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ABSTRACT

Reliable modeling of rate-dependency in soil properties remains a major challenge for accurate solutions

of many geotechnical problems. Although there are many sources of experimental data concerning rate

dependent properties of clays, most pre-existing soil models have been found to have severe predictive

limitations. Yuan (2016) developed a new elasto-viscoplastic model, MIT-SR, for rate-dependent behavior

of clays. The model unifies the existing elasto-plastic framework from prior MIT soil models (3-D surface

system and generalized hysteretic formulation) with a physically-based evolution law that attributes the

macroscopic viscoplastic strain to an internal strain rate related to the prior strain rate history. MIT-SR has

the capability of describing a wide range of observed time-effects within a unified framework and resolves

the long-stranding dilemma regarding creep effects at field scale (i.e., Hypothesis A vs B). This thesis

implements MIT-SR model to evaluate strain rate effects on two longstanding geotechnical problems: in-

situ soil characterization from pressuremeter tests and long-term performance of embankments on soft

clays.

The first part of this research presents a review of the constitutive model framework and discuss the

implementation and validation in non-linear finite element analyses using a User Defined Material (UMAT)

in the ABAQUSTM program. Part two consists of the investigation of how disturbances (modeled using

Strain Path framework; Baligh, 1985) and strain rate effects (modeled by MIT-SR) affect the results of the

Full Displacement or cone-pressuremeter (FDPM) and self-boring pressuremeters (SBPM) for

Resedimented Boston Blue Clay (RBBC). The results show that that disturbances of the stress field play a

vital role in the interpretation undrained shear strength. For the FDPM case, using the same expansion rate,

the disturbed NC RBBC can have as low as 40% of the undrained shear strength of the undisturbed NC
RBBC. In contrast, for the SBPM case, the disturbed NC RBBC tend to have a slightly higher undrained

shear strength (approximately 10%) than the undisturbed NC RBBC. The third part consists of a re-analysis

of a well-instrumented test embankment built on a 40m deep layer of Boston Blue Clay. Finite element

analyses of embankment performance are conducted using coupled consolidation with the MIT-SR

effective stress model. The results were compared with previous numerical results using MIT-E3 presented

by Ladd et al. (1994). Overall, MIT-SR contributes a significant improvement in predictions of settlements,
but does not significantly improve predictions of lateral spreading. The overall results suggest that the

dependent creep properties play only a secondary role in the performance of this particular test

embankment.

Thesis Supervisor: Prof. Andrew J. Whittle

Edmund K. Turner Professor of Civil and Environmental Engineering
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1. INTRODUCTION

It is well-known that clays exhibit rate dependent behavior. This is clearly seen in laboratory

measurements of drained creep/secondary compression and in changes in shear resistance with

strain rate (Ladd et al., 1977). These material properties are of particular importance for some

geotechnical problems such as in-situ soil characterization using piezocone penetrometers and

pressuremeter devices (e.g. Silva et al., 2006) and for applications such as the long-term

performance of embankments (e.g. Karim et al., 2010), set-up of piles driven in clays and cyclic

response of offshore foundations (e.g. Randolph, 2003).

Although there is a wealth of laboratory data showing strain-rate dependent behavior, there

have been only limited success in the development of models that can simulate the observed strain-

rate effects in shearing, creep and relaxation of soft soils. Yuan (2016) has recently developed a

new elasto-viscoplastic effective stress model (MIT-SR) capable of accurately predicting a wide

range of rate-dependent characteristics of soft soils within a unified framework that includes

anisotropic effective stress-strain-strength properties.

This thesis implements and validates the MIT-SR model within the finite element program

ABAQUS TM (HKS, 1989), and investigates the effects of rate dependent soil behavior in Full

Displacement and Self Boring Pressuremeters (FDPM and SBPM) tests; and in the long-term

performance of an embankment built on Boston Blue Clay.

The thesis is divided into three main sections: 1) review, implementation and evaluation of

MIT-SR; 2) investigation of disturbances and strain rate effects on pressuremeter tests

interpretations; 3) re-analysis of the 1-95 test embankment.

Chapter 2 presents the long-standing isochrone rate-dependent framework of clay behavior

(Bjerrum, 1967) in order to explain the importance of the recently developed MIT-SR model and

the limitations that were overcome, especially related to extrapolation of rate-dependency from

laboratory to field scale. The chapter summarizes the 1D formulation proposed by Yuan (2016)

and the physical motivation behind its development. Finally, the generalized 3D MIT-SR

framework is presented with a detailed explanation of the main features, parameters and internal

state variables. Chapter 3 describes the implementation and validation of MIT-SR within the

ABAQUS TM finite element program as a User Defined Material (UMAT). This development

enables the model to be used to solve boundary value problems that involve complex construction
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processes. Model validation is done for elemental simulations of Ko-consolidated triaxial

undrained compression and extension tests (CKOUC and CKOUE) for normally consolidated

Resedimented Boston Blue Clay (RBBC).

Chapter 4 presents simulations of ideal pressuremeter tests (i.e. modeled as a cylindrical cavity

expansion) using the MIT-SR model with input parameters for RBBC at different OCRs. The

simulations consider the effects of strain rate and stress history on the undrained shear strength.

Effects of disturbances associated with the installation of a pressuremeter are represented by the

Strain Path Method (Baligh, 1985) combined with MIT-SR. Cylindrical cavity expansion analyses

are then performed using the disturbed field of initial stresses and are compared with the prior

results for intact clay (i.e., undisturbed clay) over a range of expansion rates.

Chapter 5 re-analyzes the MIT-MDPW test embankment (Ladd et al., 1994) built on Boston

Blue Clay. A portion of the embankment, the MIT-MDPW Test Section (Sta. 246), was thoroughly

instrumented and monitored over a five years period between 1969-1974 (Whittle, 1974). Ladd et

al. (1994) previously studied the performance of the test section using the MIT-E3 soil model

(Whittle and Kavvadas, 1994). This thesis re-analyzes the performance using MIT-SR, in order to

investigate the importance of viscous clay behavior in the coupled consolidation process.

18



2. MIT-SR EFFECTIVE STRESS CONSTITUTIVE SOIL MODEL

2.1. INTRODUCTION

Although the viscous properties of clay are well determined in laboratory tests, little is known

about the underlying mechanisms controlling this behavior. According to Taylor (1942) the most

likely source of viscosity are the time-dependent mechanical and physio-chemical interactions

among clay particles. Most of the existing models of soil behavior consider rate independent

behavior using the continuum theories of elastoplasticity, such as Modified Cam Clay, (MCC;

Roscoe and Burland, 1968) and MIT-E3, (Whittle, 1987). There have been many models that

incorporates rate effects using frameworks of viscoplasticity, such as Soft Soil Creep model

(Vermeer and Neher, 1999) and Imai's model (Imai, 1995), but have had very limited predictive

capabilities and do not resolve long-standing controversies regarding the relation between creep

and consolidation.

The MIT-SR model proposed by Yuan (2016) also uses a viscoplastic framework which unifies

the existing MIT-E3 (Whittle and Kavvadas, 1994) and MIT-SI (Pestana and Whittle, 1999).

elasto-plastic frameworks with a generalized hysteretic formulation and a physically-based

evolution law that attributes the macroscopic viscoplastic strain to an internal strain rate (occurring

within mesoscale soil structure) related to the prior strain rate history. This model greatly expands

the capability of its predecessors and is the first that can consistently describe strain-rate effects in

shearing, creep and relaxation.

2.2. BACKGROUND

2.2.1. Consolidation at the field scale

Consolidation is a coupled process where compression of the soil skeleton occurs as excess

pore pressures dissipate. Terzaghi's consolidation theory (1943) has been widely used to describe

the primary compression behavior of saturated clays. This theory assumes that Darcy's law

governs fluid flow (hydraulic conductivity is a function of void ratio or porosity), while

deformations of the soil skeleton are described by elastic or elasto-plastic constitutive models (i.e.,

rate-independent). Figure 2.1 shows a typical consolidation curve of axial strain vs log (time) upon

an incremental load during an oedometer test. Conventional interpretation of this data is that most

of the compression occurs during primary consolidation (described by Terzaghi's theory) with full
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dissipation of excess pore water pressure at tEOp 1. Subsequent deformations referred to as

secondary compression (drained creep) occur at a constant vertical effective stress, and are not

accounted in Terzaghi's theory. This is non-trivial, since creep effects can have a considerable

implication on field-scale prediction of long-term consolidation.

In the effort of studying consolidation behavior at field scale, contradictory results from

numerous studies have been obtained. This led to a long-standing controversy on how creep effects

are extrapolated from the lab to field scale, leading to two opposing hypothesis (Ladd et al., 1977):

* Hypothesis A assumes that the field soil and the laboratory specimen undergo the same

compression strain at a given consolidation stage (Figure 2.2). This allows a direct

extrapolation from laboratory to field time-scales. The two are related by the squared ratio

of the drainage path length2 , H; (tfieid/tiab)2' (Hfield/Hiab) 2 .

* Hypothesis B assumes that the field strains are much larger that lab strains due to the

extended duration of the consolidation process (i.e. larger creep strains occur at the scale

of the field problem, Figure 2.2). This hypothesis treats creep as a separate phenomenon

that is independent of the primary consolidation process. Most of the existing constitutive

models for time-dependent behavior (prior to MIT-SR) conform to this hypothesis.

There have been intensive debates regarding these two hypothesis and their applicability for

representing the behavior of clays (e.g. Mesri, 2001; Leroueil, 2006; Watabe et al, 2008; Degago

et al, 2011), which illustrates the complexity of creep behavior and suggests the need of more

representative constitutive framework to explain the measured behavior.

2.2.2. Existing models for time-dependent soil behavior

The existing models that account for time-effects in compression behavior prior to MIT-SR

can be divided into the following categories:

* Rheological models: These represent elastic, plastic and viscous behavior by using a

combination of spring, slider and dashpot elements, respectively. Figure 2.3 illustrates the

rheological representation of a viscoplastic model. The use of a dashpot allows the

spontaneous development of viscoplastic strain, whose evolution is driven by an overstress

tEOP: Time at end of primary consolidation.
2 Drainage path, is a characteristic dimension that defines the time scale of pore water dissipation. It is usually
defined as the longest path length for migration of pore water to a free-drainage boundary.
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(a - ay) and is scaled by a viscosity parameter, i. Thus, continuous creep deformations

occur at constant stress a above a defined yield level (ay), while different stress levels

result in different creep rates (i.e., the yield stress is rate dependent), as shown in Figure

2.3.

The main disadvantage of these models is that the arrangement of the rheological elements

is not unique, and the match between predictions and actual behavior may just be

coincidental. This type of model conforms to a Hypothesis B type behavior.

Isochrone (time-line) models: These were proposed by Bjerrum (1967), and comprise a set

of parallel isochrone (equal-time) lines in effective stress-void ratio space (Figure 2.4).

Each line represents a locus of compression states at a specific time after sedimentation.

The deformation of the soil skeleton under an increment of effective stress, ac', is

decomposed into an instantaneous and a delayed compression caused by the consolidation

process and subsequent long-term creep, respectively (Figure 2.4).

This framework is the basis of Soft-Soil-Creep model (Vermeer and Neher, 1999) and

presents the main disadvantage of treating creep as a separate process, which is expressed

as a function of the current state only. Larger compressive strains are predicted at field-

scale when compared to laboratory experiments, resulting in Hypothesis B type behavior.

* Isotache models: Firstly proposed by Suklje (1957), this framework proposes a unique

relation between the effective stress, strain and strain-rate (isotache lines). This framework

resembles the isochrone framework in many aspects. Nevertheless, according to Yuan

(2016), the use of strain rate instead of time presents some advantages: 1) the strain rate

can be locally experienced by a soil element in the soil layer (i.e., time is not a local

variable); 2) the relationship for describing effective stress dependency on strain rate, can

be used to establish the evolution of viscoplastic strain rate in elasto-viscoplastic models.

Figure 2.5 illustrates the isotache formulation proposed by Imai (1995) in the e - log a'

space, in which each isotache line is related to a specific value of F (defined as a function

of the irrecoverable void ratio space).

Yuan (2016) proved the equivalency between 1 D Soft-Soil-Creep (isochrone framework)

and Imai models (isotache framework), and suggests that parallel isochrones can be treated

as isotache lines that correspond to a set of irrecoverable void-ratio rates.
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* Microstructure models: Navarro and Alonso (2001) proposed that creep occurs as a

consequence of local transfer of water mass from the microstructure (i.e., clay aggregates)

to macrostructure (i.e., pore spaces between aggregates). The driving force of this process

is the chemical potential imbalance between the micro and macrostructures and is

simplified as the difference between current effective stress, a' , and an equilibrium stress,

I, that is defined as the resistance stress in the microstructure that responds to a strain

hardening law. The creep deformation is expressed in terms of the change of micro-void-

ratio and is proportional to the overstress (a' - r), analogous to the rheological model

above.

Navarro and Alonso (2001) describe two possible cases of the underlying physical

mechanism: 1) coupled case, where the local transfer occurs during the primary

consolidation process (Hypothesis B); and 2) uncoupled case, where local transfer does not

occur until the end of primary consolidation (EOP). Navarro and Alonso (2001) assume

that thin specimens follow the uncoupled case, while thick specimens respond to the

coupled case, resulting in Hypothesis B type behavior. On the other hand, Hypothesis A

type behavior can be obtained by treating both specimens as uncoupled cases, requiring

user intervention to add creep deformations after EOP. Thus, this approach does not offer

an objective constitutive relation.

* Unique EOP line models: Mesri and Choi (1985b) proposed that strain at the end of

primary consolidation (EOP) is unique and independent of the specimen thicknesses

(Hypothesis A). The total strain rate during consolidation is decomposed into a

compression rate due to changes in effective stresses, and a rate due to time effects at

constant stress. According to Yuan (2016), this model cannot be used as a true constitutive

relation since it requires a soil element to 'be aware of the overall degree of consolidation

in the associated soil layer.

2.2.3. Compression Formulation with Isochrone Framework

The most widely used rate-dependent models are those based on the isochrones and isotache

frameworks. Equation. 2.1 is a typical expression of viscoplastic strain rates for compression

behavior (under isotropic or Ko conditions). It assumes that the volumetric viscoplastic strain rate
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(VP) as uniquely defined by the current state of vertical effective stress, a', , void ratio, e, and a

constant reference strain rate, iref.

cc

tVp = ref ( cCa (2.1)
\ pe/

G'pe is the equivalent stress on the virgin compression line (VCL) at the same void ratio as the

current stress state a'v; Cc is the compression index and Ca the coefficient of secondary

compression (Figure 2.1).

While this model simulates the behavior observed in laboratory tests, it has several limitations

when used to predict consolidation behavior at field-scale. Typically, it overestimates the initial

creep rate (tref) for the same state of effective stress and void ratio (as the lab case), which

produces unrealistic long-term deformation predictions at field scale. In order to overcome this

limitation, the evolution of viscoplastic strains must also depend on the history of strain rate.

