

Water Pressure and Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)

- Water Pressure

, High-Res Sketches

+ Acntustic Events + .

4 4

Sketch 2

Sketch 3
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Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

80.0

60.0

40.0 d:

-a

a.

E

+ Acoustic Emission Events

Sketch 0

Sketch 1

Sketch2 +

Sketch 3 +

3.0

Water Pressure (MPa)

4.0

[j
Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

4

Sketch
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Sketch 3-"t)
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Water Pressure and Cumulative Number of Hits and Events Vs Time
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Specimen ID: Gr-2a-30-90-VLO-INC5-C

Test Date: 08/13/2014

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

0.00 0.00 4.81 5.114 

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Pressure
(min) (sec) (MPa) (cmI)

0 High Resolution 1 51 0.01 0.002 0.251

1 High Resolution 20 23 3.77 0.785 4.085

2 High Resolution 22 57 4.31 0.896 4.624

3 High Resolution 24 37 4.81 0.999 5.102

4 High Speed 24 38.72558 4.78 0.993 5.114

5 High Speed 24 38.72594 4.78 0.993 5.114

6 High Speed 24 38.72637 4.78 0.993 5.114

7 High Speed 24 38.72658 4.78 0.993 5.114

8 High Speed 24 38.72694 4.78 0.993 5.114

9 High Speed 24 38.72815 4.78 0.993 5.114

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure

Crack ID Crack Type Crack Initiation Nonnalized to the SketchMaximum Water
(MPa) Pressure

A(T)t Type II - Tensile 4.78 1.0 4

B(T)11m Type III - Tensile 4.78 1.0 4

C(T)11  Type II - Tensile 4.78 1.0 4

D(T)is Type III - Tensile 4.78 1.0 6

E(T) Tensile 4.78 1.0 7

Coalescence Type: Coalescence (Category 7)

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)
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I
Water Pressure and Volume Injected Vs Time

6.0

5.0

24.0

40 3.0

. 2.0

1.0

0.0
( 500.0

6.0

5.0

4.0 %

3.0 .

2.0

1.0

0.0
0.0750.0 1000.0 1250.0 1500.0 175(

Time (s)

Note: (1) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average

was applied to the data

of 100 points

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

4.86 -

4.84 -

L. 4.82 -

4.80 -
4A

4.78 -

4.76 -

4.74 -

4.72 1-
1455.0 1460.0 1465.0 1470.0 1475.0 1480.0

5.18

5.16

5.14 E

5.12 "

5.10
E

5.08 

5.06

I rrth
14 .U'4

1485.0
Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data
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Sketch 0
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

1475.0 1476.0 1477.0

Time (s)

1478.0 1479.0

5.17

5.15
E

5.13 3

C

5.11 )

.

5.09

5 J.U7

1480.0

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data.

Water Pressure Vs Volume Injected

0.0 1.0 2.0 3.0 4.0 5.0 6.0

Volume Injected (cm3 )

Notes: (1) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data.
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Initial and Final Frames

r4
d.-fr ) o 4C -'

4 0#

Af N

Sketch:

Frame:

Time:

PNwater:

Gvertical:

0 (High-Resolution Frame)

Initial

1 min 51 sec

0.01 MPa

0.0 MPa

Sketch:

Frame:

occurs)

Time:

pwater:

Gvertical:

9 (High-Speed Video Frame)

Final (Right after failure

24 min - 38.72815 sec

4.78 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein., no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically I Crack Type'
ordered) A(T)l Water Pressure

p* 0 9X8 - Normalized to
Maximum Water
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Pre-existing (cut) Flaw
Crack
Sheanng Direction
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Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 032

1 min 51 sec

0.01 MPa

0.0 MPa

3"x6"xl"

2a=1/2"

2a=1/2"

300

900

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

Pwater:

Gvertical:

195

20 min - 23 sec

3.77 MPa

0.0 MPa

White patching starts to develop at the left tips

of the upper and lower flaws.
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228

22 min - 57 sec

4.31 MPa

0.0 MPa

White patches continue to develop from both

left tips of the flaws. Some white patches

initiate further away from the left tip of the

lower flaw.

White patching also initiates at and near the

right tip of the upper flaw.

I
Sketch 3

278

24 min - 37 sec

4.81 MPa

0.0 MPa

White patches continue to develop from both

tips of the flaws. In the bridge between inner

flaw tips the white patches are very narrow.

Sketch 2

Still frame:

Time:

pwater:

Gvertical:

Still frame:

Time:

Pwater:

Uvertical:
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Sketch 4

C(T)II

B(T)il

A(T)

C(T) 11 1

B(T)/I

A(T)Ii

HSV frame:

Time:

Pwater:

OverticaI:

-7202

24 min - 38.72558 sec

4.78 MPa

0.0 MPa

Several segments of tensile crack A(T)I1

initiate at and near the left tip of the lower

flaw.

Two segments of tensile crack B(T)I initiate

at the right tip of the lower flaw.

Several segments of tensile crack C(T)1
initiate near the right tip of the upper flaw.

White patching continues to develop away

from both inner flaw tips and ahead of the

newly-formed A(T) 1 .

Sketch 5

HSV frame:

Time:

Pwater:

Uvertical:

-7197

24 min - 38.72594 sec

4.78 MPa

0.0 MPa

Tensile crack A(T) 1 propagates further

through the initiation of a new crack segment

and through the linkage of two of the

existing segments.

Tensile crack B(T)ii opens and propagates

further through the linkage and extension of

the existing segments.

Tensile crack C(T)I1 propagates further

through the linkage of two existing crack

segments.
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Sketch 6

C(T)/

B(T)III

A(T)II 0 00

E(T)

C(T)I

D(T)ni

B(T)III

A(T) 1

HSV frame:

Time:

Pwater:

Overtical:

-7191

24 min - 38.72637 sec

4.78 MPa

0.0 MPa

Tensile crack A(T)1 propagates further through

the linkage and extension some of its existing

segments.

Tensile crack C(T)1 propagates further through

the initiation of several new segments.

Two segments of tensile crack D(T)III initiate at

and near the left tip of the upper flaw.

Sketch 7

HSV frame: -7188

Time: 24 min - 38.72658 sec

Pwater: 4.78 MPa

Overtical: 0.0 MPa

Tensile crack A(T)1 propagates further through

the extension of an existing crack segment.

Tensile crack B(T) 1 propagates further through

the extension of its existing crack segment.

Tensile crack C(T)1 propagates further through

the linkage and extension of some of the

existing segments.

Tensile crack D(T)II opens and propagates

further through the linkage and extension of its

existing segments.

Tensile crack E(T) and white patching initiate to

the right of the right tip of the upper flaw.
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I
C(T)II

D(T)II

B(T)I

A(T)i

E(T)

C(T)I

E(T)

D(T )m

B(T)II

A(T)I

Sketch 8

HSV frame:

Time:

Pwater:

Gvertical:

-7183

24 min - 38.72694 sec

4.78 MPa

0.0 MPa

Tensile cracks A(T)1 and C(T)1 open and propagate

further through the linkage of all their segments.

Tensile crack B(T)I propagates further through the

extension of its existing segment.

Tensile crack D(T)m1 propagates further through the

extension of its existing segment and through the

initiation of a new segment.

Tensile crack E(T) propagates further towards the right

tip of the upper flaw. Some of the white patching ahead

of E(T) fades away as the crack propagates.

White patching develops near some of the newly-

formed segments of crack C(T)j.

Sketch 9

HSV frame:

Time:

pwater:

Overtical:

-7166
24 min - 38.72815 sec

4.78 MPa

0.0 MPa

Coalescence:

Tensile crack B(T) 1 propagates further through the

extension of its only segment and coalesces with the

upper flaw near its center point.

Tensile crack D(T) 1 propagates further and coalesces

with the lower flaw near its center point.

Tensile crack E(T) propagates further reaching the

right tip of the upper flaw

Notes:

Post-testing visual analysis shows that cracks A(T)I1 , C(T)1 and E(T) reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).
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Acoustic Emission Analysis

Gr-2a-30-90-VL-INC5-C From Sketch 0 to Sketch 1
1st P-Wave Amplitude

160.0

140.0

4

120.0

100.0

31

2 80.0-

60.0

2-

40.0 -

20.0

0.0

0.0 20.0 40.0

x (mm)

-7

- Boundary

-Flaws

0 Sensors

Events<35dB

35d B< Events < 50dB

Events >50dB

60.0 80.0

Gr-2a-30-90-VLO-INC5-C From Sketch 1 to Sketch 2
1st P-Wave Amplitude

160.0

140.0)

4 1

120.0

100.0

E 80.0

60.0

2 _

40.0

20.0

0.0
0.0 20.0 40.0 60.0

x (mm)

K,

6e

7,

80.0

Time Period:

From Sketch 0 to Sketch I

Time Window:

From 1 min 51 sec to 20 min 23 sec

Pwater:

Increased from 0.01 MPa to 3.77 MPa

Gvertical:

Constant at 0.00 MPa

AmpistP-ArrivaIs (Average) = 41.24 dB

Notes:

Only one event detected at this stage.

Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 20 min 23 sec to 22 min 57 sec

Pwater:
Increased from 3.77 MPa to 4.31 MPa

Gvertical:

Constant at 0.00 MPa

AmpstP-Arrivals (Average) = 55.15 dB

Notes:

Only three events detected near the lower

flaw.
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Gr-2a-30-90-VLO-INC5-C From Sketch 2 to Sketch 3
1st P-Wave Amplitude

160.0

140.0

4
J

120.0

100.0

E 80.0 -

60.0 -

2- j

40.0-

20.0 -

0.0
0

E

.0 20.0 40.0

x (mm)

'5

-Boundary

-Flaws

E Sensors

Events<35dB

35dB< Events< 5OdB

Events >5OdB

60.0 80.0

Gr-2a-30-90-VLD-INC5-C - Last 50 Events
1st P-Wave Amplitude

0 20.0 40.0
x (mm)

60.0

K5

ky 7

80.0

I U

I
I;

I I

I I

Time Period:

Last 50 events

Time Window:

From 24 min 19 sec to 24 min 36 sec

Pwater:

Increased from 4.79 MPa to 4.82 MPa

Gvertical:

Constant at 0.00 MPa

Ampist-Arrivas (Average) = 48.05 dB

Notes:

Some mid-amplitude and high-amplitude

events detected around the flaws,

particularly ahead of the flaw tips. Most

of the events do not appear to be related

to the visible cracking observed at this

stage. The cracks shown in the left plot

represent the cracks that were observed in

this test; however, the AE events occur

before the propagation of visible cracks.

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.

807

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 22 min 57 sec to 24 min 37 sec

Pwater:

Increased from 4.31 MPa to 4.81 MPa

Uvertical:

Constant at 0.00 MPa

Ampst.Arrivas (Average) = 48.66 dB

Notes:

Many mid-amplitude (35dB < Amp. <

50dB) and some high-amplitude (Amp. >

50dB) events detected around the flaws,

particularly ahead of the flaw tips. They

do not appear to be related to the white

patching observed at this stage.

K7

- Bou ndary

-Flaws

N Sensors

Events<35dB

35dB< Events < 5OdB

Events >5OdB

160.0 -

140.0
4

120.0

100.0

3

80.0
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40.0

20.0 -

0.0
0.'

0104I

I0 V00

I
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Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 24 36.50523

Sensor 2 24 36.50726

Sensor 3 24 37.59927

Sensor 4 24 37.59926

Sensor 5 24 39.05851

Sensor 6 24 38.98432

Sensor 7 24 36.72065

Sensor 8 24 36.73124
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Water Pressure and Amplitude of the 1Vt P-wave Arrivals of the Acoustic Events Vs Time

6.0

5.0

4.0

3.0

2.0

1.0

0.0
0.0 250.0 500.0 750.0

120.0

100.0

80.0 <

60.0

40.0 0

20.0 =a
E

0.0
1000.0 1250.0 1500.0 1750.0

Time (s)

Water Pressure and Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)
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4.1
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Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

2.0 3.0 4.0 5.0

Water Pressure (MPa)

Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

4.0 4.2 4.4 4.6 4.8 5.0

Water Pressure (MPa)
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Water Pressure and Cumulative Number of Hits and Events Vs Time

6.0 -

5.0 -

0.
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Water Pressure and Cumulative Number of Hits and Events Vs Time (Last Water

Pressure Increment)
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- Water Pressure Sketch 3
High-Res Sketches

- Cumulative Hit Count Sketch 2

- Cumulative Event Count Sketch 1

Sketch 0

- Water Pressure Sketch 3

High-Res Sketches
Cumulative Hit Count

- Cumulative Event Count.

Sketch 2
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Specimen ID: Gr-2a-30-90-VL5-INC5-A

Test Date: 04/10/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

9.54 5.44 5.41 4.059

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch Type of Frame acquisition Nonalized Water Injected
Number Pressure

(min) (sec) (MPa) (cM3)

0 High Resolution 5 3 0.05 0.010 0.245

1 High Resolution 20 35 3.99 0.737 2.994

2 High Resolution 22 17 4.48 0.828 3.334

3 High Resolution 24 23 4.97 0.918 3.702

4 High Resolution 25 41 5.41 0.999 4.059

5 High Speed 25 41.80064 5.41 0.999 4.059

6 High Speed 25 41.80164 5.41 0.999 4.059

7 High Speed 25 41.80214 5.41 0.999 4.059

8 High Speed 25 41.80254 5.41 0.999 4.059

9 High Speed 25 41.80274 5.41 0.999 4.059

Notes: (1) High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame
showing fracture coalescence occurs at the same time as the end of the High-Speed Video recording

(2) The High Speed Video was obtained at a 10,000 frames per second rate and the High Resolution still pictures
were taken every 5 seconds until a Water Pressure of 4.0 MPa and every 2 seconds therafter

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the

Crack ID Crack Type' Maximum Water Sketch
(MPa) Pressure

A(T)ms Type III - Tensile 5.41 1.0 5

B(T), Type I - Tensile 5.41 1.0 5

C(T),, Type III - Tensile 5.41 1.0 5

D(T), Type I - Tensile 5.41 1.0 7

Coalescence Type: Coalescence (Category 7)

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time

Gr-2a-30-90-VL5-INC5-A
6.0

5.0

Ma-
4.0

3.0

2.0

1.0

0.0
0.0 200.0 400.0 600.0 800.0 1000.0 1200.0 1400.0

Time (s)

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

1600.0 1800.0

Gr-2a-30-90-VL5-INC5-A- Last 30 sec of the test
5.42

5.40

16.

m

I-

5.38 -

5.36 -

5.34 -

5.32 -

5.30 -

5.28 -

1515.0 1520.0 1525.0 1530.0

Time (s)

1535.0 1540.0

4.10

- 4.08

- 4.06 E

- 4.04

- 4.02 -
E

- 4.00

- 3.98

- 3.96

1545.0

Notes: (1) Only HSV sketches 5 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 5 to 9 were taken.
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I1
Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

Gr-2a-30-90-VL5-INC5-A - Last 5 sec of the test

1541.0

Time (s)

Water Pressure
Max Water Pressure
High-Res Sketches

l HSV Sketches
Volume Injected
HS Video

1542.0

Sketch 4

Sketch 5

Sketch 9

Notes: (1) Only HSV sketches 5 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 5 to 9 were taken.

Water Pressure Vs Volume Injected

Gr-2a-30-90-VL5-INC5-A

Sketch 3

Sketch 2

Sketch 1

Sketch 0
-Water PrE

7 High-Res.

1.0 2.0 3.0

Volume Injected (cm-)

Sketch 4

essure vs Volume Injected

Sketches

4.0 5.0
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Initial and Final Frames

A A

-,

- 4

~~TA

Sketch:

Frame:

vertical load)

Time:

water:

Gvertical:

Sketch:

Frame:

occurs)

Time:

Pwater:

(vertical:

0 (High-Resolution Frame)

Initial (Right after applying

5 min 3 sec

0.05 MPa

5.0 MPa

9 (High-Speed Video Frame)

Final (Right after failure

25 min 41.80274 sec

4.99 MPa

5.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) _1 I

A(T)l Water Pressure
p* O.9)8 - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack
Sheanng Direction

Point of Coalescence
White Patching

4-+ Crack Opening



Sketches

Sketch 0

Frame:

Time:

pNater:

Overtical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 1514

5 min 3 sec

0.05 MPa

5.44 MPa

3"x6"xV "

2a=1/2"

2a

300

900

All cracks are alphabetically labeled based on

their initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

pwater:

Uvertical:

1694

20 min - 35 sec

3.99 MPa

5.44 MPa

White patching starts to develop at and near the

right tip of the lower flaw.

816

6,00

too

0*00

400



1744

22 min - 17 see

4.48 MPa

5.44 MPa

gox

0009
24 min - 23 sec

4.97 MPa

5.44 MPa

White patches start to develop near the left tips

of the upper and lower flaws.

Sketch 2

There are no changes from the water pressure

(WP) increment of Sketch 1 to the WP

increment of Sketch 2.

Sketch 3

Still frame:

Time:

Pwater:

Overtical:

Still frame:

Time:

Pwater:

Uvertical:
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0048

25 min - 41 sec

5.41 MPa

5.44 MPa

White patching starts to develop at and near

the right tip of the upper flaw.

White patching further develops from the left

tip of the upper flaw in the direction of the

lower flaw, and from the right tip of the lower

flaw upwards. A long area with narrow white

patches develops from the left tip of the lower

flaw.

Sketch 5

HSV frame:

Time:

P-water:

Gvertical:C(T)II

B(T)i

A(T)2I

-5504

25 min - 41.80064 sec

5.41 MPa

5.44 MPa

Tensile crack A(T)1 initiates far away from

the left tip of the lower flaw.

Tensile crack B(T), initiates at the left tip of

the upper flaw. A segment of the same crack

initiates far away from the tip

Tensile crack C(T)I initiates at the right tip of

the upper flaw.

White patching further develops away from

the tips of both flaws.
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Sketch 4

Still frame:

Time:

pwater:

Gvertical:000

0'00



Sketch 6

C(T)I

B(T)1

A(T)I

HSV frame:

Time:

pwater:

Gvertical:

-5494

25 min - 41.80164 sec

5.41 MPa

5.44 MPa

Several segments of tensile crack A(T)II

initiate, including one that develops from the

left tip of the lower flaw. The existing A(T)II

segment extends further.

Tensile cracks B(T), and C(T)I further

develop, through the extension of existing

segments and the initiation of new crack

segments.

ketch 7

C(T)III

B( (T)

S D(T)i

A(T)Iji

HSV frame:

Time:

pwater:

Gvertical:

-5489

25 min - 41.80214 sec

5.41 MPa

5.44 MPa

Tensile cracks A(T)II and C(T)I continue to

develop through the initiation of new crack

segments and the extension of existing

segments.

Tensile crack B(T), further develops through

the extension of an existing crack segment.

Tensile crack D(T), initiates near the right tip

of the lower flaw.

White patching develops in the bridge

between flaws, ahead of the tensile crack

D(T), near B(T)I.
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Sketch 8

- HSV frame:

Time:

-5485

25 min - 41.80254 sec

B(T)T

D(T)

A(T)nI

Sketch 9

HSV frame:

Time:

-5483

25 min - 41.80274 sec

Pwater: 5.41 ivira
Gvertical: 5.44 MPa

Coalescence

Crack D(T), propagates very rapidly almost

reaching the upper flaw. It is likely that crack

D(T)i coalesces with the upper flaw deeper in

the specimen, even though this is not visible

at the surface of the specimen.

Simultaneously, the lower segment of crack

B(T), (represented with a dashed line) closes.

This occurs due to the very rapid propagation

and opening of D(T).

Near the left tip of the lower flaw, crack

A(T)II, does not appear to be continuous at

the surface of the specimen. However, it is

very likely that it is continuous deeper in the

specimen.

