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ABSTRACT

The objective of this research is to develop new mechanistic understanding of moisture affected
debonding failures in carbon fiber-reinforced plastic (FRP) bonded concrete systems by means of
an interface fracture approach. Central to the investigation is the use of interface fracture
toughness as the quantification parameter, which is considered a bond property, to analyze,
compare, and correlate physical observations of FRP bonded concrete joints. Owing to the non-
negligible epoxy bond line thickness found in real-world retrofitted systems, a new tri-layer
fracture energy model is derived to facilitate the computation of interface fracture toughness
values. Also, with this model, the five possible debonding scenarios in FRP bonded concrete that
include interface separation and material decohesion, are quantitatively distinguished and
precisely described for the first time. Debonding characterization is conducted using mesoscale
peel and shear fracture models manufactured with full-scale bond lines. These models are
subjected to accelerated moisture conditioning to achieve various levels of moisture content in the
bond region. They are then mechanically tested at selected time intervals for capturing the change
in bond property and debonding mode with respect to increasing moisture concentration, which is
evaluated by means of 3-dimensional moisture diffusion simulations. Diffusion and mechanical
properties of the constituent materials with respect to moisture uptake are physically determined to
act as inputs in the diffusion simulation and in the computation of toughness values. The
knowledge of computed toughness values, simulated diffusion behavior, and observed debonding
modes, combined with finite element fracture computation, mode-mix characterization, and kink
criterion implementation, form a synergistic analysis of the mechanistic debonding behavior
affected by moisture. Results have shown that moisture affected debonding is a highly complex
phenomenon that involves physical changes in the bond as well as in its constituent materials. In
particular, moisture can initially enhance or reduce the interface fracture toughness, depending on
the epoxy formulation being used. The toughness can, however, decrease by as much as 60% and
become asymptotic upon reaching a certain moisture concentration threshold, which can be
attained in as short as 2 weeks in case of peel fracture. While various debonding modes have been
observed for dry specimens, epoxy/concrete interface separation, which has generally been
considered an unlikely debonding mode, is observed consistently in all wet fracture specimens.
Interface fracture analysis indicates that this newly discovered interfacial debonding mode is
attributed to various interfacial material toughening or weakening mechanisms, and has also
hinted on the possible interphase formation as a consequence of moisture diffusion. The new
knowledge and results obtained from this research provide a basis for further analysis directions
and for design of FRP bonded concrete systems against moisture affected debonding.
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Title: Professor of Civil and Environmental Engineering
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CHAPTER 1

INTRODUCTION

1.1 Background

Fiber reinforced plastic (FRP) materials have become increasingly popular in civil

infrastructure applications since the 1990s (Saadatmanesh and Ehsani 1990, Ritchie et al

1991). Existing applications include concrete internal reinforcements, pre- and post-

stressing tendons, external strengthening and repair, as well as all-composite structural

systems. In particular, FRP strengthening and repair of reinforced concrete (RC) elements

such as beams, slabs, and bridge decks have been predominant owing to the increasing

number of substandard structures as a result of design code revision, physical aging,

environmental deterioration, and inadequate maintenance (Gunes 2004). FRP has become

increasingly attractive due to its inherent advantageous mechanical properties, lightness,
corrosion resistance, and decreasing cost of the composite materials. Carbon, glass, and

aramid composites are most widely used nowadays.

For flexural strengthening, lightweight FRP laminates in the form of strips and

sheets are often bonded to the soffits of the RC elements, such as those shown in Figure

1.1, using a thixotropic ambient-cured epoxy that is designed to possess relatively high
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viscosity for in-situ overhead applications. These epoxy materials are thicker than most

elevated-temperature cured epoxy commonly found in aerospace applications and they

usually have a bond line thickness the same order as the FRP laminate itself. In some

cases, the epoxy manufacturers pre-process the epoxy and hardener components into a

solid base material to provide better troweling capability (Sika 2004).