2.3. 1-D MIT-SR MODEL

2.3.1. 1-D MIT-SR Formulation

As an alternative to the aforementioned models, Yuan (2016) proposed a new elasto-

viscoplastic framework for one-dimensional time-dependent compression behavior in order to:

" Solve limitations of initial creep rate estimation and unrealistic consolidation predictions

at field-scale for current isotache and isochrone frameworks.

" Describe a full spectrum of rate dependent behavior, including isotache-type behavior and

temporary rate effects observed in 1 -D consolidation tests.

" Unify the representation of Hypothesis A and B behavior in a single framework, in order

to predict field behavior for a wide variety of clays.

" Rationally explain the underlying mechanism of time-dependent compression behavior.

The proposed MIT-SR formulation (Yuan 2016) assumes that the total strain rate can be

defined as the superposition of elastic and viscoplastic strain rates:

t = te + OP (2.2)
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The model follows the 1 -D compression formulation in loge - log&-' space proposed by Pestana

and Whittle (1995), Figure 2.6. The virgin consolidation behavior is linearized by a Limiting

Compression Curve (LCC) with a slope pc (= 0.434C,/e) and the elastic recompression curve by

pr (= 0.434Cr/e).

The elastic strain rate, e, can be directly described in terms of pr, porosity, n, and current

effective stress rate, d'r:

te P r V (2.3)
P U--

As opposed to prior isochrone of isotache models (where creep rate is only a function of the

current states), the viscoplastic strain rate depends on strain rate history and on the current state of

effective stress:

R ' (2.4)
tvP = Ra-f pe

where Ra [1/time] is a new state parameter that, according to Yuan (2016), represents the internal

strain rate activated at the meso-scale (clay aggregate scale) due to the stimulation of historical

straining; 6'pe is the equivalent stress state on the LCC. The equivalent stress exhibits hardening

during compression as a function of the total strain rate:

, Pe , P(2.5) S Pe - pe

The state parameter Ra controls viscoplastic strains and its evolution is described by an

Activation/Decay mechanism (based on concepts from 'granular solid hydrodynamics'; Jiang and

Liu, 2009):

Ra = [f(i) - Ra]- mt (2.6)

where mt is a migration coefficient and f(t) is a steady-state function that can be defined as:

Pc -pr . (2.7)

Pc Eref
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Through these equations the internal strain rate (Ra) can be activated by external straining

(f (t)) and simultaneously decrease due to an auto-decay mechanism. In addition, the net change

in Ra is scaled by a migration coefficient, mt. It can be appreciated that when the 'activation' and

'decay' balance each other, Ra reaches a steady state solution (i.e., Ra = 0 and Ra = f(t)). This

scenario is typical of Constant Rate of Strain (CRS) consolidation where the strain rate is constant

through the test such that Ra rapidly converges to a steady state solution, f(t) (Figure 2.7).

2.3.2. 1-D MIT-SR Evaluation

Yuan (2016) demonstrated that the preceding framework is capable of representing a wide

variety of soil behaviors observed in CRS by just adjusting a rate-sensitivity parameter, P,

embedded in the steady state function in Eqn. 2.7. Figure 2.8 compares two cases; i) 1 = 0 where

step changes in strain rate generated temporary effects, and ii) P > 0 where there is unique isotache

line for each strain rate. Moreover, the proposed model allows realistic initial creep rates when

simulating the consolidation of specimen with different thicknesses. By unifying both aspects in

the same framework, the model can describe the consolidation behavior according to either

Hypothesis A or Hypothesis B (Ladd et al., 1977). MIT-SR is the first viscoplastic framework that

can simulate unique end of primary consolidation (EOP) states for different specimen thicknesses.

2.3.2.1. Validation of 1-D MIT-SR in CRS Tests

Figure 2.9 compares MIT-SR predictions (Yuan, 2016) with measured data from CRS tests

with step-changed strain rates on San Francisco Bay Mud (SFBM; Korchaiyapruk, 2007). Yuan

(2016) use laboratory data from CRS 691 to calibrate the model and then predict the behavior for

CRS 672.

Figure 2.9a presents the results of log e-log a' curves for both CRS tests. It shows good

agreement between the predictions and experimental results for void ratios, e > 1.9. For lower

void ratios there are some discrepancies due to the highly non-linear compression behavior at large

deformations (E > 3 0%), which deviates from the linearized LCC conditions assumed in the MIT-

SR formulation. On the other hand, Figure 2.9b presents the results of normalized base pore

pressure for both CRS tests. It can be observed that there is a good matching between MIT-SR

results and base pore pressure reported in the tests.
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2.3.2.2. Validation of 1-D MIT-SR in IL Oedometer Tests

Following a similar procedure as CRS tests, Yuan (2016) calibrated the 1 -D MIT-SR model

for Incrementally Loaded (IL) Oedometer Tests on San Francisco Bay Mud (Korchaiyapruk 2007).

Figure 2.1 Oa presents the log e-vs log a' results for two tests, Oed 116 and 117, where the

specimens are consolidated under a series of consecutive loading increments. It can be observed

that the proposed model can qualitatively describe the compression paths for IL oedometer tests

as described by Bjerrum's isochrone framework. Figure 2.1Ob and 2.1Oc compare the predicted

log e-log time curves to the experiment data for the increments loaded over the NC range in the

Oedometer tests 116 and 117, respectively. It can be observed that the model describes very well

the evolution of void ratio in time, and predicts closely the reported EOP states.

2.3.2.3. Description of Hypothesis A and B behavior

Yuan (2016) also evaluates the influence of rate sensitivity parameter, P, on the thickness

effects in IL oedometer tests. The extreme cases of P = 0 and pa/pc are evaluated for 2cm and

20cm thick specimens of Yokohama Clay.

" Case f = Pa/Pc:

Figure 2. 11 a plots the predicted log e-log a' curves for both specimens using p = pa/Pc

It can be observed that the thicker specimen undergoes greater strain than the thinner

specimen for the same effective stress level, which implies rate-dependency in the effective

stress versus void ratio. Figure 2.1 lb shows the corresponding log e-log time curves. It

shows that the thicker specimen produces greater compression strain at the EOP than the

thinner specimen, and eventually both curves converge to a unique secondary compression

with a slope of Pa. This is very consistent with Hypothesis B type behavior, as illustrated

in Figure 2.2.

" Case P = 0:

Figure 2.11 c shows that, for p = 0, two specimens with different thicknesses produce a

unique void ratio versus effective stress curve in log e-log a', space. Figure 2.11 d plots the

predicted temporal evolution curve of the void ratio for the two consolidation tests. As can

be seen, the thicker specimen (20cm) produces exactly the same log e vs log time results

as the thinner specimen (2cm) (i.e. the have same strain at EOP). Then, the log e-log time

behavior for the larger specimen can be scaled up from experimental results of thinner
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specimen, as described before. This result is consistent with Hypothesis A type behavior,

as illustrated in Figure 2.2.

2.4. GENERALIZED 3-D MIT-SR MODEL

The prediction of clay behavior under complex loading conditions, often found in practical

geotechnical problems, and requires a generalized 3-D representation of effective stress-strain

relations. This section summarizes the integration of the 1-D viscoplastic model within an

anisotropic 3-D framework based in MIT-S 1 (Pestana 1994). This formulation has the following

main features:

* 3-D surfaces: loading surface, reference surface and critical state surface.

" Plastic loading and hardening rules (kinematic and isotropic).

* Evolution of viscoplastic strain.

* Non-linear small strain behavior.

* Elastic stiffness and dilation of OC clays

2.4.1. 3-D framework and surfaces.

MIT-SR decomposes the volumetric and deviatoric components of the total strain tensor, into

elastic and viscoplastic contributions (el and vp superscripts) as follows:

tVI e + tv (2.8)

where t is the volumetric strain rate, and E are components of the deviatoric strain rate tensor.

The model assumes that elastic response is isotropic and the viscoplastic strain is described by

a generalized flow rule. The formulation uses the transformed stress and strain measured proposed

by Whittle and Kavvadas (1994) allowing tensors of stress and strains to de decomposed into one

volumetric and five deviatoric components, Table 2.1.

The loading surface has the following expression:
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f =('2(iq - b): (a-b) - -2 _ (2.9

where a' is the mean effective stress, q is a vector of deviatoric stress ratio3 , S/ a'; b is a tensor

describing the orientation of the surface, and a' 1 is a scalar state variable that represents the size

of the loading surface. The parameters m and ( control the shape of the surface. The parameter m

ranges from 0 to 1 to describe from an ellipsoidal (m=0; MIT-E3) to a lemniscate-shaped surface

(m=1; MIT-Si). The parameter describes the frictional characteristics of clays and is expressed

as:

(2 = c 2 + b: b - :b (2.10)

2 24 sin 2 4'm (2.11)
(3 - sin 4)') 2

where 4'n is material constant that controls the amplitude of the reference surface.

The reference surface is introduced in a similar form to the loading surface. It is defined in

terms of an image stresses (U'r, qr) which is obtained by radially mapping the current stress state

(a', q) from the origin (at constant q/a') onto the reference surface (Fig. 2.13). The state variable

a' is the size of the reference surface.

2 (' 1 ') (2.12)
f ar2(f -b:a-b -(G ,r 7)g

The critical state surface is based on a generalization of the Matsuoka-Nakai (1974) criterion

proposed by Panteghini and Lagioia (2014) . It is represented by an isotropic failure criterion, hf:

hf = k2 -q:1 = 0 (2.13)

k = k2+(3- )J3-(2.14)

2 = k

3 Note: In the triaxial space, S1 = q .(Table 2.1)
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k 8 sin2  ' (2.15)
3 + sin2 4

where J3, if the third invariant of deviatoric stress ratio (detliq |) and j ', is the critical state friction

angle (i.e. measured at large strain) in triaxial compression.

The previously described surfaces are presented in a principal effective stress space

[a', cY, a' ], Figure 2.12, and in a meridian plane corresponding to triaxial conditions [a', q], Figure

2.13.

2.4.2. Plastic loading and hardening laws

The plastic loading concept was introduced in previous MIT soil models to evaluate plastic

contributions upon loading at the reference surface. The plastic multiplier (A) is obtained from a

consistency condition and is used to evaluate hardening effects. The MIT-SR model uses this

plastic multiplier as an external activation source for the internal strain rate. Table 2.2 provides a

summary of the formulation described below.

The plastic loading condition (CL) is evaluated on the reference surface at a certain image

stress as:

CL = (KrgrQ + 2GrQr: E) (2.16)

where Kr and Gr are the elastic bulk and shear modulus evaluated at the reference surface,

respectively; Qr and Q'r are the volumetric and deviatoric components of the reference surface

gradient, respectively:

arr (f3- T+'[( mC +'1 0'r ) M -(25i: m (q -( b)(2.17)

Qr 9(,'r (I + 1: b) (1 Gr + Or, r ,CC/:( - b

Q, - fr - 'ir M

aSr 2(q - b) + b i~r f

If CL>O, plastic loading occurs and the plastic multiplier (A) is computed from the consistency

condition considering that the image stress always lies on the reference surface (F = 0):

A= (CL) (2.18)
H + KrrP + 2GrQr: p,
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where ( ) are the Macaulay brackets 4; P and P' are the volumetric and deviatoric components of

the flow direction (Table 2.1). H is the plastic modulus obtained from consistency conditions (Eqn.

2.19) and contains isotropic and kinematic hardening contributions:

afr el a r b (2.19)
H = -- --- : -

a' A ab A

The model assumes a non-associated flow rule:

( [(r r (2.20)

(p (k2 1,1

LxPn + , Q'r

X (Pc 1 + 2 KONC K (pc (2.21)
1PcPr l-KONC 2G Pr)

where KONC is the lateral earth pressure ratio for KO-normally consolidated clay and is treated as

an input constant.

The reference surface can change its size (isotropic density hardening) and rotate (kinematic

hardening). When loading, isotropic hardening is defined by Eqn. (2.22), where the first term

reflects the plastic volumetric contribution and the second term control the relative position of

LCC curves (for different ratios of a'/u').

c' AP 2b:b (2.22)

c (pc Pr)n a 2 + b: b

2 24 sin2 k'e (2.23)2 =S
(3 - Sin 4'es)2

If unloading occurs and t < 0 the isotropic hardening is given by:

(2.24)

a' Pc.n

4 i.e.<x>=xforx> 0; <x>=Oforx ;0
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The kinematic hardening is given by Eqn. (2.25), where $' is a material constant that controls

the evolving rate of anisotropy. The variable r, is given by Eqn. (2.26) and controls: the maximum

anisotropy at critical state and evolution rate of anisotropy depending on the mode of shearing.

b = $ (rx)(Q. P)(h -b) (2.25)

k2 + b: b - 21: b (2.26)
rX= k2=a

2.4.3. Evolution of viscoplastic strains

The volumetric and deviatoric viscoplastic strain rate components, CVP and EVP, are computed

by projecting the viscoplastic multiplier (AVP) onto the plastic flow directions, P and P':

(vp \ (2.27)
=P AVP)

The viscoplastic multiplier (AVP) is the magnitude of the viscoplastic strain, analogous to the

1 -D formulation given by Eqn. (2.4). For the 3-D case, the generalized expression is given by:

AVP = Ra.f(+) (2.28)

' a'1 $1 ' ( )~ 02] (2.29)
f - = - exp I-(W' -W' 2P2 a')

where P2 is a material constant that characterizes the decrease in the predicted rate dependency

and creep properties with overconsolidation (i.e., stress history) of the clay.

Following the activation/decay mechanism presented for 1-D formulation (Eqn. 2.6), the

general evolution law for loading conditions is defined by,

Ra = [fA - Ra]. mt (2.30)

When the soil is subjected to a general strain condition, the plastic multiplier concept is used

to represent the activation function (fA), by:
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(A. PO (2.31)

ref

PO = (k2 - b: b)b (2.32)

The transient coefficient (mt) is then defined as a function of the magnitude of viscoplastic

and total strains:

() - - 1 + O(II II) (2.33)
Pa Prn

Where the small term O(IIE||) is added to ensure mt is positive when I|"'I ~ 0.

If soil is subjected to unloading (CL<O), the internal strain rate (Ra) decreases according to the

following expression:

Ra = (P3 - 1) Ra (2.34)

where P3 is a material constant that controls the decreasing rate in Ra-

2.4.4. Non-linear small strain behavior

The framework for nonlinear stress-strain behavior at small strain levels follows the approach

used in prior MIT soil models (MIT-E3, Whittle and Kavvadas, 1994; and MIT-S 1, Pestana and

Whittle, 1999) but with some modifications. The formulation assumes that a maximum stiffness

can be represented by an intrinsic property (Pro) as:

r 2 (2.35)

Pro - 1

(K g atm)
Cb 1+G_~

where Cb is a dimensionless material constant and K/2G it is related to Poisson's ratio.