820

pwater: 5.41 M~a

Gvertical: 5.44 MPa

Coalescence

The segments of crack B(T), get linked with

each other. This crack extends until it almost

reaches the lower flaw. Even though it is not

possible to see it at the surface, it is likely

that crack B(T), coalesces with the lower

flaw deeper in the specimen.

The segments of crack C(T) get linked with

each other and the same occurs with most of

A(T)11 segments.

Tensile crack D(T), gets linked to the right

tip of the lower flaw. More white patching

develops ahead of D(T), near the upper flaw.

BC(T~i

B(T(~ 

jj

SD(T),

A(T)II



Notes:

The cracks A(T)1 1 and C(T)11 extend until they reach the edges of the specimen.

The water pressure drops immediately after the cracks propagate (after sketch 9).

The data acquisition logged the water pressure and the volume injected every 0.2 sec (5.0 Hz).
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Specimen ID: Gr-2a-30-90-VL5-INC5-B

Test Date: 08/12/2014

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm 3 
)

9.54 5.00 5.80 5.897

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Type of Frame Pressure
(min) (sec) (MPa) (cm 3 )

0 High Resolution 3 3 0.01 0.001 0.395

1 High Resolution 26 37 4.83 0.833 4.919

2 High Resolution 28 55 5.35 0.924 5.419

3 High Resolution 30 21 5.78 0.998 5.819

4 High Speed 30 22.92449 -0.15 -0.026 5.897

5 High Speed 30 22.92506 -0.15 -0.026 5.897

6 High Speed 30 22.92520 -0.15 -0.026 5.897

7 High Speed 30 22.92556 -0.15 -0.026 5.897

8 High Speed 30 22.92577 -0.15 -0.026 5.897

9 High Speed 30 22.92649 -0.15 -0.026 5.897

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the

Crack ID Crack Type' Maximum Water Sketch

(MPa) Pressure

A(T)i Type I - Tensile -0.15 0.0 4

B(T), Type I - Tensile -0.15 0.0 4

C(T)i Type I - Tensile -0.15 0.0 5

D(T)i Type I - Tensile -0.15 0.0 5

Coalescence Type: Coalescence (Category 7)
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Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time
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6.0
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4.5 S
E
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Time (s)

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

5.80

5.78 -

2 5.76 -
a.

5.74 -

5.72 -

5.70 -

5.68 -

5.66 -

1795.0 1800.0 1805.0 1810.0

Time (s)
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- 6.00
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Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) Sketches 4 and 9 are represented at a water pressure of 5.64 MPa for illustration purposes. In
fact, they occur at a pressure of -0.15 MPa, as shown earlier in the "Sketch Summary Table"
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- Water Pressure Sketch 3
Maximum Water Pressure Sketch 2
High-Res Sketches Sketch I -

- Volume Injected

Sketch 0

Water Pressure
Max Water Pressure

7 High-Res Sketches
E] HSV Sketches

Volume Injected

------ HS Video

Sketch 9

Sketch4
*I.

).0

ketch 3



Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

5.82 -5.95

5.80 - 5.90

5.78 - ~ Sketch 3 -58
5.7858- 5.8

~ 5.6 ___________________5.80 2%
Water Pressure
Max Water Pressure 5.75

C: High-Res Sketches
i HSV Sketches -

5.72 -- -5.70
---2 Volume Injected
------HS Video Sketch 4 Sketih 9

5.70 I - 5.65
1819.0 1820.0 1821.0 1822.0 1823.0 1824.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) Sketches 4 and 9 are represented at a water pressure of 5.70 MPa for illustration purposes. In
fact, they occur at a pressure of -0.15 MPa, as shown earlier in the "Sketch Summary Table"

Water Pressure Vs Volume Injected

7.0 -
-- Water Pressure vs Volume Injected Sketch 3

6.0 - High-Res Sketches Sketch 2

Sketch 1
7 5.0-

4.0 -
1A

" 3.0

0 2.0 -

1.0 ~ Sketch 0

0.0-
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm3)
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Initial and Final Frames

4

AR

4C1

Q* r~

r&A,

Sketch:

Frame:

vertical load)

Time:

Pwater:

Gvertical:

Sketch:

Frame:

occurs)

Time:

Pwater:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

3 min 3 sec

0.01 MPa

5.00 MPa

9 (High-Speed Video Frame)

Final (Right after failure

30 min 22.92577 sec

-0.15 MPa

5.00 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the
types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) 

)A(T1  Water Pressure
p.,. l) - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack
Sheanng Direction
Point of Coalescence
White Patching

4* Crack Opening



Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 84

3 min 3 sec

0.01 MPa

5.00 MPa

3"x6"x 1"

2a=1/2"

2a

30"

300

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

pwater:

Gvertical:

388
26 min - 37 sec

4.83 MPa

5.00 MPa

White patching starts to develop at the inner

tip of the upper flaw.
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Sketches

Sketch 0

x00

7-0

7-0



Sketch 2

7-*0

7-0

Still frame:

Time:

Pwater:

GverticaI:

456

28 min - 55 sec

5.35 MPa

5.00 MPa

White patches continue to develop at and near

the inner tip of the upper flaw, and start to

develop at both tips of the lower flaw.

I
Sketch 3

7-

7-o

Still frame:

Time:

Pwater:

Uvertical:

499

30 min - 21 sec

5.78 MPa

5.00 MPa

White patches continue to develop at and

near all four flaw tips forming narrow bands

which appear to propagate in an

approximately vertical fashion.

A white patching area also develops away

from the inner tip of the lower flaw.

827

I



-7008

30 min - 22.92449 sec

-0.15 MPa

5.00 MPa

Tensile cracks A(T), and B(T), initiate at the

outer tip of the lower flaw and at the outer tip

of the upper flaw, respectively. Tensile crack

B(T)i consists of two segments.

White patching continues to develop away

from the inner tips of both flaws and from

the outer tip of the upper flaw.

\TB(T)

D(T)i

SC(T)l

JA(T)i

Sketch 5

HSV frame:

Time:

Pwater:

GverticaI:

-7000

30 min - 22.92506 sec

-0.15 MPa

5.00 MPa

Tensile crack C(T), develops near the inner

tip of the lower flaw. Even though it is not

visible at the surface, this crack is very likely

linked to the closest flaw tip. Tensile crack

D(T), develops at the inner tip of the upper

flaw. D(T), consists of two crack segments.

New segments of crack A(T), develop.

Most of the cracks propagate along existing

white patches.
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Sketch 4

\B(T)1

A(T)i

HSV frame:

Time:

Pwater:

Gvertical:

I



-6998
30 min -22.92520 sec

-0.15 MPa

5.00 MPa
B(T)i

D(T)i\

C(T)i

A(T)i

7

-6993

30 min -22.92556 sec

-0.15 MPa

5.00 MPa

Some the existing segments of tensile cracks

A(T)I, B(T)I, C(T)i and D(T), develop

further, while others are linked with each

other.

Sketch 6

HSV frame:

Time:

pwater:

OverticaI:

New segments of tensile cracks A(T)I, B(T),

and C(T), develop. Some of the segments of

A(T), and B(T), clearly open.

There is a new area of white patching

developing near the mid-point of the upper

flaw, which appear to be an extension of the

white patches existing along the same

vertical alignment.

Sketch 7

HSV frame:

Time:

Pwater:

GverticaI:

\ B(T)

D(T)i 
C(T)i

<A(T);

829



Sketch 8

B(T)l

D(T)j

2 C(T)I

A(T)I

HSV frame:

Time:

Pwater:

Gvertical:

-6990
30 min -22.92556 sec

-0.15 MPa

5.00 MPa

Some the existing segments of tensile cracks

A(T), and B(T), develop further and are

linked with each other. Tensile crack D(T)i

and one of the segments of tensile crack

C(T), propagate further.

Sketch 9

HSV frame:

Time:

Pwater:

Gvertical:B(T)

D(T);

C(T)j

A(T)i

-6980

30 min -22.92577 sec

-0.15 MPa

5.00 MPa

Coalescence

All the existing segments of tensile cracks

A(T), and B(T)i are linked with each other.

Tensile cracks C(T), and D(T), develop until

they almost reach the opposite flaws. While

at the surface they never reach the flaws, it is

very likely that these cracks intersect the

existing flaws deeper in the specimen.

Therefore, the intersections between C(T),

and D(T), are considered coalescence points.

Notes:

The cracks A(T), and B(T), extend until they reach the edges of the specimen.

The water pressure drops before the first cracks initiate (from sketch 3 to sketch 4).
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Acoustic Emission Analysis

Gr-2a-30-90-VL5-INC5-B From Start to Sketch 0 - 1st P-Wave
- Boundary Amplitude

- Flaws 1600

M Sensors 1,

Events < 35dB 140.0 IV
35d B < Events < 50dB

Events> 50dB35dB< [ent < 0dB 120.0 -

2-

100.0

E 80.0

60.0

3-

40.0

20.0

4

0.0
0.0 20.0 40.0

x (mm)

Gr-2a-30-90-VLS-IN
-Boundary

160.0
- Flaws.

0 Sensors

Events<3SdB 140.0

35dB < Events < 50dB

Events>50dB
120.0

2

100.0

E 80.0

60.0 -

40.0 -

20.0-

4J
n

C5-B

I

6

5

60.0 80.0

From Sketch 0 to Sketch 1 - 1st P-Wave
Amplitude

0.0 20.0 40.0

x (mm)

5

60.0 80.0

Time Period:

From start of the test to Sketch 0

Application of vertical load

Time Window:

From 0 to 3 min 3 sec

Pwater

Relatively constant at -0.50 MPa

GverticaI:

From 0 to 5.00 MPa

AmplstP.Arrivals (Average) = 45.07 dB

Notes:

Strong activity near the top and bottom

boundaries, likely due to the contact

between the load frame and the

specimen. Only one event detected near

the lower flaw.

Time Period:

From Sketch 0 to Sketch 1 (first visible

white patches)

Time Window:

From 3 min 3 sec to 26 min 37 sec

Pwater.

Increased from -0.50 MPa to 4.83 MPa

GverticaI:

Constant at 5.00 MPa

AmpistP.-Arrivals (Average) = 48.49 dB

Notes:

Several events recorded near the

bottom boundary, many of them with

amplitudes greater than 50dB. This

might still be related to the contact

between specimen and loading frame.
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Gr-2a-30-90-VL5-INCS-B From Sketch I to Sketch 2 - 1st P-Wave

Boundary Amplitude

- Flaws 160.0

R Sensors

Events <35dB 140.0

35dB< Events< 50dB

Events> 50dB 
120.0

100.0

E 80.0

60.0

40.0 -

20.0

0.0
0 .0 20.0 40.0

x (mm)

7

"'6

60.0 80.0

Gr-2a-30-90-VL5-INC5-B From Sketch 2 to Sketch 3 (Last Event

-Bou ndary Recorded) - 1st P-Wave Amplitude

-Flews 
160.0

. Sensors

-Events<35dB 140. 0 or"0
35d B < Events < 50dB

Events > 50d B
120.0

E

100.0

80.0

60.0

40.0

20.0

0.0 -

0.0 20.0 40.0

X (mm)

(7

60.0 80.0

Time Period:

From Sketch I to Sketch 2

Time Window:

From 26 min 37 sec to 28 min 55 sec

Pwater.

Increased from 4.83 MPa to 5.35 MPa

GverticalI:

Constant at 5.00 MPa

AmpistArrivas (Average) = 38.16 dB

Notes:

Some activity near the flaws, mainly mid-

amplitude events (35dB - 50dB). Most of the

events appear to be ahead of the flaw tips,

approximately aligned with the existing

flaws. Only two mid-amplitude events are

located between the flaws.

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 28 min 55 sec to 30 min 21 sec

Pwater.

Increased from 5.35 MPa to 5.78 MPa

Gvertical:

Constant at 5.00 MPa

Ampist-Arrivals (Average) = 39.74 dB

Notes:

High acoustic activity in the vicinity of the

flaws, especially ahead and between the right

tips of both flaws

There are approximately six high-amplitude

events (>50dB) and many mid-amplitude

events between the flaws.

It also appears that the acoustic activity is

more intense around the upper flaw.
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Gr-2a-30-90-VL5-INC5-B -Last 100 Events
1st P-Wave Amplitude

160.0

140.0

120.0

100.0

E 80.0

60.0

40.0

20.0

0.0
0.0 20.0 40.0

X(mm)

-Boundary

-Flaws

M Sensors

Events<35dB

35dB < Events< 50dB

Events>50dB

60.0 80.0

The cracks represented with dashed lines are indicative and based on

the high-resolution images post-failure, since the high-speed frames

only cover a smaller area in the vicinity of the flaws.

The last acoustic event was recorded before any visible cracking could

be observed with the high-speed camera. The cracks shown in this

figure are simply added in order to help the reader relate the Acoustic

Events at this stage with the final cracking.

7s

(7

Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 30 24.56665

Sensor 2 30 24.56022

Sensor 3 30 23.51626

Sensor 4 30 24.56949

Sensor 5 30 24.46254

Sensor 6 30 23.08311

Sensor 7 30 24.51104

Sensor 8 30 24.49991

833

Time Period:

Last 100 acoustic events of the test

Time Window:

From 30 min 17.39123 sec

to 30 min 21.19952 sec (Last Event recorded)

Pwater:

Approximately constant at 5.80 MPa

Uvertical:

Constant at 5.00 MPa

Ampist-Arrivas (Average)= 38.47 dB

Notes:

High acoustic activity towards the right of the

flaws, approximately ahead of the right flaw

tips.

The events are mainly concentrated around the

upper flaw.

The last event was recorded approximately 1.7

sec before cracking was observed in the High-

Speed images. However, the last hits recorded

by the different sensors occurred after these

High-Speed images. This may be due to the

settings used in the AE data collection.

I

I, I

I I

I,

I



Water Pressure and Amplitude of the 1s P-wave Arrivals of the Acoustic Events Vs Time

6.0

5.0

4.0 -

u, 3.0 -

2.0 -

1.0

0.0 -t ,-> I I I I I I

120.0

- 100.0

80.0

- 60.0
,A

-40.0

- 20.0
E

- Water Pressure Sketch 2

High-Res Sketches Sketch 1
Acoustic Events

+ ++

Sketch 0

0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0

Time (s)

2000.0 2250.0

Water Pressure and Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)

- 100.0

-t

80.0

60.0

40.0 i

0

*0

- 20.0 *

E
- -0.0

1850.0

-I

0.0

Sketch 3

6.0 -

5.8 -

5.6 -

-5.4

5.2 -

5.0 -

-Water Pressure

High-Res Sketches Sketch 3

+ Acoustic Events

Skstch 2 ++*

1650.0 1700.0 1800.01750.0
Time (s)
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-I
Amplitude of the 1St P-wave Arrivals of the Acoustic Events Vs Water Pressure

+ Acoustic Emission Events] Sketch 1

Sketch 2
Sketch 3

4

2.0 3.0 4.0

4

4

5.0 6.0

Water Pressure (MPa)

Amplitude of the 1 14 P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

+ Acoustic Emission Sketch 3

Sketch 2

4*4

.
4 4*4 ~

"4.4$,

4..44 *444

4 ** 4~4

5.2

'4,.
4.

* * :.
.

4.

5.4 5.6 5.8 6.0

Water Pressure (MPa)
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Specimen ID: Gr-2a-30-90-VL5-1NC5-C

Test Date: 02/21/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm3 )

9.35 5.00 5.53 5.891

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Pressure
(min) (sec) (MPa) (cm3)

0 High Resolution 6 25 0.00 -0.001 0.743

1 High Resolution 31 33 4.77 0.862 5.294

2 High Resolution 33 31 5.25 0.950 5.695

3 High Resolution 34 15 5.52 0.999 5.889

4 High Speed 34 16.49655 5.53 0.999 5.891

5 High Speed 34 16.49805 5.53 0.999 5.891

6 High Speed 34 16.49848 5.53 0.999 5.891

7 High Speed 34 16.49919 5.53 0.999 5.891

8 High Speed 34 16.49984 5.53 0.999 5.891

9 High Speed 34 16.50041 5.53 0.999 5.891

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water

(MPa) Pressure

A(T)mtt Type III - Tensile 5.53 1.0 4

B(T)mt Type III - Tensile 5.53 1.0 4

C(T)m1  Type Ill - Tensile 5.53 1.0 4

D(T)m1  Type Ill - Tensile 5.53 1.0 5

Coalescence Type: Coalescence (Category 7)

836

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

7.0

6.0 -

Ma. 5.0 -

4.0 -

3.0
m 3.0-

1.0-

0.0 +
0.0 500.0 1000.0

Note: (1) The data shown in the plot were logged at
was applied to the data

10 Hz. Subsequently, a moving average of 50 points

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

5.55

5.50

5.45

5.40

1A

5.35

5.30

5.25

5.20
2030.0 2035.0 2040.0 2045.0 2050.0 2055.0

6.00

5.95

5.90 E

5.85

5.80
E

5.75

5.70

5.65
2060.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data

837

- Water Pressure Sketch 3

Maximum Water Pressure Sketch 2 -

High-Res Sketches Sketch 1
- Volume Injected

Sketch 0

7.0

6.0

5.0

3.0 -
E

2.0

1.0

0.0
1500.0

Time (s)

2000.0 2500.0

Water Pressure Sketch 3
Max Water Pressure
High-Res Sketches

El HSV Sketches Sketch 4-
Volume Injected

- ...... -HS Video --
Sketch 9

-



Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

5.54

- 5.53 -
a.
M

1 5.52 -
. -

a-
a.

.1

2053.0

Sketch 3

2054.0

/
-'I

Sketch 4

Sketch 9

2055.0 2056.0 2057.0

5.94

- 5.92 -
E

- 5.90 .

E

- 5.88 y

5.86
2058.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.

Water Pressure Vs Time (Last 1.2 seconds of the Test)

5.56

5.54 -

a. 5.52 -

, 5.50 -

W 5.48 -

5.46 -

5.44 1-
2055.4

I 1 1

2055.6 2055.8 2056.0 2056.2 2056.4 2056.6

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) This plot was obtained based on pressure data logged every time there was an AE hit, as

opposed to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average

at 0.1 sec-intervals was applied to these data. This explains the slight differences between this and the

previous plots
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Water Pressure
Max Water Pressure

High-Res Sketches

L1 HSV Sketches
Volume Injected

.
HS Video

Sketch 4

Sketch 9

-Water Pressure

E HSV Sketches

- |
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I
Water Pressure Vs Volume Injected

0.0

Sketch 3 -\

1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm 3)

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.
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6.0

5.0

4.0 -

3.0

+ 2.0

1.0

0.0

- Water Pressure vs Volume Injected Sketch 2

High-Res Sketches Sketch 1

Sketc



Initial and Final Frames

Sketch:

Frame:

vertical load)

Time:

pNater:

Gvertical:

Sketch:

Frame:

occurs)

Time:

p ater:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

6 min 25 sec

0.00 MPa

5.0 MPa

9 (High-Speed Video Frame)

Final (Right after failure

34 min - 16.50041 sec

5.53 MPa

5.0 MPa

C,

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) --

A(T)1  Water Pressure
po? 0 99fs - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw

Crack
( Shearing Direction
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Frame:

Time:

pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 614

6 min 25 sec

0.00 MPa

5.0 MPa

3"x6"x1"

2a=1/2"

2a=1/2"

300

900

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

Pwater:

GverticaI:

949

31 min - 33 sec

4.77 MPa

5.0 MPa

White patching starts to develop at

the lower flaw.

both tips of

841

Sketches

Sketch 0

/00

/ 00

/ 00

/ 0



1003

33 min - 31 sec

5.25 MPa

5.0 MPa

White patches continue to develop near the tips

of the lower flaw and in the bridge between

inner flaw tips.