Ample research can be found in the literature in regards to the analysis and design

of such retrofitted systems. The level of understanding of the short-term mechanical

behavior has reached a point that construction specifications were recently made

available (ACI-440 2001, NCHRP 10-59 2004). Experimental investigations on large-

scale retrofitted RC beams (Triantafillau and Plevris 1992, Buyukozturk and Hearing

1998, Gunes 2004) have indicated that failures usually take place through various

possible mechanisms, depending on the concrete grade, rebar provision, and properties of

FRP. Identified failure modes include: (1) concrete crushing before steel yielding; (2)

steel yielding followed by concrete crushing; (3) steel yielding followed by FRP rupture;

(4) shear failure; (5) concrete cover delamination; and (6) debonding in the vicinity of the

FRP bond interface. Failure modes 1, 2, and 3 are considered flexural failures while 5 and

6 are considered debonding modes. From a structural design standpoint, failures 2 and 3

are the favorable modes as they exhibit ductile failures that demonstrate the best use of

material limits. The rest are usually premature and of brittle nature.

Brittle debonding has been particularly observed at laminate ends due to high

concentration of shear and peel stresses at discontinuities where shear cracks in concrete

are likely to develop. Various methods of anchorage such as anchor bolts, L-shaped

plates, and U-wraps, have been devised and proved effective to prevent FRP debonding

from plate ends (Sharif et al 1994, Garden and Holloway 1998, Khalifa et al 1998, 2000,

Smith and Teng 2001, Gunes 2004). Figure 1.2 illustrates some of such anchorage

schemes.

Provision of end anchorages seems to have forced debonding failures to take

place elsewhere such as within the retrofit span (Hassanen and Raoof 2001).

Unfortunately, debonding at such locations is considered more challenging to tackle as

the beam soffit often already consists of anomalies and discontinuities such as shear and

flexural cracks prior to bonding (Hearing 2000, Ali et al 2001). Debonding can be
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initiated by crack widening and differential vertical movements of the crack mouths that

are induced by external loading and the interface crack will propagate toward plate ends.

Figure 1.3 shows a close-up illustration of such a phenomenon.

Furthermore, it has been recognized that debonding could affect the capacity of

the retrofitted system to a great extent and is considered an undesirable premature failure

mode (Kaiser 1989, Gunes 2004). Regardless of where debonding is initiated, concrete

delamination has been the most observed debonding mode from both large-scale beam

tests and mesoscale shear and peel tests (Smith and Teng 2001). The cause of such is

generally pointed toward the fact that concrete is the weakest and most brittle material in

the interfacial bond region. Other failures such as FRP delamination and adhesive

decohesion have also been observed but do not appear as frequently. Interface separation

modes such as FRP/adhesive separation and adhesive/concrete separation are believed to

be highly unlikely to occur and have not been reported in short-term tests so far (Gdoutos

et al 2000).

1.2 Research Motivation and Objective

While short-term mechanical and debonding behaviors of such retrofitted systems

have been studied quite extensively, long-term performance and durability issues with

respect to the effects of moisture ingress, thermal cycles, freeze-thaw actions, and

coupling of environmental and mechanical loading remain largely uncertain and

unanswered. In particular, little understanding has been developed regarding the effect of

moisture on the stability and bond properties of these FRP retrofitted concrete systems

which essentially govern the lifecycle and effectiveness of the retrofit itself. Realistically,

moisture could diffuse into the interfacial bond region through the adjoining concrete,

existing crack mouths, and around the bond lines. Once moisture is trapped in the region,

it could be difficult to recover the dryness due to the nature of the materials and the bond

configurations. The retained moisture could then lead to bond deterioration and might

cause premature debonding at an even earlier stage.

This current research therefore attempts to investigate the effect of moisture on

FRP bonded concrete systems by (1) quantifying debonding failures as affected by

moisture, (2) determining the role of moisture as an external environmental agent in the
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debonding process, and (3) understanding the mechanistic behavior of the associated

debonding failure modes, in FRP bonded concrete that simulates the possible debonding

behavior from within the retrofit span in a flexurally strengthened/repaired concrete

system that is prone to moisture attack.

1.3 Research Scope and Approach

To achieve the research objectives, an interface fracture mechanics approach is

adopted to examine the problem by means of a research plan that consists of both

experimental and analytical studies, as shown in Figure 1.4. Central to the investigation is

the interface fracture toughness being the quantification parameter of the debonding

problem, which provides the means to compare, correlate, and analyze the observed

behavior. Computation of the interface fracture toughness requires the development of a

new tri-layer fracture model that contains parametrically the material and geometric

information of the FRP bonded concrete system because conventional bi-layer fracture

models (Hutchinson and Suo 1992) is not sufficient to handle this particular layered

system as a consequence of the thick bond lines resulted from the viscous adhesives

popularly used in the retrofit industry.