The degradation of elastic stiffness is represented by a transition function as:

D (2.36)
Pr = Pro(1 + -- k+ ss)

Pro
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where D and oS are material constants that scale the volumetric and deviatoric components,

respectively; and , are non-dimensional stress measures that are defined in terms of volumetric

and deviatoric strains:

(2.37)
( (r - In --

E 0(2.38)
1s( -(1-0

where r is a material constant, while (uh Ah) are hysteretic stress state variables whose evolution

are given by:

-h h h (2.39)

D. n

r=2G -h 0 1 -qh) (2.40)

Ws 7 n. Pro

where th and Eh are the volumetric and deviatoric components of the hysteretic strain rate,

respectively. These components are assumed to be proportional to the elastic strain rate:

D b: b (2.41)
sh __ 2 g (t _ tvp)

Pr d

t h Pro ( s s (2.42)
Pr

d _ 2(1 - KONC) 2  (2.43)
- (1 + KONC + KONC)

2.4.5. Elastic stiffness and dilation of OC clays

The elastic bulk modulus (K) and shear modulus (G) are given by:
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K = ' 
(2.44)

n. Pr

3(1 - 2v') (2.45)

2(1 - v')

Finally, the incremental effective stresses are obtained by:

(' K(t - PVP + tdil) (2.46)

$)K 2G(E - $vP) )

where tdil is introduced in the volumetric response to account for the dilative behavior of OC

clays. It is given by:

diL = DL- EVP)[1-' (2.47)

where DL is a material constant controlling the magnitude of the dilative strain rate.

2.5. MIT-SR MATERIAL CONSTANTS AND STATE VARIABLES

The model introduces 17 material constants: 11 of these are standard rate-independent
2G

parameters essentially inherited from the MIT-S 1 model (p, Cb, D, r, Os, , KONC, C's, 4 
iV

m, tp); 5 are material properties for rate-dependent behavior (Pa 3, ref, P2, P3) and 1 is a

constant used to describe dilative behavior of OC clays (DL). A brief description of the physical

meaning and suggested calibration method for each of them is presented in Table 2.3.

The model introduces 5 internal state variables (a', b , Ra, hI h), whose initial values can

be estimated based in stress and strain rate history of the past consolidation process. A brief

description of physical meaning and estimation of initial values is provided in Table 2.4 (Yuan

2016).

2.6. MIT-SR UNDRAINED TRIAXIAL SHEAR EVALUATION

Yuan (2016) evaluated the performance of the MIT-SR model in predicting the responses of

Ko-consolidated RBBC in undrained triaxial shear tests. The calibrated parameters for RBBC are

presented in Table 2.5. The laboratory data was obtained from Sheahan (1991), where 25 triaxial
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undrained compression and extension tests were performed at four OCRs (1.0, 2.0, 4.0 amd 8.0)

using four axial strain rates ea (0.05, 0.5, 5.0 and 50.0 %/hr).

Figures 2.14a and 2.14b compare model predictions with measurements of effective stress

paths and shear stress-strain behavior, respectively, for tests at ea= 0.5 %/hr. In general, the

predictions match closely the measured behavior in terms of small-strain stiffness, undrained shear

strengths and post-peat response for both compression and extension modes of shearing.

Figures 2.15a and 2.15b compare the measured and predicted effective stress paths,

respectively, for CKOUC at OCR=1.0 at four axial strain rates ea (0.05, 0.5, 5.0 and 50.0 %/hr).

Figures 2.15c and 2.15d show the corresponding shear stress-strain behavior. The following

observations can be made:

" Figure 2.15b shows that the predicted undrained shear strengths increase with the strain

rate, and match the measured data relatively well. The maximum difference (approximately

10%) occurs for strain rate of 0.5 %/hr. It can also be observed that no significant shear-

induced pore pressures are predicted at the beginning of shearing, which is consistent with

measured data. The excess pore pressures increase significantly after reaching the peak

shear strength, leading to a large increase in mobilized friction, with all tests reaching a

critical state angle, A' = 33.5', at large strains.

* Figure 2.15c implies that the measured shear stress increases with strain rate even at small

strain level ( Ea = 0.01%). However, MIT-SR only starts predicting different shear stress

at a range of Ea=0.05 to 0.10 %, depending on the strain rate (Figure 2.15d).

" Figure 2.15d shows that the predicted peak strengths for the four tests are reached over a

narrow range of axial strain Ea= 0.20 to 0.25 %, which is consistent with the measured data.

This implies that axial strain at peak strength is largely independent of shearing strain rate.

In addition, this figure shows that the 'residual' strength at large strains is dependent on

strain rate, which is consistent with the measured data.
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Table 2.1 Transformed measures used in MIT soil models (Whittle and Kavvadas, 1994)

Effective stress Stress ratio Strain Yield surface Plastic flow Anisotropy
Gradient direction

(o'S) (c,E) (QQ') (P.P') b

+ = ++P Q=Q Q+Q= + P, +P

-_______-____ (2n -i1-i (2 -ce -j (Q~ -Q~ -Qj (P - P -P4 ( -i; -bjS E= = - -

S- E= -- Q3- P = -S, E Q, Q- CA P, =
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for plastic loading and evolution of Ra (Yuan, 2016)

Loading condition CL = (K'Q'g + 2(;'Q" : E)

IF CL O Loading

CL
A =

H +(K'Q' P+ 2G'Q" P')

AP

= A P - il-t,

. ot A-P 2b: 6
Hardening =

a' (p -p )- 1-+ :b

6 = T A(r )(Q.P) (11 -b)

ELSE CL<0 Unloading

= (#3 -1)RE a

END
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Table 2.3 3D MIT-SR. Material Parameters (Yuan, 2016)

Symbols Physical Meaning Suggested Calibration Method

PC Compressibility of NC Clay (LCC regime) Measure from loge - loga' compression curve
Cb Small strain elastic compressibility Derive from high quality small strain measurement of G
D

r Nonlinear volumetric and deviatoric hysteretic Measure from l-D swelling loge - log' curve
behavior

Ws Measure from shear stiffness degradation curve
2G/K Alternative measure of Poisson's ratio at small strain Measure from I-D swelling stress path

KoNc Lateral earth pressure ratio in LCC region Measure for NC clays using SHANSEP consolidation

' (Large strain) critical state friction angle Measure in triaxial compression tests

4'm Friction coefficient of loading/reference surface Fit undrained strengths for CKOUC on NC clays
m Geometry of loading/reference surface Fit tendency of softening for CKoUC on NC clays

V Rate of evolution of anisotropy due to stress history Fit CKoUE behavior over strain range>5%

pG Compressibility in secondary compression Fit I-D secondary compression curve or inferred from
reported C./Ce ratio

P Rate-sensitivity of state steady of R, Measure from the rate-sensitivity of CRS tests

Eref Reference strain rate Measure at the 24hr interval in IL oedometer tests
E (ef Reeec1tanrt X10,7/SeC)

P2 Nonlinear variation of rate-dependency with stress Measure reduction of the post-unloading creep property
history with OCR in I-D swelling

Z 03 Reduction of creep rate during unloading Measure decrease in creep rate with OCR in 1-D swelling

DL Dilation behavior Fit effective stress path for CKOUC with OCR>2
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Table 2.4 3D MIT-SR. Internal State Variables (Yuan, 2016)

Symbol Physical Meaning Estimation of initial values
a' Size of bounding surface ab/a' = OCR
b Orientation of anisotropic bounding ho = i1o for Ko-normally consolidated clay

surface in stress space
Ra Activated Rate [1/time] due to historic Strain rate from the preceding consolidation

straining on a clay layer with known drainage length
a Volumetric hysteretic state parameter For NC: Eqns. 2.37-2.43; For OC: arh = 0
_ h Deviatoric hysteretic state parameter h = ijo for NC and OC clays

Table 2.5 MIT-SR parameters for Resedimented Boston Blue Clay (BBC) (Yuan, 2016)

Parameter Physical Meaning Value

Pc Compressibility of LCC lines 0.18

Cb Small strain elastic compressibility 473.0

D 0.03

r Nonlinear volumetric and deviatoric hysteretic behavior 4.0

WS 30.0

2G/K Alternative measure of Poisson's ratio at small strain 1.13

KONC Lateral earth pressure ratio in LCC region 0.49

#'es (Large strain) critical state friction angle 33.5

'9m Friction coefficient of loading/reference surface 24.0

m Geometry of loading/reference surface 0.60

W Rate of evolution of anisotropy due to stress history 10.0

Pa Compressibility in secondary compression 0.020

P Rate-sensitivity of state steady of internal strain rate Ra 0.020

tref Reference strain rate (1/day) 0.01652

P2 Nonlinear variation of rate-dependency with stress history 6.80

P3 Reduction of creep rate during unloading 19.0

DL Dilation behavior 1.0
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Figure 2.1 Typical consolidation curve of strain - log (time) upon an incremental load in an (IL)
oedometer test (from Yuan, 2016)
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Figure 2.2 Consolidation curves of Hypothesis A and Hypothesis B (after Ladd et al., 1977)
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Figure 2.3 Rheological representation of viscoplastic models (Yuan, 2016)
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Figure 2.4 Schematic representation of time line model (Yuan, 2016)
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Figure 2.5 Schematic representation of Imai's isotache model (Yuan, 2016)
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3. IMPLEMENTATION AND EVALUATION OF MIT-SR IN ABAQUS

3.1. SOLUTION OF NON-LINEAR FINITE ELEMENT EQUATIONS

In order to apply the MIT-SR constitutive equations to boundary value problems of interest, it

is necessary to implement the constitutive equations in a non-linear finite element analysis. For

this case, the equations are integrated numerically over a discrete sequence of time steps.

The non-linear response of the system for this case is characterized mainly by the material non-

linearity, where displacements and strains are infinitesimal and the stress-strain relationship is non-

linear.

According to Bathe (2014) the basic problem in general non-linear analysis is to find the state

of equilibrium of a body corresponding to the applied loads. Considering that external applied

loads are a function of time, the equilibrium conditions for the finite element system can be

expressed by:

'R _ 'F = 0 (3.1)

where tR is a vector that contains the externally applied nodal point forces at time t and includes

body, surface and concentrated forces, tRB, tR, tRc respectively; tF is a vector that contains nodal

point forces that corresponds to the element stresses in configurations at time t.

When the analysis includes path-dependent nonlinear material conditions, Eq (3.1) is solved

using a step-by-step incremental solution, which assumes that the solution for discrete time t is

known and the solution for time t+At is required, where At is a suitable increment of time. Thus,

Eq (3.1) for time t+At becomes:

t+AtR - t+AtF = 0 (3.2)

If t+AtR is assumed to be independent of the deformations and considering that solution at time

t is known, it is possible to write:

t+AtF = tF - F (3.3)

where F is the increment in nodal forces corresponding to the increment in element displacement

and stresses from time t to time t+At. Considering that the internal nodal point forces and
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displacements at time t are known, tF and tU respectively, a tangent stiffness matrix 'K that

corresponds to the geometric and material conditions at time t can be computed as:

a tF (3.4)
atu

Then, the increments in the nodal force vector, F, can be approximated as:

F ~ tKU (3.5)

where U is a vector of incremental nodal point displacements.

Substituting Eqn. (3.2) and Eqn. (3.3) into Eqn. (3.5) entails:

tKU = t+AtR - tF (3.6)

Since tK, t+AtR and tF are known, it is possible to solve for the vector U and so obtain an

approximation of the displacements at time t+Jt:

t+AtU ~ tu + U (3.7)

It is important to remark that the displacements at time t+At computed in Eqn. (3.7) do not

generally correspond to the exact solution because of the approximation considered in Eqn. (3.4).

The exact solution will be the one that corresponds to the applied loads t+AtR and so, the problem

is solved by iteration until sufficient accuracy is reached.

In ABAQUSTM (HKS, 1998), the full Newton direct iteration procedure is used to solve the

equilibrium equations for time t+At. This consists of iterating to find the incremental and total

nodal point displacements at iteration i (A U and t+"tU(L)) using the total nodal point

displacements from the previous iteration i-1 (t+AtU(W-A). The equations of this scheme for

iteration i can be summarized as:

t+AtK(L-l)AU() = t+AtR - t+AtF(li ) (3.8)

t+AtU(L) ( t+AtU(i-l) + AU(i) (3.9)

with the initial conditions:
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t+AtU(O) = tU

t+AtK(O) = tK (3.1O.b)

t+AtF(O) = tF (3.10.c)

Note that for the first iteration, Eqn. (3.8) reduces to Eqn. (3.6) and Eqn. (3.9) to Eqn. (3.7). In

the subsequent iterations, the latest estimates for the nodal point displacements are used to evaluate

the corresponding element stresses and nodal point forces t+AtF(-l) and tangent stiffness

matrix t+tK(i-). The iteration procedure is considered to converge when the force residuals

(right hand side of Eqn. (3.8)) and/or displacement residuals (A U(')) are sufficiently small.

At each iteration, and at every node of the finite element mesh, the incremental nodal point

displacements invoke the constitutive relations. If the elements are isoparametric, the incremental

strains are computed at the Gauss Points from interpolation functions as:

t+AtAEi) = B t+AtAdU() (3.11)
9 9

where B. is the interpolation matrix evaluated at the Gauss point g.

Given the stresses and state variables at time t, ta() and tSV() respectively, and the increments

of time At and of strains t+At e(i) for each Gauss point, it is possible to compute the increment of

stresses and state variables using the selected constitutive model. Then the total stresses and state

variables for time t+At, t+AtG(i) and t+AtSV(i) respectively, are obtained.

The updated stress state t+Ato() determines the nodal point force vector t+AtF(i) from Eqn.

(3.8) through isoparametric interpolation and volume integration, such that the global tangent

stiffness matrix is redefined as:

t+AtK(i) = a(t+AtAF()) (3.12)

a(t+AtAUQ0)

At the Gauss point level, using the interpolation functions, the Jacobian matrix is defined as:
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t(t+AtA W) (3.13)
t+AtVY) = r

a(t+AtAe@0)

A qualitative flow chart of the non-linear finite element solution using a Full Newton iteration

scheme is presented in Figure 3.1. It makes emphasis in the three different 'levels' mentioned

before: global, gauss point and material level (Hashash 1992).

3.2. MIT-SR EXPLICIT INTEGRATION SCHEME

According to Eqn. 3.11, the increments of nodal point displacements are linked to incremental

strains, t+AtA , at each Gauss point of the model, and are then used to compute the stresses and

state variables for the time interval t to t+At.