I

Sketch 3

1024

34 min - 15 sec

5.52 MPa

5.0 MPa

White patching continues to develop from the

left tip of the lower flaw and starts to initiate

from the right tip of the upper flaw. A small

region with white patching develops between

the left tips of the upper and lower flaws

I
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Sketch 2

Still frame:

Time:

Pwater:

Overtical:

Still frame:

Time:

p~ater:

Gvertical:

0000

0000

000000



IC(T)III

B(T)IA)

A(T)m I

C(T)III

B(T)( 1

( A(T)HI

D(T)m

Sketch 4

HSV frame:

Time:

PFvater:

OverticaI:

-6796

34 min - 16.49655 sec

5.53 MPa

5.0 MPa

Tensile crack A(T)m1 initiates near the right

tip of the lower flaw.

Tensile crack B(T) 1 initiates at the left tip of

the upper flaw.

Two segments of tensile crack C(T)i11 initiate

at and near the right tip of the upper flaw.

White patching continues to develop above

the right tip of the upper flaw and below the

left tip of the lower flaw, ahead of the

existing white patches. White patches also

develop from the right tip of the lower flaw

toward the middle of the upper flaw, and

above the middle of the lower flaw.

Sketch 5

HSV frame:

Time:

Pwater:

Gvertical:

-6775

34 min - 16.49805 sec

5.53 MPa

5.0 MPa

Several segments of tensile crack D(T) 1

initiate at and near the left tip of the lower

flaw.

Tensile crack A(T)mij propagates further

through the extension of the existing

segments.

Tensile cracks B(T)III and C(T)m1 propagate

further through the initiation of two and three

new segments, respectively.
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HSV frame:

Time:

P water:

GverticaI:

-6769

34 min - 16.49848 sec

5.53 MPa

5.0 MPa

Tensile crack A(T) 1 propagates further through

the extension of the existing segment.

Tensile crack B(T)II propagates further through

the linkage of two existing segments.

Tensile cracks C(T),,, and D(T)11 propagate

further through the linkage and extension of

some of their existing segments.

C(T)n

B(T)nI

A(T)II

D(T)ii

Sketch 7

HSV frame: -6759

Time: 34 min - 16.49919 sec

Pwater: 5.53 MPa

Overtical: 5.0 MPa

Tensile crack A(T) 1 opens and propagates

further through the extension of its only

segment.

Tensile crack B(T)1 opens and propagates

further through the initiation of a new segment.

Tensile crack C(T) opens and propagates

further through the linkage and extension of its

existing segments.

Tensile crack D(T) 1 opens and propagates

further through the linkage of two of its

segments and through the initiation of a new

one.

White patching develops above the midpoint of

the lower flaw
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Sketch 6

C(T)nI

B(T)In ,

'0' 
A(T) 

n

D(T) 



C(T)I

B(T)I

A(T)nI

D(T)mn

Sketch 8

HSV frame: -6750

Time: 34 min - 16.49984 sec

pwater: 5.53 MPa

Overtical: 5.0 MPa

Tensile crack A(T) 1 propagates further through

the extension of its only segment.

Tensile crack B(T)ii propagates further through

the linkage and extension of its segments. There

is a short segment that propagates in shear;

because of the short length of this shear

segment, the crack B(T)I is still considered a

tensile crack.

Tensile crack C(T)II propagates further through

the extension of its existing segment.

Tensile crack D(T)III propagates further through

the linkage and extension of its existing

segments.

Sketch 9

C(T)I

B(T)I

A(T)Ti

D(T)nII

HSV frame:

Time:

-6742

34 min - 16.50041 sec

Pwater: 5. 53 Ma

Gvertical: 5.0 MPa

Coalescence:

Tensile crack A(T) 1 propagates further through

the extension of its segment, coalescing with the

midpoint of the upper flaw.

Tensile crack B(T)ii propagates further through

the extension of its segment, coalescing with the

midpoint of the lower flaw.

Post-testing visual analysis shows that crack C(T)ii and D(T)II, reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).
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Acoustic Emission Analysis

Gr-2a-30-90-VL5-INC5-C From Start to Sketch 0
1st P-Wave Amplitude

100.01
3

0.0 20.0 40.0

x (mm)

-6

60.0 80.0

Gr-2a-30-90-VL5-NCS-C From Sketch 0 to sketch 1
1st P-Wave Amplitude

0.0 20.0 40.0 60.0

x (mm)

5

6

7'-

80.0

- Boundary

-Flaws

0 Sensors

* Events<5OdB

50dB < Events < 65dB

Events >65dB

Time Period:

From Sketch 0 to Sketch 1

Time Window:

From 6 min 25 see to 31 min 33 sec

Pwater:
Increased from 0.0 MPa to 4.77 MPa

OverticalI:

Constant at 5.0 MPa

AmplstP-Arrivals (Average) = 70.28 dB

Notes:

Few mid- and high- amplitude events

detected around the flaws, mainly ahead

of the left tip of the lower flaw and ahead

of the right tip of the upper flaw.
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___

Time Period:

From Start to Sketch 0

Time Window:

From 0 min 0 sec to 6 min 25 sec

Pwater.

Approximately constant at 0.00 MPa

Gvertical:

Increased from 0.0 MPa to 5.0 MPa

Ampist.Arrivas (Average) = 75.36 dB

Notes:

Many high- (Amp. > 65dB) and some

mid- (50dB < Amp. < 65dB) amplitude

events detected near the top and bottom

boundaries of the specimen, related to the

contact between the loading frame and

the specimen.
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Gr-2a-30-90-VL5-INC5-C From Sketch 1 to Sketch 2
1st P-Wave Amplitude

160.0 -

140.0)
4 j

120.0 -

100.01

E 80.0 -

60.0

2

40.0 -

20.0 -

1 21

0.0 20.0 40.0

x (mm)

6

1 8

60.0 80.0

Gr-2a-30-90-VL5-NC5-C From Sketch 2 to Sketch 3
1st P-Wave Amplitude

160.0 -

140.0
4

120.0 -

100j.0
3

80.0 -

60.0 -

2 j

40.0 -

20.0 -

0.0
0.0 20.0 40.0

x (mm)
60.0

k,5

80.0

- Boundary

-Flaws

0 Sensors

Events<5OdB

50dB < Events < 65dB

Events> 65d B

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 33 min 31 sec to 34 min 15 sec

Pwater:

Increased from 5.25 MPa to 5.52 MPa

Overtical:

Constant at 5.0 MPa

Ampist-Arrivas (Average) = 60.66 dB

Notes:

Many mid- and high- amplitude events

detected around the flaws, most of them

located ahead of the flaw tips. Some events

are located near observed white patching,

indicating a possible relation between the

white patches and the AE events.

The large amount of events detected ahead

of the flaw tips seems to indicate

considerable damage in these regions.
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Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 31 min 33 sec to 33 min 31 sec

Pwater:
Increased from 4.77 MPa to 5.25 MPa

Gvertical:

Constant at 5.0 MPa

Ampst-Arrivas (Average) 58.87 dB

Notes:

Some mid- and few high- amplitude events

detected around the flaws, mainly ahead of

the left tip of the lower flaw and ahead of

the right tip of the upper flaw. The location

of the AE events does not appear to

correspond to the white patching regions.

- Boundary

-Flaws

* Sensors

Events<50dB

50dB< Events< 65dB

Events>65dB
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I I
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Gr-2a-30-90-VL5-INC5-C From Sketch 3 to Sketch 9
1st P-Wave Amplitude

160.0 -

140.0)

120.0 -

100.01

E 0.0 -

60.0-

40.0 -

20.0 -

0.0
0.0 20.0 40.0

x (mm)

-Boundary

- Flaws

0 Sensors

Events<50dB

50dB< Events< 65dB

Events>65dB

60.0 80.0

Gr-2a-30-90-V15-INC5-C After Sketch 9
1st P-Wave Amplitude

0.0 20.0 40.0

x (mm)

5

'-7

60.0 80.0

Time Period:

From Sketch 3 to Sketch 9

Time Window:

From 34 min 15 sec to 34 min 16.50041 sec

pwater:

Increased from 5.52 MPa to 5.53 MPa

6

7"

Time Period:

After Sketch 8

Time Window:

From 34 min 16.50041

to 34 min 27.02826 sec

1water.

Decreased from 5.53 MPa to -0.20 MPa

Gvertical:

Constant at 5.0 MPa

AmpstP-Arrivals (Average) = 65.18 dB

Notes:

Some mid- and few high- amplitude events

detected around the flaws. A cluster of AE

events was detected near the developed

crack D(T)111, indicating a likely relation

between the visible developed cracks and

the AE events detected.

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.
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I I

00

0000

Gvertical:

Constant at 5.0 MPa

AmpistP-Arrivas (Average) = 64.91 dB

Notes:

Some mid- and high- amplitude events

detected around both flaws. A few events

are located at or along cracks C(T)ml1 and

D(T)11.

- Bou ndary

- Flaws

* Sensors

Events<5OdB

50dB< Events< 65dB

Events>65dB
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Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 34 28.09806

Sensor 2 34 28.09807

Sensor 3 34 28.10442

Sensor 4 34 28.14789

Sensor5 34 28.14788

Sensor 6 34 28.14788

Sensor 7 34 28.03378

Sensor8 34 28.03379
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Water Pressure and Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Time

6.0 - 120.0
- Water Pressure Sketch 3

5.0 _ K High-Res Sketches Sketch 2 100.0
M

+ Acoustic Events

4.0 80.0 <

Sketch I *M
43.0 60.0

2.0 40.0 0

1.0 -20.0
Sketch 0 E

0.0 0.0

0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0 2250.0

Time (s)

Water Pressure and Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)

5.8 100.0
-Water Pressure

-
High-Res Sketches %.

5-6 -+ -80.0
Acoustic Events + Sketch 3 8
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Time (s)
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Amplitude of the 1 ' P-wave Arrivals of the Acoustic Events Vs Water Pressure
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0.0

Sketch 0
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Sketch 1

Sketch 2

Sketch 3
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Water Pressure (MPa)

Amplitude of the 1t P-wave Arrivals of the Acoustic Events Vs Water Pressure
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Water Pressure and Cumulative Number of Hits and Events Vs Time

6.0 6000
- Water Pressure Sketch 2 kA

5.0- . High-Res Sketches Sketch 1 -5000

-- Cumulative Hit Count

4.0 - Cumulative Event Count 4000 $
aj 0

' 3.0 3000 .n
E
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.v 2.0 2000 E

1.0 - e-01000 E
Sketch 0

0.0 - ~0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0 2250.0 2500.0

Time (s)

Water Pressure and Cumulative Number of Hits and Events Vs Time (Last Water

Pressure Increment)
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- Water Pressure Sketch 3
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Specimen ID: Gr-2a-30-120-VLO-INC5-A

Test Date: 04/13/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

9.54 5.15 5.92 8.211

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number Type of Frame Pressure
(min) (see) (MPa) (cm3)

0 High Resolution 30 3 0.00 0.000 0.578

1 High Resolution 54 26 4.95 0.836 6.364

2 High Resolution 55 60 5.45 0.919 6.951

3 High Resolution 60 30 5.91 0.997 8.208

4 High Speed 60 31.19385 5.90 0.996 8.211

5 High Speed 60 31.19425 5.90 0.996 8.211

6 High Speed 60 31.19472 5.90 0.996 8.211

7 High Speed 60 31.19505 5.90 0.996 8.211

8 High Speed 60 31.19552 5.90 0.996 8.211

9 High Speed 60 31.19698 5.90 0.996 8.211

Notes: (1) High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame
showing fracture coalescence occurs at the same time as the end of the High-Speed Video recording

(2) The High Speed Video was obtained at a 15,000 frames per second rate and the High Resolution still pictures
were taken every 5 seconds until a Water Pressure of 4.0 MPa and every 2 seconds therafter

Fractures/Cracks Summary Table

Water Pressure at Water Pressure

Crack ID Crack Type Crack Initiation Normalized to the Sketch
Maximum Water

(MIPa) Pressure

A(T)t Type II - Tensile 5.90 1.0 4

B(T)n Type II - Tensile 5.90 1.0 5

C(T)i Type I - Tensile 5.90 1.0 7

D(T) Type I - Tensile 5.90 1.0 7

Coalescence Type: Coalescence (Category 7/8)

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time

Gr-2a-30-120-VLO-INC5-A

7.0 -

6.0 -

5.0 -
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3.0 -

M2.0 -

1.0 -

U.J -

1500.0 1750.0
2 .I I I I I I

2000.0 2250.0 2500.0 2750.0 3000.0 3250.0 3500.0

- 10.5

- 9.0

-7.5 E

E
- 3.0

- 1.5

- Water Pressure Sketch 3 -

Maximum Water Pressure Sketch 2

High-Res Sketches Sketch 1

Volume Injected

Sketch 0

Time (s)

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

Gr-2a-30-120-VLO-INC5-A - Last 30 sec of the test

5.95

'Ua.

a,a-
Yb
U,

I-a.
a-a,
4d
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5.70
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E
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| q fl5
3635.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

5.92
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- 1- 8.20

3632.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.
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Initial and Final Frames

r~ i<T4 A
4LS

;000

~le V w

Sketch:

Frame:

Time:

pNater:

GverticaI:

Sketch:

Frame:

occurs)

Time:

p atcr :

GverticaI:

0 (High-Resolution Frame)

Initial

30 min 3 sec

0.0 MPa

0.0 MPa

9 (High-Speed Video Frame)

Final (Right after failure

60 min 31.19698 sec

5.90 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) A Water Pressure

p .099k - Normalized to
Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack
Sheanng Direction

Point of Coalescence
White Patching

4-+ Crack Opening



Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 0044

30 min 3 sec

0.0 MPa

0.0 MPa

3"x6"x "

2a=1/2"

2a

300

1200

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

Pwater:

Gverticai:

341

54 min - 26 sec

4.95 MPa

0.0 MPa

White patching starts to develop at the right tip

of the upper flaw and at both tips of the lower

flaw.

Sketches

Sketch 0
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Sketch 2

Still frame: 388

Time: 55 min - 60 sec

pwater: 5.45 MPa

Gvertical: 0.0 MPa

Small areas of white patching can be observed

above the upper flaw and below the lower flaw.

7 -0 White patching starts to develop at the left tip

of the upper flaw.

More areas with white patching develop at and

near both tips of the lower flaw.

Sketch 3

Still frame: 456

Time: 60 min - 30 sec

Pmater: 5.91 MPa

Gvertical: 0.0 MPa

Long and narrow bands of white patching

develop from the tips of both flaws.

7 -0 The white patching which initiated from the

right tip of the upper flaw and from the left tip

of the lower flaw develop in an oblique7 - fashion, making an angle of approximately 750

with the horizontal.

The white patching which initiated from the

left tip of the upper flaw and from the right tip

of the lower flaw develop in an almost vertical

fashion.
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-6963

60 min - 31.19385 sec

5.90 MPa

0.0 MPa

White patching further develops away from

the tips of both flaws. An area with white

patching can also be observed towards the

right of the lower flaw. It appears to be caused

by the movement of water deeper in the

specimen.

Two segments of tensile crack A(T)I1 initiate

near the left tip of the lower flaw.

Sketch 5

HSV frame:

Time:

Pwater:

Gvertical:

B(T)1 /

(

-6957

60 min - 31.19425 sec

5.90 MPa

0.0 MPa

Tensile crack A(T)1 continues to develop by

the extension of the existing segments. One of

its segments gets linked with the respective

flaw tip.

Two segments of tensile crack B(T)1 initiate

near the right tip of the upper flaw.

White patching further develops away from

the tips of the upper flaw. The white patching

visible towards the right of the lower flaw

starts to disappear. The reason why this occurs

is not clear, but probably the water which was

previously moving deeper in the specimen has

reached a boundary and lost pressure.
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Sketch 4

HSV frame:

Time:

P"ater:

Gvertical:
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HSV frame:

Time:

pMater:

Gvertical:

-6950

60 min - 31.19472 sec

5.90 MPa

0.0 MPa

The two existing segments of tensile crack

A(T)I1 get linked with each other.

More segments of tensile cracks B(T)1

initiate, including one that gets linked with

the right tip of the upper flaw.

Sketch 7

B(T)1

C(T) 1 0
C(T~i ,D(T);

A(T)I

HSV frame:

Time:

Pwater:

Gvertical:

-6945

60 min - 31.19505 sec

5.90 MPa

0.0 MPa

Tensile crack A(T) 1 further extends.

Tensile crack B(T)1 continues to develop

through the linkage and extension of existing

crack segments.

Tensile crack C(T), initiates at the left tip of

the upper flaw. Some segments of the same

crack initiate away from the tip, along

previously developed white patching regions.

Two segments of tensile crack D(T), initiate

at and near the right tip of the lower flaw.

White patching develops in the bridge

between flaws, ahead of the tensile cracks

C(T), and D(T)I. The white patching

previously observed towards the right of the

lower flaw is no longer visible.
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Sketch 6

B(T)jjI/

A(T)I



B(T)II

C(T)(
D(T)A

HSV frame:

Time:

Pwater:

Gvertical:

-6938

60 min - 31.19552 sec

5.90 MPa

0.0 MPaB(T)T

C(T)i 
D(T)1

A(T)"

HSV frame: -6916

Time: 60 min - 31.19698 sec

Pwater: 5.90 MPa

Overtical: 0.0 MPa

Coalescence

Crack D(T), propagates very rapidly

coalescing with the upper flaw.

Simultaneously, the lower part of crack C(T),

closes as represented by the dashed lines,

probably due to the rapid opening of D(T)I,

A segment of crack B(T)II initiates near the

right tip of the upper flaw and gets linked

with the existing crack.
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Sketch 8

A segment of crack A(T)1 initiates from the

left tip of the lower flaw and gets linked with

the existing crack.

Crack B(T)I1 further extends.

Existing segments of cracks C(T), and D(T)i

get interconnected, leading to the

propagation of the cracks towards the lower

and upper flaws, respectively, in an almost

vertical fashion.

Sketch 9



Notes:

The cracks A(T) 1 and B(T)1 extend until they reach the edges of the specimen.

The water pressure drops immediately after the cracks propagate (after sketch 9).

The data acquisition logged the water pressure and the volume injected every 0.2 sec (5.0 Hz).
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Specimen ID: Gr-2a-30-120-VLO-INC5-B

Test Date: 02/21/2015

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm3)

0.00 0.00 5.31 5.104

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected
Number Type of Fram Pressure

(min) (sec) (MPa) (cm3)

0 High Resolution 3 3 0.31 0.058 1.253

1 High Resolution 23 6 3.84 0.723 4.564

2 High Resolution 25 28 4.33 0.816 4.757

3 High Resolution 28 12 4.83 0.910 4.948

4 High Resolution 30 44 5.28 0.995 5.097

5 High Speed 30 45.03754 5.19 0.978 5.104

6 High Speed 30 45.03826 5.19 0.978 5.104

7 High Speed 30 45.03854 5.19 0.978 5.104

8 High Speed 30 45.03869 5.19 0.978 5.104

9 High Speed 30 45.03897 5.19 0.978 5.104

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water

(MPa) Pressure

A(T)t Type II - Tensile 5.19 1.0 5

B(T)s Type 11 - Tensile 5.19 1.0 5

C(T)tt Type II - Tensile 5.19 1.0 6

D(T)m Type II - Tensile 5.19 1.0 6

E(T) Tensile 5.19 1.0 7

Coalescence Type: Coalescence (Category 8)
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Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time
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Note: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

5.32

5.30

a. 5.28

5.26
tA

5.24

5.22

5.20

5.18
1820.0 1825.0 1830.0 1835.0 1840.0 1845.0

5.12

5.11

5.10 E

5.09

5.08
E

5.07

5.06

5.05
1850.0

Time (s)

Notes: (1) Only HSV sketches 5 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 5 to 9 were taken.
(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data
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00

Sketch 4 ,

Water Pressure
Max Water Pressure
High-Res Sketches Sketch 5

El HSV Sketches Sketch 9
Volume Injected

...... HSVideo

t

-
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

5.32 - 5.12

5.30 - Sketch 4 5.11

a5.28 -5.10 E

5.26 -_5.09
Water Pressure

5.24 - Max Water Pressure 5.08
- - E

High-Res Sketches Sketch S -m~ 5.22 5.07
D HSV Sketches

Sketch 9
5.20 - Volume Injected 5.06

..---- HSVideo
5.18 I I I 5.05

1841.0 1842.0 1843.0 1844.0 1845.0 1846.0

Time (s)

Notes: (1) Only HSV sketches 5 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 5 to 9 were taken.