Debonding characterization is conducted using meso-level peel and shear fracture

models that consist of real scale bond lines. These physical models undergo accelerated

conditioning to achieve various levels of moisture diffusion in the interfacial bond region.

The conditioned samples are then mechanically tested at selected time intervals in

standard laboratory conditions so that the change in bond fracture toughness and

debonding behavior with respect to time or moisture content can be captured. Moisture

concentration in the bond region for the selected time intervals are assessed by means of

three-dimensional finite element diffusion simulations, of which the required input of

diffusion properties for each constituent materials are determined by moisture uptake

tests. Also, mechanical properties of the respective constituent materials at the selected

time intervals that correspond to a certain level of moisture concentration of the bonded

system are needed as inputs to compute the interface fracture toughness of the bond.

Material tests on samples that undergo identical accelerated conditioning environments
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are thus performed accordingly to establish the trend of mechanical property changes

with increasing moisture uptake.

With the experimentally determined fracture toughness values, moisture diffusion

information from finite element simulations, and observed debonding failure modes,

interface fracture analysis can then be conducted to determine the role of moisture in the

debonding process, as well as to understand the associated mechanistic behavior. Crack

kinking criterion is first implemented, using experimental data, to examine and correlate

the observed debonding modes and theoretical predictions. Finite element fracture

analysis and mode-mix characterization is then performed to understand the mechanics

near the crack tip and interfacial region and as to how the crack propagates during the

debonding process under peel and shear loading configurations. The role of moisture can

then be determined by relating the analytical results and by comparing various observed

debonding modes obtained from fracture tests.

1.4 Thesis Organization

This thesis consists of six subsequent chapters.

Chapter 2 reviews comprehensively state-of-the-art knowledge regarding

moisture degradation in FRP bonded concrete systems. Discussions are approached from

both the material and structural standpoints. Theoretical backgrounds on moisture

diffusion and interface fracture, the two important phenomena central to this research, are

also laid out.

Chapter 3 develops the tri-layer fracture energy model, which forms the

foundation of this research. Derivation concepts and procedures are detailed and the full

set of solutions that describe the possible distinct interface fracture scenarios with fairly

general boundary conditions are presented. Specialized solutions that correspond to peel

and shear loading configurations are also developed for use in subsequent chapters.

Chapter 4 presents the results from the extensive material testing that

characterizes material properties with increasing moisture content. Results from

gravimetric sorption tests, which lead to the determination of diffusion coefficients, are

also presented. Finally, the three-dimensional moisture diffusion simulation will be
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presented and discussed. This chapter forms the basis for subsequent fracture toughness

evaluation, debonding mode interpretation, and interface fracture analysis.

Chapter 5 details the fracture test program that features both peel fracture and

shear fracture characterizations of mesoscale FRP bonded concrete models. Sample

preparation, experimental setup, loading and instrumentation are discussed. Results

including load-displacement behavior, fracture toughness variations, and debonding

modes are presented and summarized.

Chapter 6 analyzes the debonding problem by means of an interface fracture

approach, which consists of finite element fracture computation, mode-mix

characterization, and kink criterion implementation. The analysis represents a synergistic

effort that integrates the knowledge developed in all prior chapters including material test

results, interface fracture toughness values, three-dimensional moisture diffusion

behavior, and observed failure modes into the interface fracture analytical interpretations.

The role of moisture on the crack propagation behavior and debonding mode is

extensively discussed from a fracture mechanics point of view.

Chapter 7 summarizes the thesis and draws conclusions from the work. Areas for

future investigation are also presented.
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Figure 1.1 Flexural Strengthening Using carbon FRP Laminates
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CHAPTER2

LITERATURE REVIEW

Lifecycle of a FRP retrofitted flexural RC system that involves external adhesive

bonding hinges upon the quality and stability of the bond as well as the durability of the

constituent materials in the interfacial region. This Chapter provides a comprehensive

overview of the state-of-the-art knowledge regarding moisture degradation in FRP

bonded concrete systems and its related durability areas from both the material and

structural standpoints. Theoretical backgrounds on moisture diffusion and interface

fracture, the two important phenomena central to this research, are also laid out.