The integration scheme used for the MIT-SR model uses an explicit integration scheme with

automatic sub-stepping, referred to as Modified Euler Scheme, originally proposed by Sloan

(1987) and implemented by Yuan (2016) for this particular model. This method involves two

consecutive Forward Euler Integration (FEI) steps which allows the adjustment of the size of each

sub-step as a function of the integration error. This considerably improves computational

efficiency, since the incremental strain, t+AtAe), is integrated for variable step sizes that respond

to the model demand.

Figure 3.2 presents the flow chart of the integration scheme. A step-by-step description is

provided below in order to understand how the integration is performed:

a) The scheme starts with the state of stresses and state variables for time t [t'(, tSV(i)] and

increments of strains for time t+At, [t+ttA()]. The five MIT-SR state variables are: SV =

[Ra, a', b, a hn h].

b) A maximum number of point-level iterations (j) and tolerance (TOL) are pre-defined (for

reference j=10000 and TOL<0.0005, respectively). A value of qt = 1 is defined; qt is the

variable that controls the size of the sub-step as a function of the tolerance and the error. If

the integration of the previous sub-step is successful, qt will be greater than 1. In contrast,

if the integration was unsuccessful qt is less than 1, which entails a new iteration with a

smaller strain increment to achieve the specified tolerance.
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c) The time variables of the scheme are: tn and tk. The first, tn, is equal to the increment of

time (At) imposed by the global non-linear finite element integration scheme, and it is used

to compute strains and strain rates that are input into the MIT-SR model.

d) The sum of tk Otk) is a variable that controls the main loop of the scheme. As long as

Ytk < tn, and the iterations are less than the maximum (j < jmax) the model will continue

to run. In other words, Etk can be seen as an indicator of progress.

e) The volumetric and deviatoric strain increments [t+tkE ,() t+tkAE(i)] corresponding to

time t+tk are defined using a proportional law that involves tn and tk as:

t+tkA E(t) = EVD. tk/ tn (3.14)

t+tkAE(i) = ED. tk/ tn (3.15)

where EVD and ED are the volumetric and deviatoric strain increments from time t to

t+tn, respectively; imposed by the global non-linear finite element integration scheme.

f) This scheme implements two consecutive Forward Euler Integration (FEI) steps that are

used to evaluate the integration errors and allow for automatic selection of the sub-step

sizes. Each step computes increments of stresses and updates the state variables. The l't

Forward Euler integration is carried out using state variables from a previous successful

step, t, and the strain increments are computed for t+tk:

t+tk&e1() = t+tkde(i) (3.16)

t+tkA E() = t+tkAE(i) (3.17)

t+tkSVl(i) = tSV(i) (3.18)

The 2nd Forward Euler integration is done using the same strain increments as Is' step, but

the initial state variables are defined from those computed at the first step:

t+tk 4A2(i) t+tkA E (1) (3.19)

t+tkAE2(i) = t+tkAE () (3.20)
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t+tkSV2(L) - t+tkSV1( (

g) Using the resulted incremental stresses of the two FEI steps, a local error is computed as:

1 [t+tky1) __ t+tk ,2) ]+ nIt+tkASli(i) - t+tk ;2 (1
ERROR = n

2 [ta'(i)]2

(3.22)

h) If the error is greater than the specified tolerance (ERROR>TOL), a flag called FAIL is set

equal to 1 and the increment of strain is reduced due to a decrease in tk. The state variables

from the previous successful sub-step, t ,are restored to enable re-computation of the step

with a smaller strain increment.

i) In contrast, if ERROR<TOL, the integration is considered successful and the stresses are

updated as follows:

t+tkj _ t'(i) = 1 + t+tk AJ'2(i)]
2

t+tkS(i)= 1 [t+tkASl(i) + t+tkAS2 (i)
2

t+tk '(0 __ t U (i) + t+tk,6o7(j)

(3.23)

(3.24)

(3.25)

(3.26)t+tkS(i) = tS(i) + t+tkdS(i)

The state variables are updated within each step (st and 2nd FE MIT-SR), then the final

state variables are obtain by averaging both results as:

t+tk al(i) 1 1 t+tkafl(i)

2

t+tkb(i) 1 [t+tkbl(i)
2

t+tkR 1= [t+tkRl(i)
a 2 [ a

+ t+tk a2(i)

+ t+tkb2(O]

+ t+tkR2(1 ]
a
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t+tk ah = t+tk a hii) + t+tk h 2 (i) (3.30)
2

t+tk 17 h I t+tk f) + t+tk h2 (i) (3.31)
2

The successfully computed stresses and state variables are backed up in order to create a

restore point for consecutive steps. In addition, the Jacobian contribution of the step is

computed, the sum of tk is updated and the stresses and state variables are redefined as:

t6 (i) = t+tku(i) (3.32)

tSV(i) = t+tkSV(i) (3.33)

Figure 3.3 shows a qualitative flow-chart of the MIT-SR constitutive model subroutine. It

describes the sequence of computations that the model performs in order to obtain the stresses and

state variables from the constitutive perspective. It utilizes the equations presented in Chapter 2.

3.3. MIT-SR VERIFICATION

This section describes the procedure carried out to verify the accuracy of the explicit

integration algorithm of MIT-SR model in Abaqus. The model is verified for elemental Ko-

Consolidated triaxial undrained compression and extension tests, CKOUC and CKOUE, for

normally consolidated Resedimented Boston Blue Clay (RBBC). The calibrated material

properties for RBBC are the same as presented in Chapter 2 (Yuan 2016).

Considering the time-dependency in the MIT-SR formulation, the predicted effects of strain

rate are a function of state variables that depend on the past time history of strains. It is then critical

how the initial state variables are specified. The current applications assume a hypothetical sample

with an initial Ko ~ 1.0 at OCR=4.0, where creep effects are assumed to be negligible (this is also

a reference condition used in lab re-sedimentation procedures; Germaine, 2016).

The hypothetical sample has an isotropic triaxial initial state of effective stress of:

a'h a' 25 kPa- = - = - = 0.25
a'Po Ur'PO 100 kPa
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where 'f and a', are the horizontal and vertical effective stress, respectively; and U'po is the

initial vertical preconsolidation pressure (in this example it is assumed that U'po = Patm,

atmospheric pressure). In transformed stress space, this corresponds to:

010, 1 __S 2  S3 = 3
--- = 0.25 ;- - 0

po 0 p0 6 
p0 lpo

The over consolidation ratio (OCR) is given by the initial size of the reference surface as:

a' 1
- =-(1 + 2KONC)= 0.66

Uf'po 3

The initial orientation of the reference surface is given by b. In transformed space, the

components are:

b ONC 0-.63; b 2  3 =0
11 + 2KONCI

The initial activated rate due to historic straining is assumed to be:

1
Ra = 0.01

d ay

The hysteretic state parameters are assumed to be the same as the initial state of stress:

- = , U0= 0.25 ; 11h = 77h = 17 = 0

A summary of the non-zero initial stresses and state variables are provided in Table 3.1.

The elemental simulation of CKO UC and CKO UE follows the laboratory procedure described

by Sheahan (1991), as follows:

1) Ko-consolidation from the initial isotropic stress state up to a vertical strain E, = 10% at a

rate of 0.10 %/hr. At this state, the soil reaches a normally consolidated state, i.e. the

loading surface matches the reference surface.

2) 1 D Creep is allowed during a period of 24 hours at a constant effective stress state.

3) Undrained triaxial compression and extension are carried out at strain rates, ea =0.05, 0.50,

5 and 50 %/hr. The shearing is displacement-controlled type, where vertical displacements

are imposed until reaching critical state.

Table 3.2 presents the pre-shear stresses and state variables (immediately after the 24 hours

creep period). At the end of this drained creep stage, the vertical effective stress is, '/Patm =

2.89, and the horizontal effective stress, uhj/Patm = 1.45. The stresses are normalized by the mean
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effective stress, a'/Patm = (a, + 2Oh)/3Patm = 1.93. It is interesting to note that the value of

the initial activated rate due to historical straining is non-zero, Ra = 0.003191/day, and thus it

will have implications on the shearing response phase.

The results obtained from the finite element analysis in ABAQUS TM are compared with a

point-level laboratory test simulator, Modlab (originally developed by Kavvadas, 1982) which was

adapted by Yuan (2016) to include MIT-SR model. Figures 3.4 and 3.5 show the effective stress

paths the shear stress-strain response for KO-consolidated undrained triaxial compression,

respectively. Figures 3.6 and 3.7 present the same plots for KO-consolidated undrained triaxial

extension.

The normalization for both tests is done using the pre-shear vertical effective stress, u'vc =

300 kPa. The results of the simulations in Figures 3.4-3.7 show behavior in l-D KO-consolidation

phase. The following observations can be made:

" The normalized initial mean effective stress is defined as ao/',c (= 25/300 = 0.083). Due

to the isotropic initial state of stress, the shear stresses are zero (Figures 3.4 and 3.6).

" The effective stress path during KO-consolidation has two well defined slopes. The first

slope is higher than the second one, since they represent over-consolidated and normally-

consolidated 1 -D compression behavior, respectively. The transition point is well located

and it corresponds to the normalized vertical preconsolidation pressure &'po/&'vc (=

100/300 = 0.33) (Figures 3.4 and 3.6). It terms of vertical strain, this transition is produced

at E. = 2 % (Figures 3.5 and 3.7).

" The pre-shear state corresponds to a normally consolidated state of stress. It can be

observed that the normalized horizontal and vertical effective stresses are: 'h/u',c =

0.49 and a',/cr',c = 1.00, respectively (i.e., KONC = 0.49; Figures 3.4 and 3.6).

" The KO-consolidation is continued to an axial strain, E, = 10%. The 24 hours creep period

entails an additional axial strain of AEV = 0.35%. Thus, the pre-shear vertical strain is

10.35% (Figures 3.5 and 3.7).

The effects of strain rate on MIT-SR predictions for CKO UC tests were already discussed in

Chapter 2. They can be summarized as follow:

1) The undrained shear strength ratio ranges from su TC /oU = 0.32 to 0.38, corresponding to

the minimum and maximum shear strain rate, respectively.
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2) The increase of undrained shear strength is approximately 5 % for each log cycle of strain

rate.

3) The undrained shear strength is reached within a range of shear axial strain of, ea=0. 2 0 to

0.25 %.

4) There is a post-peak softening and all tests reach critical state with the same friction angle,

but with different residual undrained shear strength (depending on strain rate) (Figure 3.4

and 3.5).

The predictions for CKO UE tests show different characteristics:

1) The undrained shear strength ratio ranges from Su TE /ac = 0.12 to 0.15 (i.e., SU TE Su TC

0.38 - 0.39), which reflects the anisotropic behavior of the clay.

2) The increase of undrained shear strength is 7 % for each log cycle of strain rate.

3) The peak undrained shear strength is reached at large deformations. There is no post-peak

strain softening in the CKO UE tests (Figures 3.6 and 3.7).

All of these results show excellent matching between ABAQUSTM and Modlab, and hence,

confirm implementation of the MIT-SR model as a User Defined Material (UMAT) in Abaqus.
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Table 3.1 Initial Stresses and State variables for hypothetical sample with OCR=4 (Yuan, 2016)

_' a' b Rad o e

ap0 Up pY p0
0.25 0.66 0.63 0.01 0.25 1.10

Table 3.2 Pre-shear Stresses and State variables for RBBC sample with OCR=1 (Yuan, 2016)

_, ' h h R 1 e

Patm o' U' dayi
1.93 1.04 0.613 0.867 0.615 0.00319 0.89
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Figure 3.1 Materially Non-Linear Finite Element Method Solution Scheme (Adapted from Hashash, 1992)
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Figure 3.2 MIT-SR Modified Euler integration scheme with automatic sub-stepping
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START MIT-SR FEI STEP

- CALCULATE IMAGE STRESS a' AND RADIAL MAPPING RATIO r"/a' = a'la'

- CALCULATE HYSTERETIC STATES (f, f) [Eqn. 2.37 and 2.38]

- COMPUTE ELASTIC CONSTANTS (K, 2G) AND (KT , 2GT ) [Eqn. 2.44 and 2.45]

- GRADIENT OF REFERENCE SURFACE AT IMAGE POINT (Q, Q -) [Eqn. 2.17]

- COMPUTE ELASTIC STRESS INCREMENTS

- COMPUTE LOADING CONDITION (CL) [Eqn. 2.16]

- FLOW DIRECTION AT IMAGE POINT (P, P') [Eqn. 2.20 and 2.21]

- COMPUTE VISCOPLASTIC STRAIN MAGNITUDE (AP) [Eqn. 2.28 and 2.29]

- COMPUTE ELASTO - PLASTIC MODULUS (H) AT IMAGE POINT [Eqn. 2.19]

- COMPUTE PLASTIC MULTIPLIER (A) AT IMAGE POINT [Eqn. 2.18]

- COMPUTE VISCOPLASTIC STRAIN INCREMENT (t",E') [Eqn.2.27]

- EVALUATE DILATION STRAIN RATE (tdil) [Eqn. 2.47]

- UPDATE STRESS INCREMENT (&',S) [Eqn. 2.46]

CUr > 0 N

-UPDATE Ra [Eqn. 2.30,2.31,2.32 and 2.33] -UPDATE Ra Eqn.2.34]

-CALCULATE HARDENING (a, b) [Eqn. 2.22,2.23,2.24,2.25 and 2.26]

- UPDATE HYSTERETIC COMPONENTS (o', 1') [Eqn. 2.39 and 2.40]

- UPDATE STRESSES AT CURRENT AND IMAGE POINT

-UPDATE VOID RATIO

END EULER STEP

Figure 3.3 MIT-SR constitutive model computation subroutine with Forward Euler Integration

(FEI)
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Figure 3.4 Comparison of computed normalized effective stress paths for CKoUC tests at different shear strain rates for NC RBBC, using

Abaqus UMAT implementation and Modlab point level solver
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Figure 3.5 Comparison of computed stress-strain curves for CKoUC tests at different shear strain rates for NC RBBC, using Abaqus UMAT

implementation and Modlab point level solver

66



CKOUE Tests - Effective Stress Paths
OCR=1.0. RBBC 24 hours creep

MIT-SR MODEL
INITIAL C-' o = 100 kPa
STATE a' = 300 kPa
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Figure 3.6 Comparison of computed normalized effective stress paths for CKoUE tests at different shear strain rates for NC RBBC, using

Abaqus UMAT implementation and Modlab point level solver
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CKOUE Tests - Shear Stress-strain R
OCR=1.0. RBBC
MIT-SR MODEL

INITIAL U'po = 100 k
STATE a'Ve = 300 k
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Figure 3.7 Comparison of computed stress-strain curves
UMAT implementation and Modlab point level solver

for CKoUE tests at different shear strain rates for NC RBBC, using Abaqus
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4. EFFECTS OF DISTURBANCE AND STRAIN RATES ON FULL DISPLACEMENT

PRESSUREMETERS INTERPRETATIONS

4.1. INTRODUCTION

Pressuremeters are the only in-situ testing method that can measure directly the stress-strain

properties of soils. In principle, pressuremeter tests are a practical realization of a cylindrical cavity

expansion and the measured data (pressure and radius of the cylinder) can be used to obtain

important engineering properties such as the undrained shear strength of clay (Baguelin, 1972;

Palmer, 1975; Ladanyi, 1972). However, the disturbance (i.e., changes in stresses and soil

properties) that occur during device installation can cause considerable differences between

properties interpreted from actual pressuremeter tests are compared with the ideal cavity expansion

(i.e., elemental mode of shearing). The aim of this chapter is to investigate how disturbances and

strain rate effects affect the results for two specific types of pressuremeters, the Full Displacement

or cone-pressuremeter (FDPM) and the Self-Boring pressuremeter (SBPM). This chapter presents

simulations of ideal pressuremeter tests as a cylindrical cavity expansion with input parameters of

Resedimented Boston Blue Clay at different OCR using the MIT-SR constitutive model (Yuan

2016). The simulations consider the effects of strain rate and stress history on undrained shear

strength ratio from ideal pressuremeter. Following Aubeny et al. (2000), disturbances associated

with the FDPM and SBPM installation are then represented by the Strain Path Method (Baligh,

1985) combined with MIT-SR. Cylindrical cavity expansion analyses are applied using the

disturbed field of initial stresses and strain rates to compare with the previously obtained behavior

of intact clay.