(2) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.

Water Pressure and Volume Injected Vs Time (Last 1.2 seconds of the Test)

5.28

5.26 -

. 5.24

5.22

5.20 -Sketch 5
'Sketch 9

5.18 -Water Pressure

E HSV Sketches
5.16

1844.2 1844.4 1844.6 1844.8 1845.0 1845.2 1845.4

Time (s)

Notes: (1) Only HSV sketches 5 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) This plot was obtained based on pressure data logged every time there was an AE hit, as opposed
to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average at 0.1 sec-
intervals was applied to these data. This explains the slight differences between this and the previous plots
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Water Pressure Vs Volume Injected

6.0-

5.0-

S4.0-

I'A 3.0 -W,
CL

S2.0-

1.0 -

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Volume Injected (cm 3)

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.

866

- Water Pressure vs Volume Injected
Sketch 3

o High-Res Sketches
Sketch 2 S

Sketch 1 ,
'Sketch 4
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Initial and Final Frames

A00

4 .0 - ,6

~~At

Sketch:

Frame:

Time:

pwater:

Gvertical:

Sketch:

Frame:

occurs)

Time:

pwater:

Gvertical:

0 (High-Resolution Frame)

Initial

3 min 3 sec

0.31 MPa

0.0 MPa

9 (High-Speed Video Frame)

Final (Right after failure

30 min 45.03897 sec

5.19 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the
types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) A Water Pressure

p 099s - Normalized to
Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack

Shearing Direction

Point of Coalescence
White Patching

4 Crack Opening



Sketches

I

Sketch 0

Frame:

Time:

Pwater:

GverticaI:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 195

3 min 3 sec

0.31 MPa

0.0 MPa

3"x6"x1"

2a=1/2"

2a

300

1200

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

'00

00100

000

4000

422

23 min - 6 sec

3.84 MPa

0.0 MPa

White patching starts to develop at the right tip

of the upper flaw and at the right tip of the

lower flaw.

I
868

Still frame:

Time:

Pwater:

Gvertical:



450

25 min - 28 sec

4.33 MPa

0.0 MPa

White patches continue to develop from the

right flaw tips of both flaws and start to

develop at the left tip of the lower flaw.

Sketch 3

484

28 min - 12 sec

4.83 MPa

0.0 MPa

White patches start to develop from the left

tip of the upper flaw and continue to develop

from the right tip of the lower flaw.

Sketch 2

0*x
Still frame:

Time:

Pwater:

Gvertical:

Still frame:

Time:

pwater:

Gvertical:
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Sketch 4

Still frame: 553

Time: 30 min - 44 sec

Pwater: 5.28 MPa

Gvertical: 0.0 MPa

White patching continues to develop from

the tips of both flaws.

Sketch 5

HSV frame:

Time:

Pwater:

GverticaI:

-9158

30 min - 45.03754 sec

5.19 MPa

0.0 MPa

Tensile crack A(T)1 initiates at the left tip of

the lower flaw. It is composed of two

segments.

Tensile crack B(T)I1 initiates near the right

tip of the upper flaw.

White patching continues to develop ahead

of the existing white patches and of the

newly-formed cracks.

White patching also develops towards the

right of the upper flaw.
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Sketch 6

HSV frame:

Time:

Pwater:

Gvertical:

B(T)1

C(T)1 I

D(T)II

A(T)II

B(T)I

E(T)

C(T)I1
D(T)II

A(T)I

-9148

30 min - 45.03826 sec

5.19 MPa

0.0 MPa

Tensile cracks C(T) and D(T)I initiate at the

left tip of the upper flaw and at the right tip of

the lower flaw, respectively.

Tensile crack A(T)I1 extends and its segments

are linked.

Tensile crack B(T)I1 further propagates and two

new crack segments initiate.

White patching develops ahead of cracks B(T)II

and C(T)I. The white patches developing at the

right of the upper flaw appear to be water

moving deeper in the specimen.

Sketch 7

HSV frame: -9144

Time: 30 min - 45.03854 sec

Pwater: 5.19 MPa

GverticaI: 0.0 MPa

Tensile crack E(T) develops towards the right of

the upper flaw, along existing white patches.

Tensile cracks A(T)1 and B(T)I1 further extend

and new segments initiate ahead of the existing

cracks.

Tensile crack C(T)I further extends and a new

segment initiates ahead of the existing crack.

Tensile crack D(T)III further extends.

White patching develops ahead of cracks

C(T)II, near the left tip of the lower flaw.

New white patches develop towards the right of

the upper flaw. Some existing white patches die

out in the same area, which indicates they may

be caused by the movement of water deeper in

the specimen.
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Sketel

B(T)I

E(T)

C(T)II
D(T)I

A(T)II

Sketcl

B(T)II

E(T)

C(T)nII
D(T)nI

A(T)II

HSV frame:

Time:

pwater:
Gvertical:

-9142

30 min - 45.03869 sec

5.19 MPa

0.0 MPa

Cracks A(T)I1 and B(T)i propagate further

and their segments get interconnected.

Cracks C(T)11 , D(T)II, and E(T) propagate

further.

White patches continue to develop ahead of

crack E(T).

HSV frame: -9138

Time: 30 min - 45.03897 sec

Pwater: 5.19 MPa

OverticaI: 0.0 MPa

Coalescence

Crack D(T)I propagates further and

coalesces with the upper flaw at its right tip.

Some of the white patches that developed

near E(T) die out.

Notes:

Post-testing visual analysis shows that cracks A(T)1 , B(T),, and E(T) reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).
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Acoustic Emission Analysis

Gr-2a-30-120-VLO-INCS-B From Start to Sketch 2
1st P-Wave Amplitude

160.0 1

140.0
4

-/

120.0

100.0
3 '

80.0

60.0

2 -/

40.0

20.0

12 1

0..0 20.0 40.0

x (mm)

- Boundary

-Flaws

. Sensors

Events<50dB

50dB< Events < 65dB

Events>65dB

60.0 80.0

Gr-2a-30-120-VLO-INCS-B From Sketch 2 to Sketch 3
1st P-Wave Amplitude

0.0 20.0 40.0

x (mm)

k5

KeG

K 7

60.0 80.0

Time Period:

From Start of the test to Sketch 2

Time Window:

From 0 to 25 min 28 sec

pwater.

Increased from 0.0 MPa to 4.33 MPa

Gvertical:

Constant at 0.0 MPa

AmpstP-Arrivals (Average) = 57.25 dB

Notes:

Only five events detected, unrelated to

the white-patching observed near the

flaws.

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 25 min 28 sec to 28 min 12 sec

Pwater:

Increased from 4.33 MPa to 4.83 MPa

Gvertical:

Constant at 0.0 MPa

AmpistP-Arrivas (Average) = 58.65 dB

Notes:

Mainly mid-amplitude events (50 dB <

Amp < 65dB) detected relatively close

to the flaws but most of them far from

visible white-patching.
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K 5

6B

I I

I IE

- Boundary

-Flaws

U Sensors

Events< Sd B

SodB< Events< 65dB

Events >65dB

160.0

140.0
4 !

120.0

100.0i

E
E 80.0 -

60.0 -

2 -

40.0 -

20.0

0.0 .

.10

1, 8



Gr-2a-30-120-VLO-INC5-B From Sketch 3 to Sketch 4
1st P-Wave Amplitude

160.0 -

140.0
4 -

120.0

100-0J

E 80.0 -

60.0

2
40.0

20.0

1 
0

0.0
0.0 20.0 40.0

x (mm)

- Boundary

-Flaws

0 Sensors

Events<SOdB

50dB < Events < 65dB

Events>65dB

60.0 80.0

Gr-2a-30-120-VLO-INC5-B From Sketch 4 to Sketch 9
1st P-Wave Amplitude

160.0

140.0
4

120.0

100.0

80.0

60.0

2 _

40.0

20.0 -

0.0
0.0 20.0 40.0

x (mm)

60.0

k15

7e

80.0

Time Period:

From Sketch 3 to Sketch 4

Time Window:

From 28 min 12 sec to 30 min 44 sec

Pwater:
Increased from 4.83 MPa to 5.28 MPa

GverticalI:

Constant at 0.0 MPa

AmplstP-Arrivals (Average)= 60.51 dB

Notes:

High acoustic activity near the flaws, with

many mid-amplitude and some high-

amplitude (Amp > 65dB) events. The events

are mainly localized ahead of the flaw tips

and some above both flaws. There are many

events localized where white patching is

observed.

Time Period:

From Sketch 4 to Sketch 9 (Last HSV

Frame used)

Time Window:

From 30 min 44 sec to 30 min 45.038

Pwater.

Decreased from

)7 sec

5.28 MPa to 5.19 MPa

Overtical:

Constant at 0.0 MPa

Ampst-Arrivas (Average) = 63.61 dB

Notes:

Some mid-amplitude and high-amplitude

events. Most of the events are located near

propagating cracks. Events are more spread-

out throughout the specimen than in the

previously analyzed stage. This may

indicate seepage of water through the

specimen.

874

-I

I I

~ :e-
,*

I-I

k'

00,004

a

-Boundary

-Flaws

0 Sensors

Events<50dB

50dB< Events< 65dB

* Events>65dB

E

+, I

i

5



Gr-2a-30-120-VL5-INC5-B After Sketch 9
1st P-Wave Amplitude

160.0

140.0
4

120.0

100.0

E 80.0

60.0

2

40.0 -

20.0 -

0.0
0.0 20.0 40.0

x (mm)

5

K6

60.0 80.0

- Boundary

-Flaws

M Sensors

Events< 5Od B

50dB < Events < 65dB

Events>65dB

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.

Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 30 55.60175

Sensor 2 30 55.60637

Sensor 3 30 55.59862

Sensor 4 30 55.32424

Sensor 5 30 55.59860

Sensor 6 30 55.59857

Sensor 7 30 55.60638

Sensor8 30 55.58142

875

Time Period:

From Sketch 9 to Last Event Recorded

Time Window:

From 30 min 45.03897 sec to 30 min

55.32424 sec

Pwater.

Decreased from 5.19 MPa to -0.15 MPa

-vertical:

Constant at 0.0 MPa

Ampist..Arri'als (Average)= 70.11 dB

Notes:

A few mid- and high-amplitude events

detected away from the flaw tips. Not many

events are localized near or along visible

propagated cracks. Events are more spread-

out than in the previously analyzed stages,

indicating a possible effect of the water

seeping through micro-cracks opened

during the previous stages.

The average amplitude of the events

increases throughout the test and reaches

the maximum at this stage (70.11 dB).

.. . I.. ....

I Io
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Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

6.0 - 120.0
- Water Pressure k 4

5.0 High-Res Sketches Sketch 3 100.0
+ Acoustic Events Sketch 2

CL.&
4.0 ~Sketch I 8.4.0 -0.0

3.0 60.0 o

. etch 0 - 0
E

0.0 - 0.0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0

Time (s)

Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)

5.6 - 4 100.0
- Water Pressure k 4a

High-Res Sketches &A

5.4 80.0 N
+ Acoustic Events

w5.2 - 60.0

1A a

-5.0 40.0 I

Sketch 3 -M
4.8 -20.0 +

E

4.6 0.0

1600.0 1650.0 1700.0 1750.0 1800.0 1850.0 1900.0

Time (s)
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Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

Sketch 0
Sketch I

Sketch 2

Sketch 3 .: #4
+*

~~Sketch 4

.1

. *

100.0

80.0 -

60.0 -

40.0 -

20.0 -

0.0 -
1.0 2.0 3.0 4.0 5.0 6.0

Water Pressure (MPa)

Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

ch 2- Sketch 3 Sketch 4

* e

4.

Sket

Sketch 1

4,$

*

* Acoustic Emission Events

3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6

Water Pressure (MPa)
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0

0

V

E + Acoustic Emission Events

0.0

100.0 -

80.0 -

60.0 -
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Water Pressure and Cumulative Number of Hits and Events Vs Time

6.0

5.0

4.0

'%3.0
W

' 2.0

1.0

S-

0.0

6000
&A

C
5000 V

U.'j

4000

3000 -

z
2000

1000 -

0

0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0

Time (s)

I
Water Pressure and Cumulative Number of Hits and Events Vs Time (Last Two Water

Pressure Increments)

5.4

5.3 -

5.2 -

5.1 -
1A
1A

,A 5.0-

m4 4.9

4.8

4.7 -I. I I II

1600.0 1650.0 1700.0 1750.0

Time (s)

1800.0 1850.0 1900.0
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- Water Pressure Sketch 4-

High-Res Sketches

- Cumulative Hit Count Sketch 2 Ske h 3

- Cumulative Event Count Sketch 1

Retch 0 -

- Water Pressure

High-Res Sketches
- Cumulative Hit Count

- Cumulative Event Count

Sketch 3

- 7000

- 6000 c
I

- 5000 .

0- 4000
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Specimen ID: Gr-2a-30-120-VLO-INC5-C

Test Date: 08/14/2014

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm3)

0.00 0.00 4.75 4.710

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected
Number T ype of Frame Pressure

(min) (sec) (MPa) (cm3 
)

0 High Resolution 1 4 0.02 0.003 0.363

1 High Resolution 18 34 3.75 0.790 3.823

2 High Resolution 20 54 4.28 0.901 4.302

3 High Resolution 22 24 4.74 0.997 4.680

4 High Speed 22 25.00075 4.71 0.991 4.680

5 High Speed 22 25.00090 4.71 0.991 4.680

6 High Speed 22 25.00104 4.71 0.991 4.680

7 High Speed 22 25.00118 4.71 0.991 4.680

8 High Speed 22 25.00133 4.71 0.991 4.680

9 High Speed 22 25.00161 4.71 0.991 4.680

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure

Crack ID Crack Type' Crack Initiation Nonnalized to the Sketch
Maximum Water

(MPa) Pressure

A(T)t Type II - Tensile 4.71 1.0 4

B(T)m Type III - Tensile 4.71 1.0 4

C(T)n Type II - Tensile 4.71 1.0 4

D(T) Tensile 4.71 1.0 9

Coalescence Type: Coalescence (Category 7/8)

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)

879



Water Pressure and Volume Injected Vs Time

5.0

4.0 -
'-4

=

,A
4A

CL2.0 -

1.0 -

0.0
0.0 250.0 500.0 750.0

Time (s)

Note: (1) The data shown in the plot were logged at 100 Hz. Subsequently,

was applied to the data

a moving average of 100 points

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

4.78

4.76

a- 4.74

4.72
1A

& 4.70

a'

m 4.68

4.66

4.64

1320.0 1325.0 1330.0 1335.0 1340.0 1345.0

4.72

4.70

4.68 E

4.66

4.64
E

4.62 

4.60

4.58

).0135

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data
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Sketch 3

- Water Pressure Sketch 2
Maximum Water Pressure Sketch I
High-Res Sketches

- Volume Injected

Sketch 0

5.0

- 4.0

E

3.0

- 2.0
E

- 1.0

0.0
1500.01000.0 1250.0

Water Pressure
Max Water Pressure Sketch 3

High-Res Sketches
-W1 HSV Sketches

-- Volume Injected
- .... -- HS Video -

Sketch 4

Sketch 9

- -I

-- I
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

4.76 4.74

4.74 Sketch 3 4.72

w 4.72
4.72 -k 9 4.70

4.70 Water Pressure 4.68 W
Max Water Pressure - E

High-Res Sketches
4.68 - ] HSV Sketches 4.66

Volume Injected
... HS Video

4.66 4.64
1342.0 1343.0 1344.0 1345.0 1346.0 1347.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data.

Water Pressure Vs Volume Injected

6.0 _

- Water Pressure vs Volume Injected Sketch 3

5.0 - High-Res Sketches
Sketch 2

C 4.0 Sketch 1

3.0

16.
S2.0

1.0
Sketch 0

0.0
0.0 1.0 2.0 3.0 4.0 5.0

Volume Injected (cm3)

Notes: (1) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data.
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Initial and Final Frames

'0

A4

A A,

K-;24

Sketch:

Frame:

Time:

Swater:

0 (High-Resolution Frame)

Initial

I min 4 see

0.02 MPa

0.0 MPa

Sketch:

Frame:

occurs)

Time:

Pvvater:

avertical:

9 (High-Speed Video Frame)

Final (Right after failure

22 min - 25.00161 see

4.71 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.

882

Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically I Crack Type'
ordered) A(T) 1  Water Pressure

p , O9( -- Normalized to
Maximum Water
Pressure

-- Pre-existing (cut) Flaw
Crack
Shearing Direction
Point of Coalescence
White Patching

4+ Crack Opening



Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial -018

1 min 4 sec

0.02 MPa

0.0 MPa

3"x6"x1"

2a=1/2"

2a= 1/2"

30"

1200

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

Pwater:

Uvertical:

227

18 min - 34 sec

3.75 MPa

0.0 MPa

White patching starts to develop at both tips of

the flaws.
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Sketches

Sketch 0

0000010

000000

40

000000



255
20 min - 54 sec

4.28 MPa

0.0 MPa

White patches continue to develop from both

tips of the flaws.

I

Sketch 3

291

22 min - 24 sec

4.74 MPa

0.0 MPa

White patches continue to develop from both

tips of the flaws.

Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

Still frame:

Time:

pwater:

Gvertical:
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-7091

22 min - 24.97347 sec

4.71 MPa

0.0 MPa

Two segments of tensile crack A(T)ii

initiates near the left tip of the lower flaw.

Tensile crack B(T)I initiates near the left tip

of the upper flaw.

Three segments of tensile crack C(T)1

initiate at and near the right tip of the upper

flaw.

White patching continues to develop ahead

of the newly-forined cracks, far from the

respective flaw tips.

Sketch 5

HSV frame:

Time:

pwater:

Gvertical:

-7056

22 min - 24.97597 sec

4.71 MPa

0.0 MPa

Tensile crack A(T)1 propagates further

through the initiation of new crack segments

further away from the flaw tip.

Tensile crack B(T)iii propagates further

through the extension of the existing

segment.

Tensile crack C(T) 1 propagates further

through the linkage and extension of existing

crack segments and through the initiation of

a new segment.
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Sketch 4

HSV frame:

Time:

Pwater:

Gvertical:

"C(T)II

B(T)II 'I

IA(T)I

'C(T)I

A(T)ij

)



Sketch 6

C(T) 1

B(T)1 1

A(T)n

C(T)II

B(T)1 0

A(T)/

HSV frame:

Time:

Pwater:

Overtical:

-7046

22 min - 24.97668 sec

4.71 MPa

0.0 MPa

Tensile crack A(T) 1 propagates further through

the initiation of new segments further away

from the left tip of the lower flaw.

Tensile crack B(T)I propagates further through

the extension of its existing segment.