4.2. BACKGROUND

4.2.1. Pressuremeter equipment and procedures

The FDPM device (Withers et al., 1990) consists of a piezocone that has a pressuremeter

module incorporated on the shaft. In theory, this device combines two great advantages: 1)

capturing continuous measurements of soil properties during cone penetration, and 2) direct

measurement of stress-strain properties of the soil at specific depths (by membrane expansion).

The main disadvantage of FDPM is the excessive disturbance (i.e., changes in soil stresses and

properties) that occurs during installation, since the volume of the probe must be accommodated
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by soil deformations. The undrained shear strengths interpreted from FDPM tests generally differ

substantially from reference laboratory test measurements.

The device geometry is presented in Figure 4.1 (Aubeny et al., 2000). The testing procedure

can be summarized as follows (Campanella et al., 1990): 1) The cone is pushed at a penetration

rate of 120cm/min; 2) the delay time prior to membrane expansion varies from 1.5-13 min; 3) the

membrane expansion rate varies from 5-1 0%/min.

Self-Boring Pressuremeters (SBPM) were developed independently by Baguelin et al. (1972)

and Wroth and Hughes (1973). They consist of a hollow cylinder equipped with a pressuremeter

module on the shaft and a sharp cutting shoe (or jetting tip) and flushing system for soil extraction.

The main advantage of this device is that installation disturbances of the surrounding ground are

minimized. In theory, this enables the SBPM tests to measure undisturbed stress-strain properties

at specific depths. The main disadvantages are: 1) equipment complexity and cost and 2) the

general overestimation of undrained shear strengths when compared with laboratory tests on high

quality soil samples (e.g., Ghionna et al. 1982 and Jamiolkowski et al. 1985).

An illustration of SBPM devices are presented in Figure 4.1 (Aubeny et al., 2000). The testing

procedure varies according to recommendations of different authors (Benoit and Clough, 1986;

Denby and Clough, 1980; Lacasse and Lunne, 1982; Windle and Wroth, 1977; Ladd et al.. 1980),

but typically involves: 1) SBPMs advance at a penetration rate ranging from 1.5 to 20 cm/min; 2)

consolidation is allowed to occur during a time ranging from 30 to 1300 min (where full dissipation

of installation-induced excess pore pressures occurs); 3) the membrane is expanded at a rate of

1 %/min.

4.2.2. Cylindrical Cavity Expansion Method (CEM)

If the pressuremeter test is represented as the expansion of a cylindrical cavity in an infinite

medium, its interpretation can be reduced to an axisymmetric problemi, where all field variables

are a function only of the radial coordinates (this also implies that the membrane is infinitely long,

what is a non-trivial simplification).

In addition to this assumption, undrained shear conditions will occur in low permeability clay

if the membrane expansion is sufficiently rapid in order to minimize the dissipation of excess pore

'The axisymmetric problem involves: Ezz = Yr = Yre = Yez = 0, Err = aur/ar and E6 0 = Urir
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pressures. For the cases of FDPM and SBPM, the typical expansion rates range from 60 %/hr to

600 %/hr, which is sufficient to ensure undrained shearing conditions.

Under these conditions, and assuming that the soil is homogeneous, cross-anisotropic and

incompressible, the deformations and strains are independent of the constitutive equations and can

be determined from geometrical considerations. The volumetric changes on the membrane (i.e.

cavity strains) can be related to the radial strains in the soil mass by (Levadoux, 1977):

Err -= -EO = 1 AV RO 2  (4.1)
2 V r)

where: AV/V = (R 2 - R2)/Ro is the volumetric strain due to cavity expansion, RO and R are the

initial and final radii of the cavity; and r is the radial distance.

The effective stresses are then computed based on chosen selected constitutive model, and

excess pore pressures are obtained by integrating the equilibrium equations in the radial direction:

au a 'rr - U'0 0  au'rr (4.2)

a r ar

where: u = u0 at r -- oo, is the in situ pore pressure in the far field.

There are several methods to interpret undrained shear strengths from pressuremeter testing.

For undrained shearing, the method proposed by Baguelin, Palmer and Ladanyi is used since the

complete non-linear stress-strain response of the clay is derived directly from the measured

expansion curve independent of the strength and stiffness properties (Baguelin, 1972; Palmer,

1975; Ladanyi, 1972).

qh =p(1+SE) d (4.3)
qh E(1+ O)( +T2 dE 0

where: qh = (Urr - a0 0)/2 is the cavity shear stress adjacent to the membrane and su=max(qh);
AR

E= - ; and p is the applied pressure inside the pressuremeter.
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4.2.3. Strain Path Method (SPM)

4.2.3.1. Method description

The previously described cylindrical Cavity Expansion Method (CEM), has been used to

compute changes in stresses and soil properties due to piezocone installation under the assumption

that Ro = 0 and R is the radius of the pressuremeter (Randolph et al., 1979). Although this is an

attractive approximation because of its simplicity, it approximates the penetration process by a 1-

D radial deformation model.

In contrast, the Strain Path Method (SPM; Baligh, 1985) provides a framework that simulates

the two dimensional deformations caused by device installation (ur, u,). SPM simulates the steady

flow of soil around a stationary penetrometer as an incompressible, irrotational and inviscid fluid

such that the flow pattern (velocities, strain rates and strains) are independent of the constitutive

soil properties. Strains are obtained by integrating strain rates along streamlines. Once strains are

known, approximate stresses and pore pressures can be obtained by means of a realistic

constitutive model and equilibrium equations. It is important to remark that this is an

approximation, and exact stresses and pore pressures will be obtained only if the predicted strain

field matches will the real problem. This has been shown to be a reasonable approximation for

many undrained penetration problems (Whittle and Aubeny, 1992)

Figure 4.2 provides the steps that are followed during the SPM application. They can be

summarized as follows:

1) Estimate initial stresses ( 04) and initial pore pressures (uo) before disturbance.

2) Estimate the velocity field of soil particles moving around the penetrometer satisfying the

conservation of mass and boundary conditions. The cone penetrometer can be

approximated a simple pile (i.e., a single spherical source) for the velocities and strain rates

are determined analytically (Baligh, 1985; Houlsby and Teh, 1986).

3) Compute soil deformations by integrating velocities along streamlines.

4) Compute strain rates (0.g) by differentiating the velocity field with respect to spatial

coordinates.

5) Integrate strain rates along streamlines to obtain strain paths for different soil elements.

6) The effective stresses can be determined from the strain path of various elements by an an

effective stress soil model. In the case of MIT-SR the effective stresses are determined
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from strains and strain rates. Figure 4.2 also shows a total stress approach using two

separate constitutive models to determine the deviatoric stresses si (= oi - U.ct6j1), and

the shear-induced pore pressures (us), from which the effective stresses are

obtained (o'i1 = sij - usS1i).

7) Given the effective stresses, the pore pressures Au (= Au0 ct + Au,) are computed from

equilibrium considerations. In the current application, the pore pressures around the

pressuremeter membrane are found from radial equilibrium.

8) Knowing the effective stresses and pore pressures, total stresses can be easily computed

aii(= aij + uSij).

4.2.3.2. SPM Simple Pile Solution

Consider a spherical source located at the origin of a spherical coordinate system (Figure 4.3)

discharging an incompressible material at a rate of volume V per unit time. The velocity

components of a fluid element located at any radius p (Fig. 4.3a) are given by:

0uV =0 (4.4)

The same results in cylindrical coordinates are:

V sinqp ;U LV COS9 ;p 2 =r2 +z2;q arctanr (4.5)
41rp 41r p2 z

The Simple Pile Solution (Fig. 4.3b) is derived by superimposing the spherical source in a

uniform flow field with velocity, U, in the vertical direction. The velocity field is now:

Ur = ur; uz = uz + U (4.6)

In a cylindrical coordinate system, the components of strain rates (the sign convention assumes

compressive strains are positive) during axisymmetric simple pile penetration in an infinite

medium are given by:
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. -ft' . -avz . -Vr .Vr 1 aVr +av (4.7)
Err - Ezz =-- E00 = -; Erz ~ar , r r 2 az ar

From equations (4.5), (4.6), (4.7) and the strain rates can be deduced:

-V -V
'rr = 4  3 .(cos'p - 2 sinp) ; 4zz = (4.8)

-V -V3
tee = 4 3  rz = . -- sin2p

4xp4rp 3 ( 2

This solution is directly applicable for the Full Displacement Pressuremeter, as it is simulates

as a closed-ended pile where the volume of the probe is entirely accommodated by soil

deformations.

4.2.3.3. SPM Open-Ended Pile Solution

The Self-Boring Pressuremeter comprises a hollow cylindrical penetrometer that extracts the

soil to accommodate the volume of the device. In general, the volume of the soil can be either

greater or less than the volume of the penetrometer. A detailed analytical or numerical simulation

of such process is currently not available. Nevertheless, Aubeny (1992) presented an approximate

solution approached using the Strain Path Method by superimposing: 1) the tube geometry by

means of a ring source in a uniform flow field (Chin, 1986): and 2) a point sink to model the

removal of soil during penetration.

Aubeny (1992) states that three parameters are required to describe a simplified model of self-

boring pressuremeter using a single sink point: 1) an aspect ratio, B/t, to characterize the geometry

of the penetrometer; 2) a rate of soil extraction, defined as a fraction of volume displaced by the

penetrometer f=Vsnk/Vsource, where Vso.ce is the ring source strength and Vsing is the sink strength

corresponding to the soil extraction; 3) location of the point sink (z/R=O for the SBPM).

Figure 4.4 presents the deformation grids for extreme soil extraction rates f = 0 and 1,

corresponding to a device with B/t= 12. For this particular study, the strain and strain rates obtained

for the ideal case of f = 1 will be used, which implies perfect self-boring (i.e., the rate of soil

volume extracted balances the rate of soil displaced by the penetrometer).
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4.3. UNDRAINED SHEAR STRENGHTS FOR PRESSUREMETER TESTS IN INTACT RBBC

The undrained shear strength ratios (s1 /cr',c) of intact (i.e., undisturbed) Resedimented Boston

Blue Clay (RBBC) during ideal pressuremeter testing condition are interpreted directly from CEM

theory. The MIT-SR constitutive model is used to evaluate the effects of radial strain rates

(trr=0.5%/hr., 5%/hr., 50%/hr. and 500%/hr.) on the computed values of s,/',, at different

OCRs=1.0, 2.0 and 4.0. The minimum radial strain rate was chosen based on the rates commonly

used in lab tests (0.5%/hr.) and the maximum based on the FDPM membrane expansion rate

(500%/hr.).

4.3.1. MIT-SR model parameters and Initial State variables

Input parameters for the MIT-SR model were previously calibrated for Resedimented Boston

Blue Clay (RBBC) by Yuan (2016), and presented in Chapter 2 (Table 2.5).

The initial state variables were obtained following the same procedure described in Chapter 3

(i.e. 1D loading of a hypothetical sample at OCR=4.0 where creep effects are negligible, the state

of stress is isotropic and the material behaves almost elastically). The soil is then consolidated into

NC regime, following by 1 D swelling to specified OCR.

The hypothetical sample has an isotropic triaxial initial state of effective stress of U'h/'po =

a 'V/U'p0 = 0.25, where: U'h is the horizontal effective stress; u', is the vertical effective stress

and L'po is the initial vertical preconsolidation pressure. In order to obtain state variables for the

corresponding OCR, lab testing procedures proposed by Sheahan are followed (Sheahan, 1991).

" For OCR=1.0: The sample is Ko-consolidated up to a',,c'Po = 4 at a rate of 0.1%/hr. in

order to avoid generating significant excess pore pressures. Then, the sample is allowed to

creep over a period of 24 hr.

" For OCR=2.0: Follow the same procedure as OCR=1.0 is followed. After creep, impose a

Ko-swelling to u'p/'c = 2 (OCR=2.0), and allow 24 hrs. creep.

" For OCR=4.0: Follow the same procedure but unload to u'p,/a',, = 1 and allow 24 hrs.

creep.
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The state variables in Transformed coordinates obtained at the end of the consolidation are

summarized in Table 2.1.

4.3.2. Undrained cylindrical cavity expansion for undisturbed clay

Elemental cylindrical cavity expansion simulations have been performed on undisturbed

RBBC using the MIT-SR model at three different OCRs and four different radial strain rates. The

radial strains are computed from equation (4.1) with expansion to a maximum volumetric cavity

expansion of, E0 = 30% (which corresponds to a radial strain, Er=R = 17.64% at the cavity wall).

The radial strains and strain rates are uniquely defined at all locations as shown in Figure 4.5a and

4.5b.

Once the effective stresses are computed using the MIT-SR model, excess pore pressures are

obtained from radial equilibrium, Eqn. (4.2). Figure 4.6 summarizes the predicted radial

distributions of the excess pore pressure, Au/u'o, and the principal effective stresses (ar/ao;

auz/a 0o and ar 8 /a(,O) for OCRs=1.0, 2.0 and 4.0 at imposed radial strain rates of r =

0.5 %/hr and 500 %/hr.

The results show only small increases in pore pressures with strain rates at all OCRs. Strain

rate effects are most notable in predictions of Grr/G'o and a'z/avo at OCR=4.0 (Figure 4.6.c).

Figure 4.7 shows the overall total radial stress vs strain at the wall ((Grr - uo)/aU1 o vs log Err)

predicted for cavity expansion at the two extreme membrane strain rates. According to equation

(4.3), the shear stress, qh, is related to the gradient of this figure. Table 4.2 summarizes the

corresponding values of undrained shear strength, su=maxqh I, from the computed behavior. The

results show that undrained strength ratio of each OCR increases by approximately 5.5-6.0 % per

log cycle of strain rate, also shown in Figure 4.8. It should be noted that the undrained shear

strength ratio for NC RBBC interpreted from CEM is very close to the values reported by Ladd

and Foot (1974) corresponding to Direct Simple Shear for clays with similar Plasticity Index. The

variations of su/a've with OCR, match SHANSEP predictions proposed by Ladd et al. (1977).

4.4. EFFECT OF INSTALLATION DISTURBANCE

4.4.1. Full Displacement Pressuremeter

The cavity expansion analysis previously presented was done for ideal intact conditions (i.e.,

no installation disturbance). This assumption is far from what occurs in reality, especially for

FDPM tests where penetration causes major disturbance of the soil mass.
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Strain Path analyses for the simple pile geometry is used to represent the disturbed stress field

for FDPM installation. In standard practice, typical FDPM penetration velocities are 2cm/sec, and

hence no drainage is expected for low permeability clay.

The degree of consolidation of a soil during cone penetration depends on the penetration

velocity, V, the cone diameter, D, and the consolidation coefficient of the soil, cv. According to

Randolph and Hope (2004), these variables defines a non-dimensional velocity, v, which has to be

great than 30 in order to satisfy undrained conditions during cone penetration in clays.

V. D (4.9)
v =-- >30

CV

For this particular case, the cone diameter is 4.37cm (Figure 4.1) and the consolidation

coefficient, cv = 0.001 - 0.04 cm 2 /sec for NC and OC BBC, respectively. (Ladd et al., 1994;

Levadoux and Baligh, 1986). According to Eqn. (4.9), a penetration velocity, v > 0.27 cm/sec will

satisfy the criterion for undrained penetration.

In order to illustrate how penetration velocities affect the disturbed field, three different

velocities with variations of one order of magnitude among them are chosen: v = 0.02cm/sec,

0.2cm/sec and 2cm/sec. The effect of penetration velocities on the octahedral strain rates (Baligh,

1985) distribution around the cone are presented in Figure 4.9. As expected, from Eqn. (4.8), the

strain rates vary in direct proportion to the penetrometer velocity. Thus, an order of magnitude

increment in the penetration velocity reflects an order of magnitude increment in the strain rate

field (Figure 4.9). In addition, it can be observed that strain rates as high as 50,000 %/hr. occur

close to the cone tip, which is five orders of magnitude higher that conventional lab tests. In

contrast, the strain field is identical for the three penetration rates (i.e., strains are a unique function

of the penetrometer geometry; Baligh, 1985).

Figures 4.10-4.13 present contours of octahedral shear strains and the associated stress

components (using the transformed tensorial measures in Table 2.1; Kavvadas, 1982) for the cone

penetration in NC RBBC.. It can be observed that there is a significant effect of penetration

velocity on the mean effective stress field through the soil mass. Smaller changes in mean effective

stresses (i.e., shear induced pore pressures Au, = -A-') occur for higher velocities of penetration,

consistent with elemental triaxial tests. Strain rate effects on the triaxial shear (S1) and direct simple
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shear components (S 3) are most clearly noticed below the tip of the cone, while the cavity

expansion shear mode component (S 2) is mostly affected above the base of the cone.

Since the objective is to analyze the influence of disturbances on the interpretation of

undrained shear strength using FDPM, the main focus of the current study is the radial distribution

of stresses around the shaft. Figure 4.14 shows the variation of the normalized stresses and excess

pore pressures for three different penetration velocities at z/RO=60 above the tip of the cone (close

to the middle of pressuremeter membrane). It can be observed that the largest differences in

effective stresses occur in the region 4 5 r/RO 20. However, close to the penetrometer surface

(1 r/RO 5 4), the results show the cavity shear stress, q/ali, at critical state.

4.4.1.1. Undrained cylindrical cavity expansion for FDPM test

The previous analysis described strain path analyses of stress field disturbance associated with

cone penetration in RBBC using the MIT-SR model. These simulations represent initial conditions

for the FPDM test. This section assumes an initial penetration velocity of 2cm/sec in RBBC prior

to cavity expansion analysis of two strain rates er = 0.5/hr. (similar to lab test conditions) and

500%/hr. (similar to in-situ FDPM test). The cavity expansion is assumed to occur immediate after

FDPM installation (i.e., there is no excess pore pressure dissipation prior to the membrane

expansion). This can be considered a good approximation for FDPM since the maximum waiting

time between installation and membrane expansion is typically 13 minutes (Campanella et al.,

1990).

The radial distributions of normalized effective stresses and excess pore pressures after a

membrane expansion to sO = 30% are presented in Figure 4.15. There are interesting observations

to be made:

" As expected, membrane expansion increases the cavity shear stress (qh/u'vc) and radial

effective stress (G'rr/a'vc) close to the membrane. There is also an increase in excess pore

pressure in this region.

" The normalized mean and radial effective stress are equal of higher than initial conditions

when a radial strain rate of 500%/hr. is applied during the expansion. This is important, as

it implies that the soil is hardening due to strain rate effects instead of softening at large

strains.
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* The normalized mean and radial effective stress are less than initial conditions when a

radial strain rate of 0.5%/hr. is applied during the expansion.

Figure 4.16 compares the computed pressuremeter expansion results for ideal and FDPM tests

with membrane expansion at 0.5 %/hr and 500 %/hr. The undrained shear strength corresponds to

the maximum gradient in this space.

The results confirm earlier findings (Aubeny et al., 2000) that the FDPM test significantly

underestimate the undrained shear strength of NC RBBC (su/o've = 0.106-0.127 vs su/G'vc =

0.245-0.286) due to the disturbance caused by prior penetration. The interpreted undrained shear

strength ratio for FDPM is affected by the membrane expansion rate (su/a've = 0.127 for 500 %/hr

vs su/G've = 0.106 for 0.5 %/hr).

4.4.2. Self-Boring Pressuremeter

Figure 4.17 presents strain path predictions of octahedral shear strain contours due to ideal

SBPM penetration (i.e., f = 1). The zone of disturbance is localized around the tip of the

penetrometer and a thin annulus around the membrane (E = 0.5% is located at r/RO = 1-2). Thus,

it is expected different penetration velocities will have a negligible effect on the stress condition

near to the SBPM membrane (note the current analysis assumez/Ro = 60 for the membrane). The

current analysis assume a penetration velocity, v=0.02 cm/sec (undrained condition will prevail

for v>0.007 cm/sec according to Eqn. 4.9 for NC RBBC).

Figure 4.18 shows the radial variation of normalized stresses and excess pore pressures caused

by the ideal self-boring at a reference height, z/RO=60, above the cutting tip. It can be observed

that the largest differences in effective stresses occur at r/RO 3 (in contrast to the FDPM where

the disturbed field extends to r/Ro= 20). In addition, the excess pore pressures generated by self-

boring installation are negligible (Au/u've < 0.2).

4.4.2.1. Undrained cylindrical cavity expansion for SBPM test

Cavity expansion for the SBPM test was simulated assuming two extreme membrane strain

rates, er = 0.5%/hr and 500%/hr.

Figure 4.19 compares the radial distributions of stresses before and after membrane expansion.

There are interesting observations to be made:
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" The generated excess pore pressures due to membrane expansion is almost independently

of the applied expansion rate (almost the same excess pore pressures were generated for

0.5%/hr and 500%/h).

" The normalized radial effective stresses after the expansion (a'rr/a'v; Figure 4.19b), for

both expansion rates, are higher than the initial Ko-conditions. In contrast, the normalized

mean effective stresses (U'rr/U'vc, Figure 4.19d) after the expansion are lower than the

initial conditions.

The undrained shear strength for the SBPM tests can be interpreted from the gradient of the

radial pressure vs log (AR/Ro) expansion plot in Figure 4.20.

The results show that SBPM undrained shear strength ratio is slightly overestimated (su/a'v, =

0.289 - 0.342) when compared to the property of intact RBBC (su/u've = 0.245 - 0.286, for er =

0.5%/hr and 500%/hr, respectively). These results matches with the trend presented by Aubeny et

al. (2000), and can be explained by the fact that disturbances are negligible during SBPM

installation. Following the same behavior, the undrained shear strength ratio for the same disturbed

field but with an expansion rate of 500%/hr. (su/a've = 0.342) is slightly higher than the intact

case with the same strain rate (su/u've = 0.286).

4.5. CONCLUSIONS

The performance of Full Displacement and Self-Boring pressuremeter tests (FDPM and

SBPM) have been compared with ideal behavior in cylindrical cavity expansion (CEM) using the

framework of the Strain Path Method (SPM) and predictions of the rate dependent MIT-SR model.

The analyses assume undrained behavior during penetration and in membrane expansion (based

on actual test procedures) with membrane expansion rate in the range 0.5 %/hr. to 500 %/hr.

It was shown that disturbances of the stress field (simulated by Strain Path analyses) play a

vital role in the interpretation undrained shear strength. For the FDPM case, using the same

expansion rate, the disturbed NC RBBC can have as low as 40% of the undrained shear strength

of the intact NC RBBC. In contrast, for the SBPM case, the disturbed NC RBBC tend to have a

slightly higher undrained shear strength (approximately 15-20 %) than the intact NC RBBC.
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Table 4.1 Initial State Variables and Final State variables for MIT-SR predictions of RBBC

' S, a' b b 1  Rh h e
U, U, U, Uda gj

Initial 0.25 0.00 0.66 1.00 0.630 0.01 0.250 0.00 1.10
OCR 1.0 0.66 0.41 0.69 1.00 0.615 1.OE-5* 0.578 0.62 0.84
OCR 2.0 0.37 0.16 0.65 1.00 0.615 1.86E-7 0.431 0.46 0.85
OCR 4.0 0.22 0.04 0.59 1.00 0.615 5.57E-10 0.258 0.2046 0.87
* This value was assumed to avoid stress relaxation at the far field.

Table 4.2 Undrained Shear Strength Ratio as a function of OCR and Strain Rates for ideal CEM
with MIT-SR model for RBBC

sU/U'yC

er (%/hr.) OCR=1.0 OCR=2.0 OCR=4.0
500 0.286 0.499 0.877
50 0.265 0.467 0.828
5 0.254 0.450 0.803

0.5 0.245 0.424 0.755
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5. RE-ANALYSIS OF AN EMBANKMENT ON BOSTON BLUE CLAY

5.1. INTRODUCTION

Interstate 95 (1-95) is currently the most heavily used highway on the East coast of the United

States. In the 1960's a 3.9 km section of highway embankment was built across Rumney Marsh in

Saugus, MA (8 km north of Boston). This section of the proposed 1-95 was never completed, but

was extensively monitored as part of a research project conducted at MIT (MIT-MDPW test

embankment; Wolfskill and Soydemir, 1971; MIT, 1969). The instrumentation included

piezometers, inclinometers and settlements rods to measure the performance of the underlying

40'm of Boston Blue Clay (BBC) during staged construction of the 1 m high embankment and

subsequent consolidation (Whittle, 1974). In addition, an extensive laboratory test program was

conducted on the properties of the BBC (Guertin, 1967; Ladd et al., 1980; Ghantous, 1982; Varney,

1997).

Ladd et al. (1994) re-interpreted the engineering properties at the site and carried out finite

element analysis that incorporated coupled consolidation with two effective stress soil models:

Modified Cam Clay (MCC; Roscoe and Burland, 1969) and MIT-E3 (Whittle and Kavvadas,

1994). Ladd et al. (1994) report generally good agreement with measured settlements and pore

pressures using both MCC and MIT-E3 model, although both tend to a) underestimate settlements

in the upper 15m of the clay and b) overestimate excess pore pressures in the upper clay. Their

analyses show that lateral spreading during consolidation can be reasonably predicted by the

anisotropic MIT-E3 model, while the isotropic MCC model gave a very poor representation of the

measured behavior. While Ladd et al. (1994) report on the importance of anisotropic yielding in

predicting lateral spreading, other authors (notably Kavazanjian at al., 1985) claim that this

behavior is primarily due to the creep behavior of the clay. With the development of MIT-SR

(Yuan, 2016) it is now possible to re-asses the measured performance using a soil model that

represents both anisotropic and time-dependent stress-strain properties of BBC.

5.2. THE 1-95 RESEARCH PROJECT

The original 1-95 research project began in September 1965 with preconstruction activities

along a 3.9 km extension of the Interstate Highway I-95, located at the north of Boston. The

alignment started from the south at Cutler Circle in Revere (Sta. 190) and ended northward at the
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Saugus River in Saugus (Figure 5.1). The site consists on a low tidal marsh area covered with peat

underlain by a thick deposit of Boston Blue Clay, glacio-marine till and shale. Construction

operations began in August 1967 with the replacement of top the peat layer with a sand layer. By

July 1969, the 11 m embankment construction was completed.

The MIT-MDPW Test Section is located at Sta. 246 approximately 400m north of Pine River.

Figure 5.2 presents a vertical cross section of the Sta.246 with the corresponding location of the

instrumentation. The embankment construction was done in three stages over a period of 1.5 years,

with a subsequent monitoring of consolidation during four years. The extensive laboratory and in-

situ test programs carried out at this particular site plus innumerable tests conducted on

Resedimented Boston Blue Clay (RBBC) at MIT provided insightful data to allow calibration of

complex soil models, such as MIT-E3 and MIT-SR.

5.2.1. Test section soil layering

The subsurface conditions (Figure 5.3) were obtained by means of borings, laboratory tests

and field tests. The ground surface is located at an elevation El. +1.5 m with ground water table at

El. +0.76 m. There is an small artesian pressure of 1.52m at the bottom of the till layer. The

underlying soil layers consist of:

" Soft peat: From El. 0 m to El. +1.5 m.

* Poorly graded marine sand: From El. -3 m to El. 0 m.

" Post-glacial illitic marine clay (Boston Blue Clay): From El. -42.6 m to El. -3 m.

* Dense glacial till: From El. -50 m to El. -42.6 m.

* Gray shale argillite bedrock.

5.2.2. Construction sequence

As shown in Figure 5.2, the MIT-MDPW Test Section was constructed in three main stages.

Stage 1 consisted on the replacing the existing peat layer with sand up to El. +2.75m, followed by

approximately 6 months of consolidation. Stage 2 is the main construction phase, where the sand

fill was built up to El. +1 m, followed by approximately 4.5 months of consolidation. In Stage 3,

the sand fill reaches El.. +12.2m and the consolidation process was monitored for a period of

approximately 4 years. Table 5.1 provides a detailed explanation of each construction stage.
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5.3. BOSTON BLUE CLAY PROPERTIES

5.3.1. Atterberg Limits, Water Content and Geonor Field Vane

Figure 5.3 shows the distribution of Atterberg Limits, natural water content and undrained

shear strengths from Geonor field vane measurements over the full depth.