Tensile crack C(T)1 propagates further through

the linkage of its existing segments.

ietch 7

HSV frame: -7044

Time: 22 min - 24.97683 sec

Pwater: 4.71 MPa

GverticaI: 0.0 MPa

Tensile crack A(T)1 opens and propagates

further through the linkage of some of its

segments and through the extension of others.

Tensile crack B(T)III opens and propagates

further through the initiation of new segments.

Tensile crack C(T)I1 opens and propagates

further through the initiation of new segments.

White patching develops to the left of both

flaws.
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Sketch 8

HSV frame:

Time:

C(T)I1

B(T)II

A(T) 1

-7042

22 min - 24.97697 sec

pwater: 4.71 MPa

Gverticai: 0.0 MPa

Coalescence:

Tensile crack B(T)m1 propagates further through the

linkage and extension of its segments, and coalesces

with the lower flaw near its left tip.

Tensile crack A(T)I1 propagates further through the

extension and linkage of some of its existing segments.

Tensile crack C(T)1 propagates further through the

extension of one segment and the initiation of three

new segments.

The white patching that developed to the left of both

flaws in the previous sketch fades away and new white

patching develops to the right of it. This whitening

appears to be caused by water moving from left to right

deeper in the specimen

Sketch 9

HSV frame:

Time:

p"ater:

Gvertical:

-7039

22 min - 24.97718 sec

4.71 MPa

0.0 MPa

Tensile crack D(T) initiates and propagates to the

right of the flaws, where white patching have

previously been observed in sketches 7 and 8.

All segments of cracks A(T)I1 and C(T)II get linked

with each other.

Notes:

Post-testing visual analysis shows that cracks A(T)1 , C(T)I1 and D(T) reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).

C(T)T

B(T)mI

D(T)

A(T)II
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Acoustic Emission Analysis

Gr-2a-30-120-VLO-INC5-C From Sketch 0 to Sketch 1
1st P-Wave Amplitude

160.0

140.09

4 -

120.0 -

100.0j

3

E 80.0

60.0

40.0 -

20.0 -

1 0

0.0 -r
0.0 20.0 40.0

x (mm)

5-

K_ 6

-Boundary

-Flaws

M Sensors

Events'<35dB

35dB< Events< 50dB

Events>5OdB

I ' 1
60.0 80.0

Gr-2a-30-120-VLO-INC5-C From Sketch 1 to Sketch 2
1st P-Wave Amplitude

0.0 20.0 40.0

x (mm)

60.0

5

(_8

80.0

Time Period:

From Sketch 0 to Sketch 1

Time Window:

From 1 min 4 sec to 18 min 34 sec

Pwater:

Increased from 0.02 MPa to 3.75 MPa

Gvertical:

Constant at 0.00 MPa

AmpistP-Arrivals (Average) = 41.10 dB

00

U

i~I

] I

detected to the left of the

Time Period:

From Sketch I to Sketch 2

Time Window:

From 18 min 34 sec to 20 min 54 sec

Pwater:

Increased from 3.75 MPa to 4.28 MPa

Gvertical:

Constant at 0.0 MPa

Ampist-Arrivas (Average) = 44.21 dB

Notes:

Some mid- (50dB < Amp. < 65dB)

amplitude and two high- (Amp. > 65dB)

amplitude events detected around the

flaws, mainly ahead of the left tip of the

lower flaw and ahead of the right tip of

the upper flaw.
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Notes:

Only one event

lower flaw.
(

8

-Boundary

-Flaws

* Sensors

E Events<35dB

35dB< Events< 50dB

Events>50dB

E

160.0

140.0

4

120.0

100.0
3

80.0-

60.0-

40.0-

20.0

0.0

U

I U

I I
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Gr-2a-30-120-VLO-INC5-C From Sketch 2 to Sketch 3
1st P-Wave Amplitude

160.0

140.0

4..'

120.0

100.0
3-

80.0 -

60.0

40.0-

20.0 -

0.0
0.0 20.0 40.0

"I

E 80.0 -

60.0 -

2 _

40.0 -

20.0 -

0.0
0

6

-Boundary

-Flaws

N Sensors

Events<35dB

35dB< Events< 50dB

Events>5OdB

I I

60.0 80.0

Gr-2a-30-120-VLO-INC5-C - Last 50 Events
1st P-Wave Amplitude

.0 20.0 40.0

x(mm)

5

K6

Ka

60.0 80.0

5

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.
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K8s

E

7

-Boundary

-Flaws

0 Sensors

- Events<35dB

35dB< Events< 50dB

Events >50d B

160.0

140.0

4

120.0

100.0
3

I ~. I

...

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 20 min 54 sec to 22 min 18 sec

(Slightly before Sketch 3)

Pwater:

Increased from 4.28 MPa to 4.74 MPa

Gvertical:

Constant at 0.0 MPa

AmpistP-Arrivas (Average)= 46.61 dB

Notes:

Many mid- and high- amplitude events

detected around the flaws, mainly ahead of

the flaw tips. The location of the AE events

does not appear to correspond very well to

the white patching regions, apart from a

cluster located at and near the white

patching that developed from the left tip of

the lower flaw.

Time Period:

Last 50 Events

Time Window:

From 22 min 14 sec to 22 min 18 sec (Last

AE event recorded, before visible cracking

could be observed)

Pwater.

Decreased from 4.73 MPa to 4.72 MPa

Overtical:

Constant at 0.0 MPa

Ampist.Arrivals (Average) = 47.48 dB

Notes:

Some mid- and few high- amplitude events

detected around the flaws, most of them

located ahead of the left tip of the lower

flaw and ahead of the right tip of the upper

flaw. Not many events are located where

visible cracking occurred, apart from some

events located near cracks A(T)n and D(T).
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Last Hit Recorded by the AE sensors

890

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor 1 22 17.93848

Sensor 2 22 17.94528

Sensor 3 22 22.56925

Sensor 4 22 22.75750

Sensor 5 22 17.99492

Sensor 6 22 17.97904

Sensor 7 22 16.51548

Sensor 8 22 16.54353



Water Pressure and Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Time

5.0

4.0

C.

3.0

1.0

Sketch

0.0
0.0 250.0 500.0 750.0 1000.0 1250.0

100.0

3 CO

80.0 *3
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60.0

40.0

M

20.0 .9

E
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1500.0

Time (s)

Water Pressure and Amplitude of the Vs P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)
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'U
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n-4.25 -
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3.75
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Time (s)
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- Water Pressure Sketch 2 Sketch
K High-Res Sketches

+- Acoustic Events
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- Water Pressure
C High-Res Sketches
+ Acoustic Events

Sketch 2

Sketch 1



Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Water Pressure

Acoustic Emission Events

1.0 2.0

7

Sketch 1

Sketch 2

Sketch 3

3.0 4.0 5.0

Water Pressure (MPa)

Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)

Sketch 2Sketch 1

+*

+*4 *

+ Acoustic Emission Events

3.8 4.0

fox~

4.2

Water Pressure (MPa)

4.4 4.6
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Water Pressure and Cumulative Number of Hits and Events Vs Time

4500

C
- 3750 W

3000

- 2250
E
z

1500 6

750

0
1500.0

1
Water Pressure and Cumulative Number of Hits and Events Vs Time (Last Water

Pressure Increment)

5000

*A
40

4000

3000 "

E

0
1350.0

- Water Pressure Sketch 3
High-Res Sketches

- Cumulative Hit Count Sketch 2
- Cumulative Event Count Sketch 1

Sketch 0

6.0 -

5.0 -

4.0 -

1 3.0 -

.d 2.0

1.0 -

0.0
0.0 250.0 500.0 750.0

Time (s)

1000.0 1250.0

5.00

Ua.

a,
5-=
IA
IA
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a..a.
5-
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- Water Pressure
Sketch 3

High-Res Sketches
- Cumulative Hit Count

- Cumulative Event Count

Sketch 2

Sketch 1

4.75

4.50

4.25

4.00

3.75
1100.0 1150.0 1200.0 1250.0 1300.0

Time (s)
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Specimen ID: Gr-2a-30-120-VL5-INC5-A

Test Date: 04/12/2014

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (Cml)

9.54 5.00 4.95 3.938

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Nonnalized Water Injected

Number Type of Frame Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 0 43 0.04 0.008 0.077

1 High Resolution 17 31 4.07 0.821 3.197

2 High Resolution 19 51 4.55 0.918 3.619

3 High Resolution 20 43 4.95 1.000 3.932

4 High Speed 20 44.01113 -0.54 -0.108 3.924

5 High Speed 20 44.01153 -0.54 -0.108 3.924

6 High Speed 20 44.01167 -0.54 -0.108 3.924

7 High Speed 20 44.01187 -0.54 -0.108 3.924

8 High Speed 20 44.01233 -0.54 -0.108 3.924

9 High Speed 20 44.01313 -0.54 -0.108 3.924

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the

Crack ID Crack Type Maximum Water Sketch
(MPa) Pressure

A(T)111  Type I]l - Tensile -0.54 -0.1 4

B(T)111  Type Ill - Tensile -0.54 -0.1 4

C(T)111  Type III - Tensile -0.54 -0.1 5

Coalescence Type: Coalescence (Category 7/8)

894

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)



Water Pressure and Volume Injected Vs Time

6.0 -

5.0 -

4.0 -

2.0 -C6
S.

1.0 -

0.0
0. ) 250.0 500.0 750.0 1000.0 1250.0

- 6.0

5.0

E

- 4.0 E

- 3.0
C

- 2.0 E

- 1.0

- Water Pressure Sketch 3
Maximum Water Pressure Sketch 2
High-Res Sketches Sketch I

- Volume Injected

Sketch 0

Time (s)

Note: (1) The data shown in the plot were logged at 5 Hz. Subsequently, a moving average of 20 points was

applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

5.00 -

4.95 -

S4.90 -

5 4.85 -

W 4.80 -

4.75 -

4.70

1220.0 1225.0 1230.0 1235.0 1240.0 1245.0

- 4.05

- 4.00

E
- 3.95 ,w,

- 3.90

E
- 3.85

-3.80

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 5 Hz. Subsequently, a moving average of 20 points
was applied to the data
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- 0.0
1500.0

Water Pressure

Max Water Pressure

High-Res Sketches
ketch 3

l HSV Sketches
Volume Injected

...... HS Video
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

5.00 -

4.98 -

a.

4.96 -

1A
1A

4.94

4.92 -

4.90 ---r
1240.0 1241.0 1242.0 1243.0 1244.0

- 3.95

- 3.94

E

- 3.93
tJ

- 3.92
E

- 3.91

-- 3.90
1245.0

Time (s)

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.
(2) The data shown in the plot were logged at 5 Hz. Subsequently, a moving average of 20 points

was applied to the data.

Water Pressure Vs Volume Injected

6.0

5.0

-4.0

3.0

2.0

1.0

0.0
0.0 1.0 2.0 3.0 4.0 5.0

Volume Injected (cm 3)

Notes: (1) The data shown in the plot were logged at 5 Hz. Subsequently, a moving average of 20 points
was applied to the data.
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Water Pressure
Max Water Pressure

High-Res Sketches
Z HSV Sketches

Volume Injected

..HS Video

Sketch 3
Sketch4

9:Sketch

- Water Pressure vs Volume Injected Sketch 3
Sketch 2

High-Res Sketches

Sketch 1



Initial and Final Frames

4W4

A- U4

4.w

A4 Ll

Sketch:

Frame:

vertical load)

Time:

pmater:

Overtical:

Sketch:

Frame:

occurs)

Time:

pmater:

Gvertical:

0 (High-Resolution Frame)

Initial (Right after applying

0 min 43 sec

0.04 MPa

5.0 MPa

9 (High-Speed Video Frame)

Final (Right after coalescence

20 min 43.99313 sec

4.95 MPa

5.0 MPa

Sketches - Legend

Note 1: Crack and coalescence types based on Wong and Einstein (2009). When a crack does not correspond

to any of the types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered)I

A(T)h Water Pressure
p.* 0 99K -- Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack

Sheanng Direction

Point of Coalescence
White Patching

Crack Opening



Sketches

Sketch 0

Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw Pairs:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 1370

0 min 43 sec

0.04 MPa

5.0 MPa

3"x6"xl"

2a=1/2"

2a

300

1200

All cracks are alphabetically labeled based on

their initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

Pwater:

Overtical:

1617

17 min - 31 sec

4.07 MPa

5.0 MPa

White patching starts to develop at

the lower flaw.

both tips of

898

400

00

000

0000



1686

19 min - 51 sec

4.55 MPa

5.0 MPa

White patching continues to develop ahead

of both tips of the lower flaw, and starts to

develop at both tips of the upper flaw.

I
Sketch 3

1712
20 min - 51 sec

4.95 MPa

5.0 MPa

White patching continues to develop from

the tips of both flaws.

Sketch 2

Still frame:
Time:

Pwater:

avertical:

Still frame:

Time:

Pwater:

GverticaI:

899

400

00

000019

000



Sketch 4

B(T)III

A(T)III

HSV frame:

Time:

Pwater:

Gvertical:

-8083

20 min - 44.01113 sec

-0.54 MPa

5.0 MPa

Three segments of tensile crack A(T)ii start

to develop near the left tip of the lower flaw.

Tensile crack B(T) initiates near the right

tip of the upper flaw.

White patching continues to develop from

the tips of both flaws.

Sketch 5

HSV frame:

Time:

P water:

GverticaI:

-8077

20 min - 44.01153 sec

-0.54 MPa

5.0 MPa

Tensile crack A(T)ii propagates further

through the linkage of existing segments and

initiation of new segments located near the

left tip of the lower flaw.

Tensile crack C(T)I initiates near the right

tip of the lower flaw.

White patching continues to develop ahead

of crack B(T)I.

I B(T)III

C(T)I(

A(T)ji
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Sketch 6

B(T)III

C(T)I(

A(T)In '

HSV frame:

Time:

Pwater:

Overtical:

-8075

20 min - 44.01167 sec

-0.54 MPa

5.0 MPa

Tensile crack A(T)I propagates further

through the linkage of existing segments and

initiation of new segments located at and

near the left tip of the lower flaw.

Tensile crack C(T)I propagates further

through the linkage with the right tip of the

lower flaw.

White patching continues to develop ahead

of crack B(T)I.

I
Sketch 7

B(T)III

C(T)III

A(T)III

HSV frame:

Time:

Pwater:

Gvertical:

-8072
20 min - 44.01187 sec

-0.54 MPa

5.0 MPa

Tensile crack A(T) propagates further

through the linkage of all its existing

segments.

Tensile crack B(T) propagates further

through the linkage with the right tip of the

upper flaw.
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-8065

20 min - 44.01233 sec

-0.54 MPa

5.0 MPa

Tensile crack B(T)11 propagates further

through the extension of the existing segment

and initiation of three new segments ahead of

the existing crack.

Tensile crack C(T)II propagates further

through the initiation of two new segments

ahead of the existing crack. One of these

segments appears to initiate in shear.

-8053
20 min - 44.01313 sec

-0.54 MPa

5.0 MPa

Coalescence

Tensile crack C(T)I continues to propagate

and coalesces with the upper flaw near its

right tip.

Tensile crack B(T)11 propagates further

through the linkage of all its existing

segments. A short segment also develops

parallel and to the left of the existing crack.

Sketch 8

HSV frame:

Time:

Pwater:

Gvertical:

Sketch 9

B(T)III

C(T)III

A(T)nI

HSV frame:

Time:

Pwater:

GverticaI:
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B(T)II

C(T)nII

A(T)nII



Notes:

Post-testing visual analysis shows that cracks A(T)m1 and B(T) 1 reach the edges of the specimen.

The water pressure is assumed to be very close to zero (-0.54 MPa) throughout the development

of visible cracking (from sketches 4 to 9). This is an assumption, since the water pressure was

logged at a sampling rate of 5 Hz (every 0.2 sec) while the visible cracking development took

place in 0.002 sec. Therefore, the water pressure may have been dropping from 4.95 MPa (sketch

3) to -0.54 MPa (after fracture propagation) throughout the entire visible cracking development

presented in the report instead of being constant at -0.54 MPa as it is assumed.
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Specimen ID: Gr-2a-30-120-VL5-INC5-B

Test Date: 03/26/2015

*Logged with new data acquisition system, No High-Speed Video captured*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cm )

8.90 5.00 6.21 6.294

Sketch Summary Table

Time from beginning of data Water Pressure Volume Injected
Sketch acquisition Normalized Water

Number Type of Frame Pressure
(min) (sec) (MPa) (cm )

0 High Resolution 10 45 0.04 0.007 -0.006

1 High Resolution 37 41 5.42 0.872 5.505

2 High Resolution 40 5 5.90 0.951 5.962

3 High Resolution 41 1 6.17 0.994 6.220

4 High Resolution 41 5 -0.13 -0.021 6.294

Note: Since the High-Speed Video did not capture the fracturing of the specimen, the High-Resolution frames were
synchronized with the remaining test data by considering that the first frame in which fracturing was observed
(Frame/Sketch 4) occurred when the pressure dropped to zero.

Fractures/Cracks Summary Table

The High-Speed Video did not capture the fracturing of the specimen, therefore it was not possible to

identify the type of cracks and their order of initiation.

The coalescence pattern observed belongs to category 7/8.
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Water Pressure and Volume Injected Vs Time

7.0 - 7.0
- Water Pressure Sketch 3

Sketch 2>
6.0 - Maximum Water Pressure Sketch 1 6.0

0 5.0 High-Res Sketches
- Volume Injected

4.0 4.0

3.0 3.0

"2.0 2.0
Sketch 0 Sketch 4 -

1.0 1.0

0.0 - 0.0
0.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 1750.0 2000.0 2250.0 2500.0

Time (s)

Note: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

6.25 . 6.30
Water Pressure

6.20 - Sketch 3 62
6.20 Max Water Pressure

High-Res Sketches
M" 6.15 -6.20 E

Volume Injected

6.10 HS Video 6.15 I
&A

6.05 -- 6.10-
E

M 6.00 6.05

Sketch 4
5.95 16.00
5.90 5.95

2435.0 2440.0 2445.0 2450.0 2455.0 2460.0 2465.0

Time (s)

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data

(2) Sketch 4 is represented in the figure just for reference, since its corresponding pressure is 0 MPa
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Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

6.22 6.26

6.20 - 6.25

6.23~6.18 _ ketch 3 -7.2

6.16 6.23

S6.14 -- 6.22
-- Water Pressure

M 
6.12 _ vMax Water Pressure 6.21 5

High-Res Sketches

6.10 -- Volume Injected Skth 4 6.20

-.. -... HS Video
6.08 16.19

2460.0 2461.0 2462.0 2463.0 2464.0 2465.0

Time (s)

Notes: (1) The data shown in the plot were logged at 10 Hz. Subsequently, a moving average of 50 points

was applied to the data.
(2) Sketch 4 is represented in the figure just for reference, since its corresponding pressure is 0 MPa

Water Pressure Vs Time (Last 1.2 seconds of the Test)

6.22

6.21 -

6.20

A6.19

6.18

6.17

-- Water Pressure

6.16
2463.6 2463.8 2464.0 2464.2 2464.4 2464.6 2464.8

Time (s)

Notes: (1) Since HSV was not captured, there are no image data recorded during the fracturing of the

specimen.
(2) This plot was obtained based on pressure data logged every time there was an AE hit, as opposed

to the previous plots which were based on data logged at 10 Hz. Subsequently, a moving average at 0.1 sec-

intervals was applied to these data. This explains the slight differences between this and the previous plots
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Water Pressure Vs Volume Injected

7.0

6.0 -

';' 5.0

4.0
4A

S3.0

2.0

1.0

Sketch 3,
- Water Pressure vs Volume Injected

Sketch 2
High-Res Sketches Sketch 1

Sketch 4

. - I I I I I I -

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Volume Injected (cm3)

Notes: (1) The data shown in the plot was logged at 10 Hz. Subsequently, a moving average of 50 points
was applied to the data.
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Initial and Final Frames

7l~ 4 -h

Ut1 '< r7 ~r-4 t10-

,X.74~rkA! ~n

wy ~ W

Lit

16,"

,~, J1

Sketch:

Frame:

vertical load)

Time:

PNater:

tvertical:

0 (High-Resolution Frame)

Initial (Right after applying

10 min 45 sec

0.04 MPa

5.0 MPa

+

Sketch:

Frame:

Time:

Pwater:

Gvertical:

4 (High-Resolution Frame)

Final (After failure occurs)

41 min 5 sec

-0.13 MPa

5.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) '-

A(T)i Water Pressure
p.* o.998 - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack
Sheanng Direction

Point of Coalescence
White Patching

4* Crack Opening



Sketches

I
Sketch 0

Frame:

Time:

Pwater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial - 292

10 in 45 sec

0.04 MPa

5.0 MPa

3"x6"x1"

2a=1/2"

2a=1/2"

300

1200

Since HSV was not captured, the cracks are

simply labeled from left to right and not according

to their order of initiation.