There are two well defined areas with different natural water contents (WN). From El. -3 m to

-1 2m the water content ranges from, wN = 20% to 35%, which implies low values of void ratios,

typical of over consolidated soils. From El. -12 m to -42.6 m, the natural water content values

increase and range from, WN = 40% to 50%. According to the Unified Soil Classification System

(USCS), this deposit corresponds to a low plasticity clay (CL), with average values of liquid limit,

wL = 45%, and plasticity index, I, = 23%.

Geonor field vane test were carried out at the centerline of the embankment and at a 50 m offset

before and after the construction (Figure 5.3). The mean undrained shear strengths present a

maximum value, s, =60 kPa, at El. -10m, decreasing to a minimum, s, =35 kPa, at El. -22 m and

then increasing approximately linearly with depth.

5.3.2. Stress History

The preconsolidation stresses (a'p) were obtained from three extensive laboratory test

programs: The first consisted of incremental (IL) oedometer tests on samples taken at the

centerline of the embankment (Guertin, 1967); the second one comprised oedometer and constant

rate of strain (CRS) tests from a borehole located 60 m to the right of the centerline (Ladd et al.,

1980); and the third comprised oedometer, CRS and hydraulic conductivity tests (Ghantous, 1982).

The data interpretation was done by Ladd et al. (1994), where two different preconsolidation

stresses profiles were defined. Profile 1 represents an upper bound of U'p, and was obtained based

in the tests done in 1966 and 1977; while Profile 2 represents a lower bound of o'p and was based

on the 1982 tests (Figure 5.4). The preconsolidation values were obtained mostly from Casagrande

(1936) technique, except for the upper clay layers were the strain energy proposed by Becker

(1987) was used. The effective overburden stress (c'vo) was calculated based on hydrostatic

conditions considering a linear decrease of the artesian pressure towards the ground surface.
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5.3.3. Consolidation Properties

Figure 5.5 summarizes the maximum, virgin consolidation ratio, CRmax, and the normally

consolidated coefficient of consolidation, cv(NC) interpreted by Ladd et al. (1994). The authors

claim that the upper crust tests usually entailed linear virgin consolidation lines (VCLs) and

compression ratios that increase with depth from CR=0. 10 to 0.30. However, for the lower clay

(below El. -20m) the S-shaped consolidation curves in e-log -'v space were measured (i.e., CR is

dependent on stress level, Figure 5.6). The maximum compressibility for this lower BBC layer

was chosen based in the range of stresses c-'v (EOC)/-' = 1.0 to 1.5 (Figure 5.4, where EOC

indicates end of construction).

The previously described laboratory testing programs have few data for the BBC below El. -

30 m. Consequently, Ladd et al. (1994) included CRS and CKo-TX tests performed by Haley &

Aldrich, Inc (1993) as a part of a special test program for the Central Artery (CA/T) project in

Boston (Ladd et al., 1999). The data shows very good agreement with 1-95 data between EI. -20

m to -30 m, and hence, were confidently used to describe CRmax, for the deeper layers.

The selected values for normally consolidated coefficient cv(NC) are based in average values

among the 1-95 and CA/T tests. Considerable judgments were made by the authors for the upper

BBC layer.

The hydraulic conductivities were back calibrated by Ladd et al. (1994) using the data

presented in Figure 5.5 and considering the upper OCR (Profile 1) with Cr= (1+e.).RR, where RR

= 0.015. The values match with measurements from constant head permeability and CRS test

presented by Baligh and Levadoux (1986). The ratio of the horizontal to the vertical hydraulic

conductivity were obtained from similar tests. Table 5.2 presents a summary of the layering, stress

history and consolidation properties of BBC chosen by Ladd et al. (1994).

5.3.4. Validation of BBC properties with subsequent laboratory tests.

Three years after the interpretations made by Ladd et al. (1994), Varney (1997) presented the

results of an extensive laboratory investigation program from samples obtained at Sta. 246. It

mainly consisted in Constant Rate of Strain Consolidation (CRS) tests on 23 high quality samples

obtained during a field program to study the performance of piezocones and piezoprobes (Whittle

et al., 2001). Figure 5.7 shows distribution of the samples along depth.
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According to Ladd et al. (1994), the main uncertainty is in soil properties relate to the stress

history and consolidation properties of the upper units of BBC. Thus, the chosen Compression

Index, Cc, overconsolidation ratio, OCR, and vertical hydraulic conductivity, ky, are compared to

the results reported by Varney (1997), Figure 5.8.

The comparison shows that the parameters chosen by Ladd et al. (1994) are reasonable and

that Profile 2 may represent more accurately the measured OCR of the upper BBC layers; while

Profile 1 better describes the measured OCR of the lower layers.

5.4. FINITE ELEMENT MODEL

The MIT-MDPW Test Section was modeled using ABAQUS Finite Element Software. The

elasto-visco-plastic soil model MIT-SR was incorporated in the program using a User Defined

Material (UMAT) as described in Chapter 3.

The width of the FE model is 200 m and the height 50 m and represents a symmetric half

section of Sta. 246. The mesh consist of approximately 2000 CPE8P elements (8-node plane strain

quadrilateral with biquadratic interpolation of displacements and bilinear interpolation of pore

pressures). The elements located within the soil layers have approximately the same height, but

the width is variable according to the location with respect to the centerline (i.e., the smaller

elements near to the centerline; Figure 5.9a).

The peat, fill, sand, BBC and till layers are considered in the analysis. The peat layer is modeled

as a linear elastic material with G = 8 kPa and a total unit weight of Ypeat = 11.8 kN/m 3. The

sand and till layers are modeled as linearly elastic-perfectly plastic (Mohr-Coulomb) materials,

with G/a-'o = 170 (Ladd et al., 1994). The fill is divided into three layers according to the staged

construction phases with stiffness defined by G/yt.z = 170, where z is the depth below the final

crest elevation (El. +12.2m) (Figure 5.9.b). The properties are summarized in Table 5.3.

As Table 5.2 shows, the BBC layer was divided into 12 sub-layers based on similar initial void

ratio and compressibility characteristics. The MIT-SR parameters are based in the calibration for

RBBC presented by Yuan (2016), with the exception of, pc, which defines the slope of the Limiting

Compression Curve (LCC) in log e - log a' space and varies considerably among soil unit layers

of BBC, as illustrated by Figure 5.6.
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The initial state variables for each layer were obtained following the same procedure described

in Chapter 3 (i.e. l-D loading for OCR=4.0 hypothetical sample into the NC regime, and 1-D

swelling to the specified OCR). Considering that the mean octahedral effective stress (a') varies

with depth, it is necessary to introduce normalized values of the size of the yield surface (a) and

the internal stress resistance ( 0 h) in order to represent a constant OCR for each layer. Tables 5.4

and 5.5 present the initial state variables for Profile 1 and Profile 2, respectively. The internal strain

rate Ra is assumed to be zero for all the layers in order to reflect the steady state equilibrium

conditions associated with the geological deposition.

5.5. RESULTS

This section compares the computed results obtained for stress history Profile 1 and 2 using

the MIT-SR model with measured data and prior analyses reported by Ladd et al. (1994) using the

MIT-E3 model.

5.5.1. Pore Pressures

Figures 5.10 and 5.11 present a summary of predictions and measurements of excess

piezometric head distribution, he, at the end of construction (CD620) and at the end of the

monitoring period (CD2000), respectively;
U - UO

he = +
Yw

where u is the total pore water pressure, uo is the hydrostatic pore water pressure and hi is the

artesian pressure head that is linearly distributed over the depth of the clay.

The figures combine data from some piezometers located below the centerline of the

embankment (P5-P 11, Figure 5.2) and others with an offset of 9m (Pel-Pe6 and P14-P 19) and

+29m (P14-P19 and P25-P28) with respect to the centerline. According to Ladd et al. (1994), the

data presents the following characteristics:

* At CD620 (i.e., end of construction), the largest excess piezometric heads (he ~ 15m) are

measured in the middle of the BBC layer (Layer E); while the excess heads at the top sand

layer and bottom till layer remain small (he ; 4m) (Figure 5.10). Thus, this is consistent

with one-dimensional consolidation theories with double drainage at the top and bottom

layers.
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* At CD2000 (i.e. end of monitoring period), the excess piezometric heads on the sand and

till layers are negligible; while in Layer E there is only a small reduction of the maximum

excess head (he ~ 13m), implying that the period of monitoring is a small fraction of the

total time required to complete consolidation (Figure 5.11).

When comparing the predictions of excess piezometric head distribution from MIT-SR and

MIT-E3 models, the following observations can be made:

" There is a good agreement between the predictions of the two models for both profiles. At

the end of construction (CD 620), MIT-SR predicts slightly higher excess pore pressures

through the soil profile (Figure 5.10). This difference may be explained by the predictions

of shear-induced pore pressure for the two soil models. It is interesting to note that the

differences between the two models are very small at the end of monitoring (CD 2000),

(Figure 5.11)

" Both models present a remarkable agreement when compared to the measured data.

Generally speaking, Profile 1 and Profile 2 provide reasonable lower and upper limits of

the measured excess piezometric head, respectively. MIT-SR predictions for Profile 1

(highest estimate of up) presents the best matching with measured data, while Profile 2

tends to over predict the excess pore water pressures.

For the upper BBC layers, the MIT-SR model improves upon prior the MIT-E3

predictions, while there is little difference for the middle and lower BBC.

Figure 5.12 compares the development of excess piezometric heads during construction

(up to CD690) through the records of specific piezometers located at the centerline (P6,

P7, P9 and P10) and at +29m from the centerline (P27 and P28). For piezometers located

at the middle of the layer (P7, P9, P27 and P28) both models gives reasonable predictions,

with a slight overestimation of MIT-SR. However, for the upper and lower piezometers

(P6 and P10, respectively), the excess piezometric head is overestimated by both models.

For the upper layers, this result can be explained by the presence of thin sandy layer which

are not represented in small laboratory samples and hence, the analyses tend to

underestimate hydraulic conductivity (and consolidation coefficient) of the upper clay.
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5.5.2. Settlements

Figure 5.13 compares the model predictions (MIT-SR and MIT-E3) of surface and sub-surface

settlement with measured data at three elevations (Els. -3.00m, -21.35m and -37.50m) and two

lateral locations (Centerline and 29m). The following observations can be made:

" MIT-SR greatly improves the predictions when compared to MIT-E3. For the middle and

lower BBC layers (SR4, SR7, SRlO and SR12). Results fo MIT-SR Profile 1 (highest

estimate of urp) provide the most consistent matching with the measured data. This is

expected since the OCR from Profile 1 represents a good average of the stress history at Sta.

246 (when considering more recent data from Varney, 1997), while Profile 2 represents a

lower band estimate of OCR (Figure 5.8).

" MIT-SR lightly underestimates the overall settlements measured below the centerline at the

top of the clay layer (SR1). Nevertheless, it can be observed that the shape of the settlement-

time curve of MIT-SR agrees well with the rate of settlement, but there is a constant offset

from the measured data. This difference is the consequence of the underestimation of the

settlements during Stage 2 construction (~ 1.25 years) and can be explained by an

underestimation of upper layers compressibility and/or hydraulic conductivity.

" MIT-SR considerably improves the settlement prediction of the upper layers located at

+29m from the centerline (SR7), where the difference is clearly determined by the

settlement underestimation during Stage 2 construction.

5.5.3. Lateral Displacements

Figures 5.14 and 5.15 compare predictions and measurements of lateral displacements from

inclinometers 13, 14 and I5 at the end of construction (CD620) and at the end of monitoring

(CD2000), respectively. The following observations can be made:

* At the end of construction (CD620) (Figure 5.14), both models predict similar magnitudes

of maximum horizontal displacements, but these occur at different elevations. MIT-SR

predicts the maximum lateral deflection at El. -20m (layer D), while MIT-E3 predicts

maximum lateral movements at the top of the clay layer (layer A; El. -3m). The matching

with the measured data is reasonable, but there is a considerable underestimation for the

upper layers (units A and B).
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* At the end of monitoring (CD2000), both models predict similar behavior for Profile 2.

However, there is a difference when comparing Profile 1, since MIT-SR predicts more

displacements than MIT-E3. When compared to measured data, especially for 13 and 14,

the results from MIT-SR Profile 2 match the data in terms of maximum magnitude but

locates the maximum displacement in the middle layer, while the measured maximum

movement are located in the upper layers. In addition. MIT-SR predicts higher

displacements for the middle and upper BBC layers, probably due to additional creep

components.

Borja et al. (1990) attributed the measured lateral spreading during consolidation to creep

properties of BBC. Results presented in this chapter show that the creep properties of BBC play a

relatively small role in explaining the performance of the MIT-MDPW (Sta. 246) test

embankment. While there are differences between the rate independent MIT-E3 model and the

recently developed MIT-SR model, these appear as secondary factors when compared with

measured performance.

5.6. CONCLUSIONS

A recently developed strain-rate dependent soil constitutive model MIT-SR was calibrated for

BBC to re-evaluate the performance of the 1-95 embankment MIT-MDPW test embankment (Sta.

246). The results were compared with previous numerical results using MIT-E3 presented by Ladd

et al. (1994). Overall, MIT-SR contributes a significant improvement in terms of settlements, while

it does not significantly improved predictions of lateral spreading. The overall results suggest that

the dependent creep properties play only a secondary role in the performance of this test

embankment.
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Table 5.1 Embankment Staged Construction Process

Construction Day (CD) Description

From To

0 92 Remove of peat layer and replacement with SW sand (Ysand =
15.7 kN/m 3 ), (to El. +1.50 m).

1 92 123 Fill to El. +2.75 M (Ysand = 18.7 kN/m 3).

123 298 Consolidation.

2 298 461 Fill to EI. +I.m0 M (Ysand = 18.7 kN/m 3).

461 598 Consolidation.

3 598 620 Fill to EI. +12.2 m (Ysand = 18.7 kN/m 3 ).

620 2000 Consolidation.

Table 5.2 Layering, Stress History and Consolidation Properties of BBC

Layer Top Bottom I Center , Profile 1 Profile 2 kvoojvo Cc (10-5m/ kft0El. (m) (kPa) OCR Ko OCR Ko (=Ck) day) /kvo

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
A -3.00 -6.20 -4.60 50 8.34 1.32 6.82 1.14 0.615 0.195 13.65 2.0

B1 -6.20 -9.00 -7.60 80 4.60 0.89 3.52 0.77 0.88 0.28 8.99 2.0
B2 -9.00 -12.40 -10.70 108 3.07 0.72 2.50 0.66 _

C1 -12.40 -15.00 -13.70 133 2.25 0.64 1.95 0.61 1.17 0.435 5.44 1.5C2 -15.00 -18.60 -16.80 157 1.77 0.59 1.57 0.57
D -18.60 -21.00 -19.80 180 1.44 0.55 1.30 0.54 1.17 0.65 6.13 1.5
El -21.00 -24.80 -22.90 203 1.25 0.53 1.12 0.51
E2 -24.80 -27.00 -25.90 226 1.21 0.52 1.12 0.51 1.255 1.015 6.74 1.5
E3 -27.00 -31.00 -29.00 249 1.18 0.52 1.08 0.51
F1 -31.00 -34.60 -32.80 278 1.16 0.52 1.09 0.51
F2 -34.60 -40.00 -37.30 314 1.14 0.52 1.10 0.51 1.115 0.74 5.10 1.5
F3 -40.00 -43.80 -41.90 350 1.11 0.51 1.10 0.51 1_1_1
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Table 5.3 Mohr-Coulomb input parameters for Peat, Sand and Till properties at 1-95 Sta. 246

Bottom Young's Poisson's Friction Cohesion Hydraulic

Layer Top El. EI Modulus ratio (V) Angle (c) Conductivity
(E)(') ro) (k)

(m) (m) (kPa) - - (kPa) (m/day)
Fill - Stage 3 +12.2 +11.00 5,340 0.40 - - 1.00
Fill - Stage 2 +11.00 +2.75 42,058 0.40 - - 1.00
Fill - Stage 1 +2.75 0.00 95,242 0.40 - - 1.00

Peat +1.50 0.00 20.80 0.30 - - 1.00
Sand 0.00 -3.00 25,000 0.40 37 1 1.00
Till -43.80 -50.00 108,680 0.30 43 1 0.10

Table 5.4 MIT-SR Initial State Variables for BBC layers. Stress history Profile 1

Layer a ah h b1

A 3.930 1.146 -0.168 0.611
BI 2.897 1.169 0.141 0.615
B2 2.312 1.176 0.314 0.615
C1 1.901 1.171 0.423 0.615
C2 1.617 1.153 0.500 0.615
D 1.397 1.111 0.565 0.615
El 1.256 1.045 0.601 0.615
E2 1.224 1.023 0.606 0.615
E3 1.200 1.003 0.608 0.615
F1 1.183 0.988 0.609 0.615
F2 1.166 0.972 0.610 0.615
F3 1.141 0.950 0.610 0.615

Note: Ra is assumed to be zero.

Table 5.5 MIT-SR Initial State Variables for BBC layers. Stress history Profile 2

Layer a a h b,

A 3.558 1.155 -0.058 0.613
BI 2.507 1.175 0.260 0.615
B2 2.036 1.174 0.389 0.615
C1 1.729 1.163 0.469 0.615
C2 1.485 1.133 0.538 0.615
D 1.293 1.068 0.594 0.615
El 1.151 0.958 0.611 0.615
E2 1.151 0.958 0.611 0.615
E3 1.118 0.929 0.612 0.615
F1 1.125 0.935 0.611 0.615
F2 1.132 0.942 0.611 0.615
F3 1.132 0.942 0.611 0.615

Note: Ra is assumed to be zero.
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6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS.

6.1. SUMMARY

Viscous properties of clay pertain to many geotechnical problems, such as in-situ

characterization using piezocone penetrometers and pressuremeter devices (e.g. Silva et al., 2006)

and for applications such as the long-term performance of embankments (e.g. Karim et al., 2010),

pile driving in clay and cyclic response of offshore foundations (e.g. Randolph, 2003). Although

there is considerable laboratory evidence of rate-dependent soil behavior, most pre-exiting time-

dependent soil models have shown severe predictive limitations. This thesis has reviewed,

implemented and evaluated a recently developed rate-dependent constitutive model for clays,

MIT-SR (Yuan, 2016), which is the first model that has the capability of describing a wide range

of observed time-effects (strain rate in shearing, creep and relaxation phenomenon) within a

unified framework, and resolves the long-standing dilemma regarding creep effects at field scale

(Hypothesis A vs B). The model was applied to investigate disturbances and strain rate effects for

the interpretation of pressuremeter tests and to re-analyze the long-term performance of an

embankment built on Boston Blue Clay (BBC).

Chapter 2 presents a summary of the pre-existing rate-dependent frameworks (i.e.,

rheological, isochrone, isotache, microstructure and unique EOP). It was shown that most of the

pre-existing models conform to Hypothesis B type behavior, and thus tend to overestimate field

strains when compared to lab strains. The proposed MIT-SR formulation overcomes these

limitations through an internal strain rate that is related to the prior strain history. The 1D

formulation of the model and its physical motivation behind its development were summarized in

the chapter together with the generalized 3-D framework. This chapter provided a detailed

explanation of the main features, parameters and internal state variables.

Chapter 3 describes the implementation and validation of MIT-SR within the ABAQUS TM

finite element program as a User Defined Material (UMAT). Solution of non-linear finite element

equations and their respective flow charts were presented in order to illustrate how the integration

is carried out by the FE program. The MIT-SR (i.e., point level) explicit integration scheme (i.e.,

Modified Euler Scheme) was analyzed in detail and the corresponding flow charts were presented.

Finally, the model (i.e., UMAT) is validated for elemental simulations of Ko-consolidated triaxial

undrained compression and extension tests, CKOUC and CKOUE, for NC RBBC.
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The first of the geotechnical problem was analyzed in Chapter 4, which investigated how

disturbances and strain rate effects affect the results for two specific types of pressuremeters, the

Full Displacement or cone-pressuremeter (FDPM) and the Self-Boring pressuremeter (SBPM).

This chapter presented simulations of ideal pressuremeter tests as a cylindrical cavity expansion

with input parameters of RBBC at different OCRs using the MIT-SR model. The simulations

considered the effects of strain rate and stress history on undrained shear strength ratio from ideal

pressuremeter. Following Aubeny et al. (2000), disturbances associated with the FDPM and SBPM

installation were represented by the Strain Path Method (Baligh, 1985) combined with the MIT-

SR model. Cylindrical cavity expansion analyses were applied using the disturbed field of initial

stresses and strain rates to compare with the previously obtained behavior of intact clay.

The second application (Chapter 5), uses the MIT-SR model to re-evaluate the performance

of the 1-95 embankment MIT-MDPW Test Section using the finite element program ABAQUS TM.

The results were compared with previous numerical results using MIT-E3 presented by Ladd et al.

(1994), where two preconsolidation stress profiles were defined (Profile 1 and 2, which represent

the upper and lower bound of c4p, respectively). This case study is the first application of the MIT-

SR model to solve a boundary value problem and was chosen due to the availability of extensive

laboratory and in-situ data from this particular site and innumerable tests conducted on RBBC at

MIT, which allowed calibration of the MIT-SR model.

6.2. CONCLUSIONS

The results from elemental simulations of CKOUC and CKOUE tests for NC RBBC were

compared between ABAQUS TM and a point-level laboratory test simulator, Modlab. The matching

between them was excellent, and hence, confirmed the implementation of the MIT-SR model as a

UMAT. In addition, the effects of strain rate on predictions for CKOUC and CKOUE tests were

evaluated, which showed different characteristic. They can be summarized as follows:

* In undrained triaxial compression shearing (CKOUC) for NC RBBC: i) the undrained shear

strength ratio ranges fromsu rC /UC= 0.32 to 0.38, for strain rates ranging from, ea=0.05

to 500 %/hr; ii) the increase of undrained shear strength is approximately 5 % for each log

cycle of strain rate; iii) the undrained shear strength is reached within a range of shear

axial strain of, ca=0. 2 0 to 0.25%; and iv) There is a post-peak softening and all tests reach
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critical state with the same friction angle, but with different residual undrained shear

strength (depending on strain rate).

* In undrained triaxial extension shearing (CKOUE) for NC RBBC: The undrained shear

strength ratio ranges from SUT E / = 0.12 to 0.15 (i.e., Su TE /Su C =0.38 - 0.39), over

the same range of strain rates which reflects the anisotropic behavior of the clay; ii) the

increase of undrained shear strength is 7 % for each log cycle of strain rate; and iii) the

peak undrained shear strength is reached at large deformations (i.e., the is no post-peak

strain softening).

Part of the analyses presented in Chapter 4, investigated the effects of disturbances and

strain rates in the interpretation undrained shear strength for two types of pressuremters, the Full-

Displacement Pressuremeter (FDPM) and Self-Boring Pressuremeter (SBPM). For the FDPM

case, the results confirmed earlier findings (Aubeny et al., 2000) that this test significantly

underestimates the undrained shear strength of NC RBBC due to the disturbance caused by prior

penetration. The undrained shear strength ratio for a disturbed field ranges from, su/'vT = 0.106-

0.127, while the undisturbed field presents, su/a've = 0.245-0.286. On the other hand, the results

from SBPM test simulations showed that undrained shear strength ratio is slightly overestimated

(su/c've = 0.289 - 0.342) when compared to the property of undisturbed RBBC (su/a'vc = 0.245

- 0.286). These results can be explained by the fact that disturbances are negligible during SBPM

installation. In conclusion, using the same expansion rate, the disturbed NC RBBC for FDPM tests

can have as low as 40% of the undrained shear strength of the intact NC RBBC. In contrast, for

the SBPM case, the disturbed NC RBBC tend to have a slightly higher undrained shear strength

(approximately 15-20 %) than the intact NC RBBC. From the previous results, it can be

appreciated that the strain rate effects affects the interpreted undrained shear strength ratio for both

tests. For the FDPM case, su/u',v = 0.127 for er = 500 %/hr, while su/U'vc = 0.106 for r = 0.5

%/hr. On the other hand, the undrained shear strength ratio interpreted for SBPM tests are

su/('ve = 0.342 for r = 500 %/hr and su/'F'vc = 0.289 for er = 0.5 %/hr. Then, it is possible to

conclude that disturbances of the stress field (simulated by Strain Path analyses) play a key role in

the interpretation of undrained shear strength from pressuremeter tests.
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Chapter 4 also analyzed how different penetration velocities affect the disturbed field.

Three different velocities with variations of one order of magnitude among them were chosen: v

= 0.02cm/sec, 0.2cm/sec and 2cm/sec. The results can be summarized as follows:

* Strain rates as high as 50,000 %/hr. occurred close to the cone tip, which is five orders of

magnitude higher that conventional lab tests. In contrast, the strain field was identical for

the three penetration rates (i.e., strains are a unique function of the penetrometer geometry;

Baligh, 1985).

* There was a significant effect of penetration velocity on the mean effective stress field

through the soil mass. Smaller changes in mean effective stresses (i.e., shear induced pore

pressures Au, = -Au') occur for higher velocities of penetration, consistent with

elemental triaxial tests.

* Strain rate effects on the triaxial shear (Si) and direct simple shear components (S 3) are

most clearly noticed below the tip of the cone, while the cavity expansion shear mode

component (S 2) is mostly affected above the base of the cone.

* The largest differences in effective stresses occur in the region 4 r/RO 5 20. However,

close to the penetrometer surface (1 5 r/RO 5 4), the results show the cavity shear stress,

qf/o, at critical state.

From 1-95 embankment analyses, presented in Chapter 5, the results can be summarized as

follows:

* When comparing the predictions of excess piezometric head distribution from MIT-SR and

MIT-E3 models, it can be observed that: i) there is a good agreement between the

predictions of the two models for both stress history profiles (proposed by Ladd et al.,

1994). At the end of construction (CD 620), MIT-SR predicts slightly higher excess pore

pressures through the soil profile, while the differences between the two models are very

small at the end of monitoring (CD 2000); ii) Both models present a remarkable agreement

when compared to the measured data. Generally speaking, Profiles 1 and 2 provide

reasonable lower and upper limits of the measured excess piezometric head, respectively;

iii) for the upper BBC layers, the MIT-SR model improves upon prior the MIT-E3

predictions, while there is little difference for the middle and lower BBC.
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* When comparing settlement predictions of the models with the measured data, it can be

observed that: i) MIT-SR greatly improves the predictions when compared to MIT-E3. For

the middle and lower BBC layers; ii) MIT-SR lightly underestimates the overall

settlements measured below the centerline at the top of the clay layer; and iii) MIT-SR

considerably improves the settlement prediction of the upper layers located at + 29m from

the centerline.

* When compared lateral displacements, it can be observed that: i) at the end of construction

(CD620), both models predict similar magnitudes of maximum horizontal displacements,

but these occur at different elevations; ii) at the end of construction, the matching with the

measured data is reasonable, but there is a considerable underestimation for the upper

layers (units A and B); iii) at the end of monitoring (CD2000), both models predict similar

behavior for Profile 2, but MIT-SR predicts more displacements than MIT-E3 for Profile

1; iii) at the end of monitoring (CD2000), MIT-SR Profile 2 match the data in terms of

maximum magnitude but locates the maximum displacement in the middle layer, while the

measured maximum movement are located in the upper layers.

In summary, MIT-SR model contributes a significant improvement in terms of settlements,

when compared to prior MIT-E3 predictions. However, it does not significantly improve

prediction of lateral deflections and lateral spreading during consolidation. The overall results

suggest that the dependent creep properties play only a secondary role in the performance of the

test embankment. This is consistent with prior expectations (Ladd et al., 1994) given that the clay

is overconsolidated and that monitoring was carried out for a small fraction of the consolidation

process.

6.3. RECOMMENDATIONS

In the current thesis, the Strain Path Method was used together with the MIT-SR model (i.e.,

effective stress approach) to obtain effective stress fields as a function of different FDPM

penetration velocities. In this application, the pore pressures were computed around the shaft of

the penetrometer from radial equilibrium equations (at the membrane location, z/R0 = 60).

However, these analyses can also be used to predict 2-D pore pressure fields around the

penetrometer (after Aubeny, 1992). This is an obvious direction for future research as it will
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establish how penetration velocity affects on the engineering properties interpretated from

piezocone penetration.

The analysis of the 1-95 embankment represents the first application of MIT-SR for a geotechnical

problem. Embankments on soft clay are a classic application where rate dependent aspects of soil

behavior affect predictions of undrained stability and long-term consolidation deformations. The

MIT-SR model is now available for further studies subject to sufficient data on material properties

to enable model calibrations.

Other direct applications of the MIT-SR model could include:

" Offshore foundations: Cyclic loading of offshore foundations inevitably involves rate

effects that can impact analyses of soil-structure interaction. In addition, pile set-up

simulations can be improved by considering the strain rate effects during installation.

" Implementation of MIT-SR model for problems that involves stress relaxation: This is a

feature that can also be captured by the model, and may have severe implications for the

design of deep excavations where some deformations are restricted and stresses relax. This

will considerable improve the knowledge of soil-structure interaction for this type of

problems.

" Application of MIT-SR for simulations of in-situ tests: Field Vane are the preferred tests

to measure undrained shear strength in-situ. It would be of interest to investigate how the

rotation velocity of the blades impact on the interpretation of su.
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