Sketch 1

Still frame:

Time:

Pwater:

GverticaI:

645

37 min - 41 sec

5.42 MPa

5.0 MPa

White patching starts to develop at both tips of

the upper flaw and left tip of the lower flaw,

and near the right tip of the lower flaw.
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Still frame:

Time:

Pwater:

Overtical:

693

40 min - 5 sec

5.90 MPa

5.0 MPa

White patches continue to develop near the

right tip of the lower flaw.

Sketch 3

Still frame:

Time:

Pwater:

Uvertical:

713

41 min - 1 sec

6.17 MPa

5.0 MPa

White patches continue to develop from both

tips of the right flaw and from the left tip of

the lower flaw.
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Sketch 2

0000

600

0000

0000



Sketch 4

D

C
B

A

Still frame:

Time:

714

41 min - 5 sec

pwater: -0. 13 M~a

Gvertical: 5.0 MPa

Coalescence:

While it is clear that cracks B and C connect the

two flaws, it is not possible to state where the

coalescence took place.

Crack A links the left tip of the lower flaw to

the boundary of the specimen.

Crack D links the right tip of the upper flaw to

the boundary of the specimen.

Post-testing visual analysis shows that cracks A and D reach the edges of the specimen.
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Notes:



Acoustic Emission Analysis

Gr-2a-30-120-VLS-INC5-B1 From Start to Sketch 0
1st P-Wave Amplitude

160.0

140.0 
5 

..

4 t A 1- 5

120.0 -

100.0 .-

T6
E 8.0o00

60.0 -

40.0-

20.0 -

0.0

0

0

0.0 20.0 40.0

x (mm)

60.0 80.0

Gr-2a-30-120-VL5-INCS-B1 From Sketch 0 to Sketch 1
1st P-Wave Amplitude

160.0

140.0 A
4 5

* e. + .

.
..

120.0 1

100.01*3J

80.0 -

60.0

2

40.0 -

20.0 -

0.0

0.0 20.0 40.0 60.0 80.0

x (mm)

-Boundary

-Flaws

N Sensors

Events<SOdB

50dB < Events < 65dB

Events>65dB

Time Period:

From Sketch 0 to Sketch 1

Time Window:

From 10 min 45 sec to 37 min 41 sec

Pwater
Increased from 0.04 MPa to 5.42 MPa

Uvertical:

Constant at 5.0 MPa

Ampst-Arrivas (Average) = 68.25 dB

Notes:

Many events detected near the top

boundary of the specimen, very likely

still related to the contact between the

loading machine and the specimen. A

few events start to be observed around

the flaws.
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Time Period:

From Start to Sketch 0

Time Window:

From 0 min 0 sec to 10 min 45 sec

P water:

Constant at 0.04 MPa

Gvertical:

Increased from 0.0 MPa to 5.0 MPa

Ampst-Arrivas (Average) = 68.92 dB

Notes:

Many acoustic events detected at and

near the top boundary of the specimen,

caused by the contact between the

loading machine and the specimen.

- Boundary

-Flaws

Sensors

Events <50dB

50dB< Events< 65dB

Events > 65dB

E

L

I

N

I

I

"8

I
\- 6

I



Gr-2a-30-120-VL5-INC5-B1 From Sketch 1 to Sketch 2
1st P-Wave Amplitude

160.0 1

140.09
4 J

120.0 -

100.0

E 80.0

60.0

2-j

40.0 -

20.0 -

0.0

0

E

0.0 20.0 40.0

x (mm)

'-5

60.0 80.0

Gr-2a-30-120-VL5-INC5-B1
From Sketch 2 to Sketch 3

1st P-Wave Amplitude

0.0 20.0 40.0

x (mm)

5

7

60.0 80.0

- Bou ndary

-Flaws

. Sensors

Events<5OdB

50dB < Events <65dB

Events>65dB

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 40 min 5 sec to 41 min 1 sec

Pwater.

Increased from 5.90 MPa to 6.17 MPa

Gvertical:

Constant at 5.0 MPa

Ampist-Arrivas (Average) = 59.49 dB

Notes:

Many mid-amplitude and some high-

amplitude events detected around the right

flaw, especially ahead of the outer tip and

below the right flaw. It should be noted that

the visible cracks only developed from the

right flaw, the flaw around which more

acoustic activity was observed.
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Time Period:

From Sketch 1 to Sketch 2

Time Window:

From 37 min 41 sec to 40 min 5 sec

Pwater:
Increased from 5.42 MPa to 5.90 MPa

GverticalI:

Constant at 5.0 MPa

Ampist-Arrivas (Average)= 60.41 dB

Notes:

Some mid-amplitude (50 dB < Amp <

65dB) and few high-amplitude (Amp >

65dB) events detected, especially around

the lower flaw. The events are mainly

localized below the lower flaw and ahead of

the right tip of the lower flaw.

- Boundary

-Flaws

E Sensors

Events<5OdB

50d B < Events< 65dB

Events >65dB

'E

160.0 -

140.0)
4

120.0-

100.0i~

80.0 -

60.0 -

4020 -

20.0 -

0.0

I U

I -

I* - U

,I

I
_8

-_ 8



Gr-2a-30-120-VL5-INC5-B
After Sketch 3

1st P-Wave Amplitude

0.0 20.0 40.0

x (mm)

60.0 80.0

Time Period:

After Sketch 3

Time Window:

From 41 min 1 sec to 41 min 23.12085 sec

Pwater.

Decreased from 6.17 MPa to -0.06 MPa

160.0

140.0

120.0

100.0
3

80.0

Notes:
- The cracks represented with dashed lines are indicative and based on the image at crack coalescence and on post-

testing observation of the specimen.

Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor1 41 25.95612

Sensor 2 41 26.16345

Sensor 3 41 25.95609

Sensor 4 41 25.95608

Sensor 5 41 25.95610

Sensor 6 41 26.18880

Sensor 7 41 26.18574

Sensor 8 41 25.83423

914

- Boundary

-Flaws

U Sensors

Events<5OdB

50d 8< Events < 65dB

Events>65dB

I I

I U

I .. U

I I

E

Uvertical:

Constant at 5.0 MPa

AmpstP-Arrivas (Average) = 62.20 dB

Notes:

Some mid-amplitude and high-amplitude

events detected around the flaws, especially

around the lower flaw. The events appear to

be more spread-out than in the previous

stage.

60.0 -

2j

40.0 -

20.0 -

0.0 * . - - . '.

\_5



Water Pressure and Amplitude of the 1s P-wave Arrivals of the Acoustic Events Vs Time
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ater Pressure Sketch 3
Sketch 2

gh-Res Sketches Sketch I
oustic Events
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Sketch 0
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1.0 -
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0.0 250.0 500.0 750.0 1000.0 1250.0

Time (s)
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Water Pressure and Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)

6.3

6.1
.fa

5.9

5.7

5.5

5.3

100.0

M
80.0

60.0

40.0 -

20.0 .+

E

0.0
2300.0 2320.0 2340.0 2360.0 2380.0 2400.0 2420.0 2440.0 2460.0 2480.0

Time (s)

915

I - I I I I I I I -T

140.0

120.0

100.0

- 80.0 m

- 60.0

- 40.0

- 20.0 *-
E

- 0.0

- Water Pressure Sketch 3
- High-Res Sketches

* Acoustic Events

+ %*,+Sitetch, t 4

4 -

-. -

I~~o 4 II II

-



Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

Sktch
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+Sketch 1

Sketch? 4
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Water Pressure (MPa)

Amplitude of the 1st P-wave Arrivals of the Acoustic Events Vs Water Pressure

(Last Two Water Pressure Increments)
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Water Pressure and Cumulative Number of Hits and Events Vs Time

7.0
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Pressure Increments)
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- Water Pressure
Sketch

High-Res Sketches -

-Cumulative Hit Count

-Cumulative Event Count
Sketch 3

Sketch 4

-Sketch 0
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8000 .
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2000 E
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- Water Pressure

C High-Res Sketches Sketch 3
Cumulative Hit Count

- Cumulative Event Count

Sketch 4



Specimen ID: Gr-2a-30-120-VL5-INC5-C

Test Date: 08/14/2014

*Logged with new data acquisition system*

Test Summary Table

Vertical Load Vertical Stress Maximum Water Volume Injected until
Applied Applied Pressure Loss of Pressure

(kN) (MPa) (MPa) (cmi)

9.29 5.00 4.94 5.466

Sketch Summary Table

Time from beginning of data Water Pressure Volume

Sketch acquisition Normalized Water Injected

Number TpofFaePressure (min) (sec) (MPa) (cm )

0 High Resolution 3 21 0.01 0.001 0.466

I High Resolution 23 17 4.31 0.873 4.929

2 H igh Resolution 24 31 4.80 0.971 5.280

3 High Resolution 25 57 4.93 0.998 5.425

4 High Speed 25 58.83077 4.53 0.916 5.466

5 High Speed 25 58.83091 4.53 0.916 5.466

6 High Speed 25 58.83105 4.53 0.916 5.466

7 High Speed 25 58.83120 4.53 0.916 5.466

8 High Speed 25 58.83134 4.53 0.916 5.466

9 High Speed 25 58.83163 4.53 0.916 5.466

Note: High-Resolution frames were synchronized with High-Speed assuming that the first High Resolution frame showing
fracture coalescence occurs at the same time as the end of the High-Speed Video recording

Fractures/Cracks Summary Table

Water Pressure at Water Pressure
Crack Initiation Normalized to the Sketch

Crack ID Crack Type Maximum Water
(MPa) Pressure

A(T),1  I Type III - Tensile 4.88 1.0 4

B(T)II, Type III - Tensile 4.88 1.0 4

C(T)m1  Type III - Tensile 4.88 1.0 4

Coalescence Type: Coalescence (Category 7/8)

918

Notes:
(1) Crack and coalescence types based on Wong and Einstein (2009)
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Water Pressure and Volume Injected Vs Time

6.0

5.0

4.0

+J' 2.0

1.0

0.0

6.0

5.0

4.0k

E
4.0 .23.0 1%

E2.0

10

0.0
.00.0 250.0 500.0 750.0 1000.0 1250.0 1500.0 175(

Time (s)

Note: (1) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100 points

was applied to the data

Water Pressure and Volume Injected Vs Time (Last 30 seconds of the Test)

4.95

i 4.90 -

4.85 -

0 4.80 -

A7t rL4/J T

1535.0 1540.0 1545.0 1550.0

Time (s)

1555.0 1560.0
4 5.35

1565.0

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with
the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100
points was applied to the data
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- Water Pressure Sketch 2 Sketch 3
Maximum Water Pressure Sketch 1

I High-Res Sketches

- Volume Injected

Skth 0

Water Pressure Sketch 3
Max Water Pressure

I High-Res Sketches
171 HSV Sketches

Volume Injected
.HS Video

Sketch 4:

Sketc:

- 5.55

- 5.50
E

- 5.45 .
C

E

- 5.40 .



Water Pressure and Volume Injected Vs Time (Last 5 seconds of the Test)

4.96

4.94 -

4.92 -

4.90 -

4.88 -

4.86
1555.0 1556.0 1557.0

Time (s)

1558.0 1559.0

5.50

- 5.48

E

- 5.46

- 5.44
E

- 5.42

Sketch 4

Sket 9

!- 5.+U
1560.0

Notes: (1) Only HSV sketches 4 and 9 are represented. They appear to be in the same point, because with

the time scale used in the plot it is not possible to differentiate the times when sketches 4 to 9 were taken.

(2) The data shown in the plot were logged at 100 Hz. Subsequently, a moving average of 100

points was applied to the data.

Water Pressure Vs Volume Injected

6.0 -

5.0 -

- 4.0 -

3.0 -

2.0

1.0 -

0.0
0.0 1.0 2.0 3.0

Volume Injected (cm 3)

4.0 5.0 6.0

Notes: (1) The data shown in the plot were logged at 100 Hz. Subsequently,
points was applied to the data.

a moving average of 100
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Water Pressure
Max Water Pressure

o High-Res Sketches
D HSV Sketches

Volume Injected
..HS Video

Sketch 3

I EAA

- Water Pressure vs Volume Injected Sketch 3

High-Res Sketches Sketch 2
Sketch 1

Sketch 0

I



Initial and Final Frames

-A

V 

it

Sketch:

Frame:

Time:

Pwatei:

Gvertical:

0 (High-Resolution Frame)

Initial

1 min 4 sec

0.02 MPa

0.0 MPa

+

4:

Sketch:

Frame:

occurs)

Time:

pwater:

Gvertical:

9 (High-Speed Video Frame)

Final (Right after failure

22 min - 25.00161 sec

4.71 MPa

0.0 MPa

Sketches - Legend

Note 1: Crack types based on Wong and Einstein (2009). When a crack does not correspond to any of the

types observed by Wong and Einstein, no roman numeral is added.
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Fracture Analysis Legend
Crack Mode

Crack Label (Shear or Tensile)
(alphabetically Crack Type'
ordered) _1 1 1-"

A(T) Water Pressure
p 099% - Normalized to

Maximum Water
Pressure

Pre-existing (cut) Flaw
Crack

Shearing Direction

Point of Coalescence
White Patching

4+ Crack Opening



Sketches

0

Sketch 0

Frame:

Time:

pvater:

Gvertical:

Initial Configuration

Prismatic specimen:

Flaw length:

Ligament Spacing:

Flaw angle:

Bridging angle:

Initial -059

3 min 21 see

0.01 MPa

5.0 MPa

3"x6"xl1"

2a=1/2"

2a=1/2"

300

1200

All cracks are alphabetically labeled based on their

initiation order (unless otherwise stated).

Sketch 1

Still frame:

Time:

Pwater:

GverticaI:

300

23 min - 17 sec

4.31 MPa

5.0 MPa

White patching starts to develop at and near

both tips of the flaws.
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4000
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000000
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335

24 min - 31 sec

4.80 MPa

5.0 MPa

White patches continue to develop from both

tips of the flaws.

I
Sketch 3

376
25 min - 57 sec

4.93 MPa

5.0 MPa

White patches continue to develop from both

tips of the flaws in a direction which is

approximately vertical.
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Sketch 2

Still frame:

Time:

Pwater:

Gvertical:

Still frame:

Time:

pwater:

Overtical:

00

00000

000

000000



C(T)i

B(T)I

A(TAin

Sketch 4

HSV frame:

Time:

Pwater:

Uvertical:

-7564

25 min - 58.76470 sec

4.88 MPa

5.0 MPa

Several segments of tensile crack A(T)iii

initiates near the left tip of the lower flaw.

Tensile crack B(T)1 initiates at the left tip of

the upper flaw.

Two segments of tensile crack C(T)1 initiate

at and near the right tip of the upper flaw.

Sketch 5

HSV frame:

Time:

Pwater:

Gvertical:

-7557

25 min - 58.76520 sec

4.88 MPa

5.0 MPa

Tensile crack A(T)m1 propagates further

through the initiation of a new crack segment

further away from the flaw tip and through

the linkage of the existing segments.

Tensile crack B(T)I propagates further

through the extension of the existing

segment.

Tensile crack C(T)I propagates further

through the extension of the existing crack

segments.

924

C(T)nII

A(T)III



HSV frame:

Time:

Pwater:

Gvertical:

-7555

25 min - 58.76534 sec

4.88 MPa

5.0 MPa
C(T)i

B(T)nI

A(T)n

HSV frame: -7548

Time: 25 min - 58.76584 sec

Pwater: 4.88 MPa

Uvertical: 5.0 MPa

Tensile crack A(T)mII opens and propagates

further through the initiation of a new crack

segment.

Tensile crack B(T) 1 propagates further through

the initiation of a new crack segment.

Tensile crack C(T)ii opens and propagates

further through the initiation of a new segment

and the extension of the existing segments.
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Sketch 6

C(T)I

B(T)III

A(T)m I

Tensile crack A(T)m1 propagates further through

the extension of one of its existing segments.

Tensile crack B(T)I propagates further through

the extension of its existing segment.

Tensile crack C(T) 1 propagates further through

the linkage and extension of its existing

segments and through the initiation of a new

segment.

Sketch 7



C(T)II

B(T)11

A(T)II

Sketch 9

HSV frame:

Time:

Pwater:

Gvertical:

-7534

25 min - 58.76684 sec

4.88 MPa

5.0 MPa

Coalescence:

Tensile crack B(T)III propagates further through the

extension of its only segment and coalesces with the

lower flaw near its left tip.

All segments of cracks A(T)II and C(T) 1 get linked

with each other.

Post-testing visual analysis shows that cracks A(T)ii1 and C(T),,, reach the edges of the specimen.

The water pressure drops completely after all the cracks propagate (after sketch 9).
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Sketch 8

HSV frame: -7542

Time: 25 min - 58.76627 sec

Pwater: 4.88 MPa

Gvertical: 5.0 MPa

Tensile crack A(T)I propagates further through the

linkage and extension of some of its segments.

Tensile crack B(T)I opens and propagates further

through the extension and linkage of its existing

segments.

Tensile crack C(T) 1 propagates further through the

extension and linkage of some of its existing segments

and through the initiation of three new segments.

C(T)I(

B(T)nI

A(T)nI

Notes:
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Acoustic Emission Analysis

Gr-2a-30-120-VL5-INC5-C From Sketch 2 Sketch 3
1st P-Wave Amplitude

0 20.0 40.0

x (mm)

- Boundary

-Flaws

N Sensors

Events <35dB

35dB< Events< 5OdB

Events>5OdB

60.0 80.0

Time Period:

From Sketch 2 to Sketch 3

Time Window:

From 24 min 31 sec to 25 min 57 sec

pwater:

Increased from 4.80 MPa to 4.93 MPa

Overtical:

Constant at 5.00 MPa

AmpstP-Arrivajs (Average) = 37.10 dB

Notes:

No events were detected before sketch 2

or after sketch 3.

Many mid-amplitude (35dB < Amp. <

50dB) and low-amplitude (Amp. < 35dB)

events, as well as few high-amplitude

(Amp. > 50dB) events detected around

the flaws, particularly ahead of the flaw

tips. Not many events were located where

white patching was observed nor where

visible cracks occurred.

Notes:

- The cracks represented with dashed lines are indicative and based on the image at crack coalescence.
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Last Hit Recorded by the AE sensors

Time of Last Hit Recorded
Sensor

(min) (sec)

Sensor1 25 53.37516

Sensor 2 25 53.39296

Sensor 3 25 54.65620

Sensor 4 25 54.64039

Sensor 5 25 53.25700

Sensor 6 25 53.27054

Sensor 7 25 52.52466

Sensor8 25 52.51787

928



Water Pressure and Amplitude of the 1 st P-wave Arrivals of the Acoustic Events Vs Time
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Water Pressure and Amplitude of the 1s P-wave Arrivals of the Acoustic Events Vs Time

(Last Two Water Pressure Increments)
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Appendix C - Moment Tensor Code

C.1 - Input Parameters

The input parameters used by this Matlab code are the following:

- eventloc - 1 x2 vector with the source location of the AE event in mm. For example:

o eventloc=(51.48;89.11)

- sensors - 8x2 array with the locations of the eight AE sensors in mm. Each line contains

the x,y location of each sensor. In the tests performed, the xy coordinate system was

centered i.e. the point (0,0) was located, at the lower left corner of the specimen. For

example:

o sensors =

-0
0
0
0

76.63
76.63
76.63
-76.63

14.36-
56.27
99.24
140.09
140.56
98.11
56.39
13.34 -

- ampsensors - 8x1 vector with the amplitudes of the first P-wave arrivals measured at

the eight AE sensors, after correcting for the angle of incidence of the wave. This

variable is referred in the thesis as Af ctua with i varying from 1 to 8. For example:

o ampsensors =

- 0.00433 -
0.00036

-0.00155
0.00171
0.00275

-0.00771
0.00253

- 0.00098-
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C.2 - Output Parameters

For the input parameters above, the following sentences are given as output

"The maximum and minimum principal Moment are 1.0 and -1 and the angle the principal

infinitesimal element makes with the horizontal is 0"

"The normalized maximum and minimum principal Moment are 1.00 and -1.00 and the angle the

principal infinitesimal element makes with the horizontal is 0"

The first sentence gives 1) the most likely maximum and minimum principal moments Mi and

M and 2) the angle the most likely principal infinitesimal element makes with the horizontal

The second sentence gives 1) the most likely normalized maximum and minimum principal

moments Mi and M and 2) the angle the most likely principal infinitesimal element makes with

the horizontal. The normalized principal moments are achieved by transforming the Mohr circle

of the moment tensor in a circle with a radius of 1.0. In the example above the non-normalized

moment tensor already had a radius of 1.0 in the Mohr circle, therefore the normalized principal

moments are the same as the non-normalized ones. In the following output example the

normalized moments are different from the non-normalized:

"The maximum and minimum principal Moment are 1.2 and -1 and the angle the principal

infinitesimal element makes with the horizontal is 20"

"The normalized maximum and minimum principal Moment are 1.09 and -0.91 and the angle the

principal infinitesimal element makes with the horizontal is 20"

In the variables calculated by the Matlab code, it is also possible to find the variable "diff',

which is a "j by s" (see Section 6.3 for the definition of the dimensions of the matrix) matrix with

the differences between the "Actual" and "Synthetic" vectors of first P-wave amplitudes. As a

reminder, this is how the matrix "diff' is calculated:

8

Diffjs = yAnthetic - AActual

i=:1

The minimum of the matrix "diff' gives the absolute difference between the "Actual" vector of

amplitudes and the "Synthetic" vector of amplitudes for the most likely moment tensor and
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orientation of the principal infinitesimal element. For the input parameters indicated in C. 1, the

minimum of the matrix "diff' is 1.275V which, divided by eight sensors, yields an average

difference of 0.159 V/sensor. This value gives an idea of how well does the most likely

"Synthetic" vector of amplitudes match the "Actual" vector of amplitudes, since all the vectors

were normalized to have a norm equal to 1.
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C.4 - Matlab Code

% Estimates Moment Tensor of an Acoustic Emission event based on the

amplitude of the first P-wave arrivals at eight AE sensors
% Reads the 8x1 vector "amp-sensors", the 1x2 vector "eventloc" and the 8x2
array "sensors"

% Lame' Constants
E=30E9; %other values can be used
Poisson = 0.25; %other values can be used
lambda= Poisson*E/ ( (1+Poisson)*(1-2*Poisson)
niu=E/(2*(l+Poisson));
lambdaniu=lambda/niu;

i=1;
while i<9

relsensor-loc(i,l)=sensors(i,l)-event_loc(l,l);
relsensorloc(i,2)=sensors(i,2)-event_loc(1,2);

if(relsensorloc(i,1)>0 && relsensor loc(i,2)>0)
theta(i,l)=atan(rel sensor_loc(i,l)/rel_sensor loc(i,2));

end

if(relsensorloc(i,l)>0 && relsensor loc(i,2)<0)

theta(i,1)=3.14+atan(relsensor loc(i,l)/rel_sensorloc(i,2));
end

if(relsensorloc(i,l)<0 && rel sensor loc(i,2)>0)

theta(i,l)=atan(rel sensor_loc(i,l)/rel_sensor loc(i,2));

end

if(relsensor-loc(i,l)<0 && relsensor loc(i,2)<O)
theta(i,1)=-3.14+atan(relbsensorloc(i,l)/rel_sensor loc(i,2));

end

R(i,l)= ((rel-sensor loc(i,l))^2+(rel-sensorloc(i,2))^2)^0.5;

i=i+l;
end

j=1;
i=1;
Al=zeros(8,18);
A2=zeros(8,18);

while (j<19)

while (i<9)

Al (i, j)= (lambdaniu+2. * (cos (theta(i, 1) +10*3.14* (j-
1)/180)) .^2) ./R(i,1);

A2(i,j)=(lambdaniu+2.*(cos(theta(i,l)+(90*3.14+10*3.14*(j-

1))/180)).^2)./R(i,1);
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%As(i,j)=((sin( 2.*theta(i,1)+10*3.14*(j-1)/180)))./R(i,1);

end

i=1;
j=j+i;

end

r=1;

s=1;

t=1;
A=zeros(8,18,148);

maxA=zeros(21,18);

minA=zeros(21,18);

maxAmp-sensors=max(amp-sensors);

minAmpsensors=min(ampsensors);

while (r<149)

while (s<19)

while(t<9)

if (r<46) % Case 1 M2 = 1 and M1 varying from 1 to 10 in 0.2

increments (Positive means tension/opening)

A(t,s,r)=((r-1)*0.2+1)*A1(t,s)+A2(t,s);

t=t+l;

elseif (r<47 && r>45) %Case IA Ml=l (opening) and M2=0

A(t,s,r)=Al(t,s);

t=t+l;

10 in 0.2

%-

elseif (r<98 && r>46) % Case 2 M2 = -1 and M1 varying from 0 to

increments (Positive means tension/opening)

A(t,s,r)=((r-47)*0.2)*A1(t,s)-A2(t,s);

t=t+l;

elseif (r<149 && r>97) % Case 3 M1 = -1 and M2 varying from -1

to -10 in 0.2
% increments (Positive means tension/opening, negative

closing/compression)

A(t,s,r)=-A1(t,s)-((r-98)*0.2)*A2(t,s);

t=t+1;

end
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end

t=1;
s=s+l;

end

t=1;

s=1;
r=r+l;

end

% Normalization of each vector of amplitudes

r=1;
s=1;

while (r<149)

while (s<19)

while (t<9)

Anorm(t,s,r)=A(t,s,r)./sum(A(:,s,r).^2)^0.5;
t=t+l;

end

t=1;
s=s+l;

end

t=1;

r=r+l;

end

% Normalization of the vector amp-sensors

amp-sensorsnorm=amp-sensors ( :) /sum (amp-sensors (:) ^2) ̂ 0. 5;

% Calculation of the differences

r=1;
s=1;

while (r<149)

while (s<19)
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diff(s,r)=sum(abs((Anorm(:,s,r)-amp-sensorsnorm(:))));

s=s+1;

end

s=1;
r=r+l;

end

% Determining minimum differences and location in the diff matrix

[mindiff,I] = min(diff(:));
[I-row, I-coll = ind2sub(size(diff),I);

% Outputting the result

if (I_col<46)

9-

% Case 1 M1 1 and M2 varying from 1 to 10 in 0.2

increments (Positive means tension/opening)

disp( sprintf( The maximum and minimum principal Moment are %.If and %d

an0 - 7>6 iuncipa infiitesimal element makes with the horizontal

is i, I-col*0.2+0.8,1,Irow*10-10) )
disp( sprintf ( The LoAized maximum and minimum principal Moment are

%.1 e av - the principal infinitesimal element makes with the
horizontial S , (Icol*0.2+0.8)*2.0/((Icol*0.2+0.8)-

1),1*2.0/((I-col*0.2+0.8)-l ),I_row*10-10))

elseif (I_col<47 && I-col>45) %Case 1A M1=1 (opening) and M2=0

disp( sprintf(

10))

The maximum and minimum principal Moments are f and

acture makes with the horizontal is i', 1,0,Irow*10-

elseif (Icol<98 && Icol>46) % Case 2 M2 = -1 and Ml varying from 0 to 10 in

0.2
% increments (Positive means tension/opening)

disp( sprintf ( 'The maximum and minimum principal Moment ar e % .lf and Y% d

and the ngn. c e pal ilfiitesia- enmet makes wtti tule Lulita]

s i', (I_col-47)*0.2,-1,I_row*10-10)
disp( sprintf ( '1- norAl C ed innln a"'V imuj l -omeit aie

c * 1 1 z T - e C_1Yl.C t I u lI'la U i iuj .I i c, e1 i>-L tae h

tI- r1L i- -i',-(Icol-47)*0.2*2/((I col-47)*0.2+1),-1*2/((I col-

47)*0.2+1),I_row*10-10) )

elseif (Icol<149 && I-col>97) % Case 3 M1 = -1 and M2 varying from

in 0.2
% increments (Positive means tension/opening, negative
closing/compression)

-1 to -10
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disp( sprintf ( 'The maximurm and miniiiumn principal Moment are %.lf and %d

- e prncipal InfinitsLma element makes with the horizontal
is -1,-(I_col-98)*0.2-0.8,I_row*10-10))

disp ( sprintf ( 'The normaliz ed ma ximum and minimum principal Moment are

%.2f and .2 and the angle the princi in finimesimaA elment miabkes with

e ii -1*2/((( col-98)*0.2-0.8)-1),-(I col-98)*0.2-
0.8*2/(((I-col-98)*0.2-0.8)-1),I-row*10-10))

end

940



Appendix D - Moment tensor and radiation patterns of selected AE events

D.1 - Introduction

The radiation patterns and moment tensors of several acoustic emission events were analyzed in

order to have a better understanding of the source mechanisms (tensile, shear, compressive,

mixed tensile-shear) causing these events. The AE events were selected from white patching

areas observed in three specimens, namely:

- Gr-2a-30-0-VL5-INC5-Al;

- Gr-2a-30-30-VL5-INC5-C;

- Gr-2a-30-120-VLO-INC5-C

While a thorough analysis is done of some events in the Chapter 6 of the thesis, the radiation

patterns and most likely moment tensors of all the events studied is shown in this appendix.

Sections D.2, D.3 and D.4 show all the AE events analyzed in specimens Gr-2a-30-0-VL5-

INC5-A1, Gr-2a-30-30-VL5-INC5-C and Gr-2a-30-120-VLO-INC5-C, respectively.

941



D.2 - Specimen Gr-2a-30-0-VL5-INC5-A1
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AE Event at 1799.455 sec
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AE Event at 1799.806 sec
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AE Event at 1813.028 sec
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Gr-2a-30-0-VL5-INC5-A1 - From Sketch 2 to Sketch 3
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Gr-2a-30-0-VL5-INC5-A1- From Sketch 2 to Sketch 3
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D.3 - Specimen Gr-2a-30-30-VL5-INC5-C

AE Event at 1982.933 sec
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AE Event at 1325.222 sec
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Appendix E - Effects of Poisson's Ratio and 0-ring-to-specimen

friction in the tests performed with the water pressure enclosure

E.1 Introduction

The hydraulic fracturing tests performed with the water pressure enclosure described in Chapter

3 were capable of propagating cracks by pressurizing pre-existing flaws. However, while the

pressure enclosure design allowed one to apply fluid pressure in the flaws, it also pressurizes

both front and back faces of the rock specimens tested. This pressure squeezes the specimen,

which deforms due to the Poisson effect. Furthermore, the O-rings used to seal the back and front

faces of the specimen are subject to the water pressure which is transferred 1) to the steel plate -

on the back - and to the polycarbonate plate - on the front - since the O-rings are inserted in

groves built-in these plates and 2) to the specimen through friction between the O-ring and the

specimen. Both Poisson effect and O-ring-to-specimen friction are explained in Figure E. 1.

This chapter first describes the testing used in the analysis of the Poisson effect and 0-ring-to-

specimen friction; theoretical calculations are presented to estimate the expected equivalent

loading due to the Poisson effect; finally, the results of the experiments performed to measure the

Poisson and O-ring effects will be discussed and the conclusions of the study will be presented.

Actual Loading

O-ring effect

Plan view
Specimen

Section A-A'

IF

Poisson effect

I--- - --- -- - - - - - - -

Plan viewP ie a (Perpendicular
Specimen L1 - to plane,

------------------------- ),

Equivalent Loading

~~Ax. YY

-&_ _ :

YV

Figure E. 1 - Actual loading from 0-ring-to-specimen friction and Poisson effect and equivalent loading considered
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E.2 Tests

In order to accomplish the objectives defined before, one is interested in measuring the strains

that develop when the specimen is pressurized with a fluid, which is water in the current study.

Two different methods were used to measure these strains: (1) two extensometers were placed on

the sides of the specimen in order to measure Eyy, as further explained in Subsection E.2.2 and (2)

pictures were taken throughout the test in order to measure strains through an image processing

technique

Four tests were completed for this study. These tests were performed using specimens of two

different materials - granite and steel - and two data acquisition systems. While the applied

water pressure and the eyy strains generated in the specimen were measured in all the tests, the

out-of-plane displacement of the polycarbonate plate was also measured in one of the tests

performed. The volume injected was not measured in one of the tests. Table E. 1 summarizes the

materials, data acquisition systems used and variables measured in the different tests.

The testing procedure used for this study can be subdivided into three major tasks: specimen

preparation, experiments and data analysis. These tasks are described in the following

subsections.

Table E. I - Summary of the tests performed in the study of the Poisson and O-ring effect

Test Material Data Acquistion Volume injected Out-of-plane displacement
System of polycarbonate plate

Test 1 Granite Conventional Not measured Not measured

Test 2 Granite AE system Measured Not measured

Test 3 Steel AE system Measured Not measured

Test 4 Steel Conventional Measured Measured
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E.2.1 Specimen Preparation

Two different materials were used in this study: granite and steel. Some of the preparation stages

depend on the material to be tested. A description of the procedures used to prepare both granite

and steel specimens, highlighting the differences between them, is presented:

- The granite used comes from a quarry in New England in 1 -inch-thick slabs. The steel

used to produce the specimens is also available in 1 -inch-thick blocks. The granite and

steel specimens measure 6"x3"x 1".

- Given the design of the water pressure enclosure, whose water connection is located in

the back plate (refer to Subsection 3.5.2 in which the enclosure is described in detail), a

small hole had to be created in the middle of the specimens to allow the water to

pressurize both faces of the specimen. This hole was cut with the waterjet in the granite

specimens and drilled with a drilling press in the steel specimens. The holes created have

approximately 1.0 mm of diameter.

- The specimens were then spray-painted with black and white colors, in order to create a

speckled pattern. The method used consisted of hitting the cap of a spray-painting can

with a hammer, in order to generate several pulses of paint particles, as shown in Figure

E.2 a). This method assured a very homogenous and fine speckled pattern throughout the

face of the specimen, as shown in Figure E.2 b). Obtaining a quality speckled pattern is

extremely important for the efficiency of the image processing code.

a) b)

Figure E.2 - a) Method used to create speckled pattern in the specimens using black and white spray paintimg b)

Specimen showing speckled pattern and hole to have water on both faces of the specimen
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E.2.2 Experimental Setup

The experimental setup consists of (1) a feedback system that applies water pressure to the

sample through the pressure enclosure described in Subsection 3.5.2, (2) a data acquisition

system that logs the different variables of interest, namely water pressure and piston

displacement, which is used to determine the volume injected in the specimen, and the

displacement of two extensometers, and (3) a camera that takes pictures throughout the test and

respective computer control. This setup is shown in Figure E.3 a) and b). It should be noted that

some of the components shown in these figures are not mentioned in the text.

The specimen is placed inside the water pressure enclosure and two extensometers are placed at

both its sides. In some of the tests, a dial gauge was also used to measure the out-of-plane

displacement of the polycarbonate plate of the pressure enclosure. The locations of the

extensometers and of the dial gauge are indicated in Figure E.3 b) and the displacements

measured by them are schematically shown in Figure E.4.

Svtmspecuren Camera ControElnsmee

E\ euoli e

NWater Pressare '

a) b)

Figure E.3 - a) Test setup showing the different components and b) close-up of the test setup showing the specimen.

extensometers, dial gauge and optical lighting
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,

Dis Pleatel

ExTnenoeie i

Figure E.4 - Sketch showing the displacements measured by extensometers I and 2 and by the dial gauge

As mentioned earlier in Section E.2, two different data acquisition (DA) systems were used in

this study: a conventional system and a system that is integrated in the Acoustic Emission system

acquired by the MIT Rock Mechanics' group. The main differences between the two DA
systems are (1) their maximum sampling rate - up to 100 Hz in the AE system and up to 5 Hz in

the conventional system and (2) the possibility of synchronizing the parametric variables (water

pressure, piston and extensometer displacements) with acoustic emission events and High-speed

video camera trigger in the AE system. For the purpose of this study, it was neither necessary to

reach very high sampling rates nor was one interested in capturing AE events or High-speed

video images. Therefore, both DA systems were used because they had enough capabilities to

log these tests.

A High-resolution camera with a resolution of 24 Mpixels was also used, taking pictures every

10 seconds throughout the tests. These images were later used as the input of an image

processing code, which calculates the displacements that develop from one image to another.
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E.2.3 Data Analysis

Water was injected into the pressure enclosure and the pressure was incrementally increased. The

water pressure applied and volume injected were related with the strains obtained with the

extensometers (y,) and to the strains obtained with the image processing code (Exx and Eyy). The

axis convention used in this study is shown in Figure E.4.

The image processing, or digital image correlation (DIC), code used in this study was developed

by Jones (2012) and was specifically written for Matlab. The code allows one to upload of

several images and calculates displacements and strains of the different images in relation to a

first image, used as the reference. For the four tests performed in this study, the images used as

reference were taken when the water pressure is zero while the other pictures were captured at

the different pressure increments (since the water pressure is increased incrementally). In

essence, the DIC identifies similar regions in two different images and calculates the movements

of pixels in these regions from one image to the other. Based on these movements, the strains can

be calculated in the specimens analyzed. Since the scope of this study is not to describe the

specifics of the DIC codes, more information on how these codes can be used in rock mechanics

can be found in Morgan (2015).
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E.3 Theoretical Calculations

In order to better characterize the loading applied to the specimen due to Poisson effect when the

fluid is pressurized in the pressure enclosure, the actual stress field in Figure E.5 a) was

converted into an equivalent strain field with (zz = 0, and x, yy 0 as shown in Figure E.5 b).

This was done so one can learn if this loading condition adds significant normal x and y stresses

to the visible plane under study. Therefore, a simple calculation was performed, based on the

constitutive linear elastic relations and using the axes convention shown in Figure E.4. The 0-

ring-to-specimen friction is not considered in this calculation.

By the constitutive linear elastic relations, one knows that:

Eyy = 14ayy - v(oTxx + Oz)] (E.1)

In which v is the Poisson ratio and E is the Young's modulus. In the actual conditions, one has

Gxx =yy = 0

Then, for the actual conditions:

E = -- z (E.2)

For the equivalent strain field, considering zz = 0 and assuming xx = ayy, one obtains for the

yy-direction:

E = I [a,,(1 - v)] (E.3)

Relating the two last equations, one finds that:

l[yy0 -) V) = -zz <-yy V 7zz (E.4)

Hence, for a Poisson's ratio of 0.2, common for granite, ayy = 0.25 z. Given our assumptions,

the same result would be obtained for axx i.e. axx = 0.25 caz. Since most of the hydraulic

fracturing tests discussed in Chapter 3 have failed at water pressures ((zz in this calculation) of

4.0 to 6.0 MPa, this means that "equivalent" lateral stresses in the order of 1.0 MPa to 1.5 MPa

are being applied to the specimen when failure occurs. Using Equation E.2 and considering a

Young's modulus for granite of 30 GPa (refer to Table 3.1) one obtains a strain in the yy-
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direction of 0.004% for a water pressure of 6.0 MPa. While the author believes that these stresses

do not have a strong impact on the fracturing processes using this test setup, it is important to

quantify them and to acknowledge that they exist. The results of the experiments described in the

following subsection aim to validate the theoretical calculation presented in this subsection.

AX]1

V

Ax:

L.

cr,.

Ax.'

xxAX'+f Ax:

a)

Y,.

Ahi
L

-~~~L -- --_ -

b)

Figure E.5 - a) Actual out-of-plane stresses applied to the front and back faces of the specimen and b) equivalent in-

plane stresses applied to the boundaries of the specimen
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E.4 Results

As shown in Table E. 1, four tests were performed in the study Poisson effect and O-ring-to-

specimen friction. The results of the test performed in granite logged with the conventional data

acquisition system are first discussed, followed by a test performed in granite logged with the AE

system; the third test presented was performed in steel and logged with the AE system, and

finally a test performed in steel with the conventional data acquisition system will be presented.

E.4.1 Granite specimen logged with conventional data acquisition system

In the test performed in granite with the conventional data acquisition system, the water pressure

was increased in approximately 1.0 MPa increments to almost 7.0 MPa and then decreased to 0

MPa, as shown in Figure E.6. The strains increased from 0% to almost 0.003% in Extensometer

1 and to 0.002% in Extensometer 2 while the water pressure was being increased from 0 to 7

MPa, as shown in detail in Figure E.7. After reaching the maximum pressure approximately at

1,600 sec the pressure is incrementally decreased to 0 MPa. During this stage of the test the

strains measured with the extensometers quite inconsistent showing sudden drops and increases

and do not decrease as the pressure is decreased as one would expect. This may occur because of

the difficulty to generate a perfect friction between the specimen and the extensometers; in fact,

if there is slip between the specimen and the extensometers the strains will not be correctly

measured.

The image analysis performed with a DIC code yields much higher yy-strains (syy) than those

measured by the extensometers and calculated theoretically. From Figure E.8 to Figure E. 10, the

DIC results are shown at three different points of the test while the water pressure was being

increased, namely at 0 MPa (beginning of the test), at 4.1 MPa and at 6.2 MPa (near the

maximum water pressure applied). Since the entire front and back faces are pressurized and there

are no flaws in the specimen, the strains measured with the DIC are approximately constant

throughout the imaged face, as one would expect. However, the magnitudes of the strains

obtained with the DIC are in the order of 0.35%, approximately 100 times greater than the values

measured with the extensometers. In order to confirm that the strains measured with the DIC

were being correctly calculated, several measurements were made with AutoCAD using the
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same images as the ones used in the DIC. These pictures were copied to AutoCAD and distances

between reference points were measured. The strains between these reference points were then

calculated. As can be seen in Table E.2, the yy and xx strains obtained with AutoCAD are very

similar to the ones calculated by the DIC code, therefore confirming the reliability of the image

correlation code used. The reason for the considerable discrepancy between the strains obtained

from the images and those measured with the extensometers may be due to an optical

magnification of the images caused by the movement of the polycarbonate plate as the pressure

is increased. On the other hand, the fact that the yy-strains measured by the extensometers

(0.0027%) are consistent with those calculated theoretically (0.0040%) means that the

extensometers readings are reliable. The fact that they are slightly lower than the theoretical

strains based solely on the Poisson effect means that the yy-deformation induced in the specimen

occurs mainly by Poisson effect rather than by 0-ring-to-specimen friction, since the latter effect

is not taken into consideration in the theoretical calculation of the expected yy-strains.

Based on the Young's modulus and Poisson ratio of granite assumed to be 30 GPa (refer to Table

3.1) and 0.2, respectively, and on the average of the strains measured by the two extensometers

(C yy), one can calculate an equivalent stress in the yy-direction (Cyqyy) using the expression

derived from Equation E.3:

aeq = E av (E.5)

For these conditions, the equivalent stress in the yy-direction is plotted against the water pressure

in Figure E. 11. As can be observed, when the water pressure is 6.0 MPa the equivalent stress in

the yy-direction (&14yy) is almost 1.0 MPa. This is in reasonable agreement to what was earlier

calculated theoretically (eqyy = 1.5 MPa for a water pressure of 6.0 MPa).
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Study of the Tension Induced by Poison and O-Ring Effect
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Figure E.6 - Time variation of water pressure and yy-strains measured by two extensometers for a granite specimen

logged with the conventional data acquisition system
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Contour plot of E (infinitesimal strain) (Current Image #: 1)
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Figure E.8 - a) Horizontal and b) vertical strains (%) at a water pressure of 0 MPa
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Figure E.9 - a) Horizontal and b) vertical strains (0) at a water pressure of 4.1 MPa
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Figure E.10 - a) Horizontal and b) vertical strains (%) at a water pressure of 6.2 MPa
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Table E.2 - Summary of the strains obtained theoretically, through extensometers, AutoCAD and DIC

e, (expected theoretically) e"YY (Extensometers) e, (ACAD) c, (DIC software) Exx (ACAD) v,, (DIC software)

(%) (%) (%) (%) (%) (%)

at ozz = 6.0 MPa 0.0040 0.0027 0.345 0.35 0.13 0.14

Study of the Equivalent yy-Stress Induced by Poisson and O-Ring Effect
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Figure E.1 1 - Variation of the equivalent stress in the yy-direction with the water pressure applied
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E.4.2 Granite specimen logged with AE data acquisition system

A second test was performed in a granite specimen and logged with the AE system. The aim of

this test was to understand the reason for the significant discrepancy between the strains

measured by the extensometer and obtained with the DIC analysis. The test had two stages: the

first in which the HR camera was 29in away from the pressure enclosure and the second in

which the HR camera was 15in away from the enclosure. This was done in order to understand if

the position of the camera could have an impact in the magnification of the specimen and

therefore on the strains obtained with the DIC. Figure E. 12 and Figure E. 13 show the time

variation of the water pressure and yy-strains, measured with the extensometers and with the

DIC when the camera is 29in away from the enclosure. One can see that the yy-strains (ayy)

shown in Figure E. 12 increase as the water pressure is increased reaching values of nearly 0.80%

(from Extensometer 1) and 0.60% (from DIC) for a water pressure of nearly 8.0 MPa, and

decrease as the water pressure is decreased returning to a yy-strain of 0% when the water

pressure is 0 MPa. These strains are two orders of magnitude higher than the theoretically

expected strains and than the strains measured in the previous subsection (ranged approximately

from 0.003% to 0.004%). The xx-strains obtained from the DIC analysis reach a maximum of

approximately 0.15%, which is also two orders of magnitude higher than the expected strains.

This can be explained by the optical magnification of the images caused by the movement of the

polycarbonate plate towards the camera as the pressure is increased. The high strains measured

by Extensometer 1 may be explained by a possible interaction, or interference, between the

channel that measured the pressure (Channel 1 in the data acquisition system, as shown in Figure

E. 14) and the channel where Extensometer 1 was connected to (Channel 2). In fact, it is possible

that Channel 2 could be "picking up" the signal from Channel 1, since the increase in the voltage

measured by Channel 2 (pink line in Figure E. 12, representing the yy-strains measured by

Extensometer 1) is consistent with the increase in voltage (red line in Figure E.12, representing

the water pressure) in Channel 1. Furthermore, the fact that Extensometer 2 (connected to

Channel 3) showed much smaller strains and a high noise to signal ratio, as shown in Figure

E. 13, supports the theory of a Channel 2 malfunctioning. While this possible malfunctioning is

pointed out in this chapter, it is not in the scope of this study to identify or solve the possible

issues causing the apparently incorrect readings.
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Figure E.15 shows the time variation of the water pressure and volume injected for the first part

of test. It is important to note that at the end of the pressure increase-decrease cycle, there were

3cm 3 more in the water pressure enclosure than there were at the beginning of the test. This can

be used to calculate the porosity of the specimen, since one can assume that this water went into

the pores of the granite specimen. Therefore, since the specimen measured 7.6cm x 2.5cm x 15.2

cm, the porosity is 3/(7.6 x2.5 xl 5.2)= 1.0%.

As mentioned earlier, the second part of this test consisted in repeating the first part of the test

but with the camera at 15in from the pressure enclosure. As can be seen in Figure E. 16, the yy-

strains measured with Extensometer 1 reach approximately 1.0% when the water pressure is

increased to 7.5 MPa, while the DIC yy-strains and xx-strains reach almost 0.6% and 0.15%,

respectively, for the same water pressure. These strains are consistent with those obtained in the

first part of the test with the camera at 25in from the pressure enclosure, which shows that the

distance between the camera and the specimen does not have any influence in the high

displacements, and consequently, strains obtained. The strains measured by Extensometer 2 are

not shown in Figure E. 16, because the data was too noisy, as occurred in the first part of the test

(Camera at 29") shown in Figure E.13.

Figure E. 17 and Figure E. 18 show the vertical displacements and yy-strains calculated by the

DIC at two different times of the test with the camera at 15in from the pressure enclosure. The

average of the yy-strains throughout the specimen was used to calculate the yy-strains that were

shown in Figure E. 16 at different times of the test.
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Figure E. 12 - Time variation of the water pressure and strains measured with Extensometer 1 and through DIC for

the HR camera at 29in from the pressure enclosure in a test performed in a granite specimen
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29in from the pressure enclosure in a test performed in a granite specimen

Figure E.14 - Box showing the channels used when the AE system is used to acquire data
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Figure E. 15 - Time variation of the water pressure and volume of water injected for the HR camera at 29in from the

pressure enclosure in a test performed in a granite specimen
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Study of the Strains Caused by Poisson and O-Ring Effect - Camera at 15"
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Figure E. 16 - Time variation of the water pressure and strains measured with Extensometer 1 and

the HR camera at l5in from the pressure enclosure in a test performed in a granite specimen
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Figure E. 17 - a) yy-displacements and b) yy-strains for Image I (defined in Figure E. 16) at a water pressure of 0

MPa (beginning of the test) for the HR camera at 15in from the pressure enclosure in a test performed in a granite

specimen
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Figure E. 18 - a) yy-displacements and b) yy-strains (syy) for Image 9 (defined in Figure E. 16) at a water pressure of

7.5 MPa for the HR camera at 15in from the pressure enclosure in a test performed in a granite specimen
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E.4.3 Steel specimen logged with AE data acquisition system

In order to understand if the strain measurements presented in Subsection E.4.2 were influenced

by the material used, a test was performed in steel using the AE system as data acquisition and

positioning the HR camera at 15in from the pressure enclosure.

The water pressure was incrementally increased to nearly 8.0 MPa in three consecutive cycles, as

shown in Figure E. 19 and Figure E.20. Once can observe that the maximum yy-strain measured

by Extensometer 1 using Channel 2 (shown in Figure E.14) is approximately 0.90% and occurs

when the water pressure is maximum. The maximum yy- and xx-strains calculated by the DIC

are slightly below 0.60% and 0.15%, respectively. The strains obtained with Extensometer 1 and

with the DIC in this test are similar to the strains obtained in the test performed in the granite

specimen described in the previous subsection. This shows that the strains obtained by

Extensometer 1 when using Channel 2 (used here again) of the AE system and from the DIC

analysis are not reliable, since one would expect much lower strains in steel than in granite. In

fact, since Esteei = 200 GPa and EGanite = 30 GPa in this study, the strains in the steel specimen

should be 15% (30/200 = 0.15) of the theoretical strains calculated for granite. The strains

obtained from the readings made by Extensometer 2 are very noisy and do not seem to follow

any particular trend as the pressure is increased. In fact, the noise band seen in Figure E.20 for

Extensometer 2 corresponds to strains of approximately 0.30%, which is 100 times larger than

the theoretical strain values one would be expecting. The probable reasons for the discrepancies

between the DIC calculations, extensometer readings and the expected theoretical strains are:

- The deformation of the polycarbonate when the pressure is increased causes an optical

magnification of the pictures taken, leading to a miscalculation of the strains by the DIC

code;

- Extensometer 1 is connected to Channel 2 of the AE system and is probably "picking up"

the signal produced by Channel 1 which was used to measure the water pressure. This

may be the reason why the increase in the yy-strains measured by Extensometer 1 is so

consistent with the increase of water pressure, as shown for instance in Figure E. 12 and

Figure E.19;
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- Extensometer 2 shows a high noise-to-signal ratio. This is probably caused by the AE

system used to log this test, since the noise band in the test presented in Figure E.7, in

which a conventional data acquisition system was used, was approximately 0.0005%.

Study of the Strains Caused by Poisson and O-Ring Effect - Camera at 15"
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Figure E. 19 - Time variation of the water pressure and strains measured with Extensometer 1 and through DIC for

the HR camera at 15in from the pressure enclosure in a test performed in a steel specimen
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Figure E.20 - Time variation of the water pressure and strains measured with Extensometer 2 for the HR camera at

15in from the pressure enclosure in a test performed in a steel specimen
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E.4.4 Steel specimen logged with conventional data acquisition system

A final test was performed in a steel specimen using the conventional data acquisition system

and a dial gauge to measure the out-of-plane displacement of the polycarbonate plate as the

water pressure was increased. Two small striations were also produced on both sides of the

specimen to increase the friction between the specimen and the extensometer and therefore

minimize the slippage of the extensometers.

The water pressure was increased to nearly 8.0 MPa and decreased to 0 MPa in three consecutive

cycles. Figure E.21 shows the variation of the water pressure and yy-strain measured by

Extensometers I and 2 throughout the test. By analyzing this figure, one can see that:

- The reading made by Extensometers 1 and 2 are consistent;

- The noise band of each sensor is approximately 0.0005%, much narrower than what was

achieved by the data acquisition embedded in the AE system, and consistent to what was

obtained in Subsection E.4.1 using the same conventional data acquisition to log the test

performed in the granite specimen;

- The fact that the strains do not follow the water pressure variations indicates that the

strains induced in the steel specimen by this loading condition are very small; since the

strains are expected to be almost 7 times smaller (as explained in Subsection 0) than the

strains induced in the granite specimen, one would expect eyySteel =_GraniteX. 15 =

0.0027%x0. 15 = 0.0004% for a water pressure of 7.0 MPa. This strain is below the noise

band observed in Figure E.2 1, therefore the system is not capable of measuring such

small strains in the steel specimen;

Figure E.22 shows that the maximum yy- and xx-strains calculated through the DIC code are

approximately 0.6% and 0.15%, respectively, and are reached at the maximum water pressure.

These strains are consistent with the previous tests regardless of the material, which indicates

they are indeed amplified by the optical magnification of the HR images caused by the

movement of the polycarbonate plate in the direction of the camera. In fact, the out-of-plane

displacement of the polycarbonate plate measured with a dial-gauge shown in Figure E.23

confirms this theory. The displacement of the polycarbonate plate is consistent with the variation

of the water pressure, and a maximum out-of-plane displacement of approximately 8/1 000in

(0.2mm) is obtained when the water pressure is 8.0 MPa.
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Figure E.23 - Time variation of the water pressure and out-of-plane displacement of the polycarbonate plate for the
HR camera at 15in from the pressure enclosure in a test performed in a steel specimen
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E.5 Discussion and conclusion

This section will mainly discuss the equivalent stresses produced by Poisson effect and O-ring-

to-specimen friction due to the pressurization of the faces of the specimen. The results obtained

with the DIC and the differences between the data logged with the conventional and AE data

acquisition systems will also be discussed in this section. However, it is not in the scope of this

chapter to either provide a detailed explanation or seek solutions to possible issues in the data

acquisition systems or to study in detail the effect of the polycarbonate plate in the DIC analysis.

Equivalent stresses produced in the hydraulic fracturing tests

While the main purpose of the pressure enclosure design has been to allow one to apply water

pressure in the prefabricated flaws, it is important to mention that the same water pressure is also

applied in both front and back faces of the specimen. If one considers that the water pressure

applied in both faces of the specimen acts along the z-axis (Yzz), then the specimen will deform

in both x and y axis by Poisson effect. In this study, the out-of-plane zz-stresses (zz) were

converted into in-plane xx- and yy-stresses that generate the same deformation as the zz-stresses.

It was found that the theoretical calculations are consistent with the strain measurements made in

the initial stage (when the water pressure was being increased) of the first test performed on a

granite specimen logged with the conventional data acquisition system. For the mechanical

properties assumed for granite, it was found that the equivalent yy-stresses applied are

approximately 16% of the water pressure applied (zz-stresses). It was also found that the

deformation of the specimen occurs mainly by Poisson effect, since the strain measurements

shown in Subsection E.4.1 based on the Poisson effect only, correspond reasonably well to the

theoretically expected strains calculated in Subsection E.3. Hence, it appears that the 0-ring-to-

specimen friction does not have a significant impact in the specimen deformation.

Based on the results presented in this chapter, one learned that the water pressure enclosure

introduces non-negligible stresses in the specimen. While the author believes that the Poisson

effect would not change significantly the results described in Chapter 3, another device has been

designed and developed that is capable of applying water pressure in the prefabricated flaws
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only, therefore avoiding the Poisson effect caused by applying water pressure in the front and

back faces of the specimen. This device is described in the following chapter.

Use of DIC in tests performed using the water pressure enclosure

The use of the DIC method to calculate strains in a loaded specimen has great potential and may

eventually substitute the use of strain gauges. However, its use should be carefully planned and

special attention should be paid when there is a transparent plate between the specimen and the

camera (transparent cells are also used in triaxial tests for example). In the tests described in this

chapter, the strains calculated with the DIC were consistently two order of magnitude larger than

the theoretical and measured strains. The fact that the transparent plate deforms as the test

progresses may cause optical magnification of the pictures taken by the camera which, in turn,

will affect the strains calculated by the DIC.

While the optical magnification of the specimen may be a problem, it may actually be used to

one's advantage if a detailed optical analysis, or calibration, could be performed in order to

determine the magnification of the images when different water pressures were applied. In fact,

if one could control, or predict, the magnification of the images of the specimen as it deforms

throughout the test, one may eventually back-calculate the actual strain field in the specimen.

Having the magnified images would allow one to amplify and therefore measure very small

strains which otherwise would be out of the range of resolution of the DIC.

Conventional versus AE data acquisition system

The water pressure data measured by a pressure transducer appears to have similar quality

regardless of the data acquisition system used. However, the extensometer data collected by the

conventional data acquisition system appears to have better quality than the data collected by the

data acquisition embedded in the AE system. The channel to which Extensometer I was

connected (Channel 2) appears to be picking up signal from Channel 1 which was measuring the

water pressure. On the other hand, the noise band of the data obtained by Extensometer 2 was

approximately two orders of magnitude larger than the values one was expecting to measure.

While the AE systems has been successfully used to capture AE events and to log the water

pressure, LVDT displacement (which is converted into volume injected) and trigger of the HSV
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camera in the tests described in Chapter 3, it is necessary to further investigate 1) the reason why

Channel 2 is apparently picking up signal from Channel 1 and 2) why are the data measured by

the extensometers significantly noisy.
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