2.1 Material Systems

2.1.1 FRP Composites and Their Durability

A. An Overview on FRP Composites

FRP composites are defined as the materials that consist of fibers embedded in a

resin matrix. The aim of combining fibers and resins that are different in nature is to take

advantage of the distinctive material features of either component to result in an

engineered material with desired overall composite action for specific applications.
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Engineering properties of FRP composites for structural applications, in most cases, are

dominated by fiber reinforcements. More fibers usually give rise to higher strength and

stiffness. Excessively high fiber/matrix ratios may, however, lead to strength reduction or

premature failure due to internal fracture. Fiber lengths and orientations can also affect

the properties considerably.

Resin matrix is an adhesive that supports the fibers from buckling under

compressive stress, binds the fibers together through cohesion and adhesion, protects the

fibers from physical and chemical attacks and micro-cracking during service, and

provides shearing strengths between FRP laminas. Shearing strength is essential to resist

delamination, lap joint failure and impact forces.

Structural FRP composites are generally high strength, reasonably stiff,

environmentally resistant, and significantly lighter than conventional construction

materials such as concrete and steel. After more than 6 decades of development, FRP

composites have started to penetrate into the construction industry to a larger extent as a

result of lower material cost and higher commercial utilization in a wider spectrum with

applications including vehicles, sporting goods, and electronic equipments. In the

existing civil engineering sector, FRP composites have found their use mostly in repair

and strengthening, and as internal reinforcement.

FRP composites can be manufactured using a variety of processes to produce

different sizes and shapes to suit a particular application. Some of the existing structural

forms include one-dimensional reinforcing bars, two-dimensional reinforcing grids,

prestressing tendons, bridge cables, strengthening sheets and plates, three-dimensional

weaved fabrics, confinement jackets, pultruded structural shapes, bridge decks, sandwich

cores, and piles.

Choice of particular types of fibers and resins depends on the specific applications.

Load-bearing capacity, level of exposure, wear resistance, temperature and frequency

ranges, fire and water resistance, and costs are some of the important issues that need to

be thoroughly considered. For instance, the choice of FRP composite materials for

retrofitting a group of columns inside a parking lot would be different than that for

building a FRP deck in an offshore structure due to different service environments and

loading conditions.
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B. Fiber Reinforcement

Reinforcing fibers can be manufactured with an abundance of materials, ranging

from titanium to carbon, to polystyrene, and even to basalt. In the construction industry,

however, glass, carbon, and aramid fibers are the most popular choices due to their

distinctive properties. Each type will be briefly introduced below.

Glass Fiber

Glass fibers are mainly categorized into E-glass and S-glass. The "E" in E-glass is

abbreviated from "Electrical"; the "S" in S-glass is abbreviated from "Structural". In

general, E-glass possesses excellent electrical insulation characteristics while S-glass has

higher strength and greater corrosion resistance. Both types of glass fibers are calcium

aluminoborosilicate formulations. They are inorganic and do not support combustion. E-

glass fibers are considered the industry standard and cost less than the S-glass fibers.

Typical tensile strength and stiffness of E-glass fibers are about 3.5 GPa (500 ksi) and

72.5 GPa (10.5 x 106 psi) respectively. S-glass fibers, however, have higher strengths due

to their higher alumina content. In spite of their chemical resistance, fire resistance, and

high tensile strength, glass fibers have a significant drawback. The fiber surface is prone

to moisture attack under certain conditions of exposure and above certain stress levels.

This attack normally lead to stress-rupture failure if no appropriate remedial measure is

provided (Peters 1998, Kelly 1989, Weeton et al 1987).

Carbon Fiber

Carbon fibers are produced by the thermal decomposition of organic precursor

fibers such as rayon or polyacrylonitrile (PAN), followed by a stabilization and

carbonization procedure. Other alternative precursors are coal, petroleum, and synthetic

pitches. The fabrication involves a spinning process. Tensile strength of PAN-based

fibers has always been higher than the pitch-based fibers. Therefore, most carbon fibers

today are PAN-based. The typical tensile strengths of carbon fibers are 4.1-5.2 GPa (600-

750 ksi), at the higher end of the S-glass fiber strengths, or about 20 times that of A36

structural steel. Some even have strengths as high as 6.9 GPa (1000 ksi), which are less

consumed in the industry because of their high production cost. Carbon fibers are in
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general more brittle than glass fibers. But they show exceptional fatigue resistance.

Stiffness ranges from lower than to exceedingly higher than structural steel and has a

wide range from 120 GPa (17.5 x 106 psi) to more than 800 GPa (116.3 x 106 psi) (Peters

1998, Kelly 1989, Chung 1994, Weeton et al 1987).

Aramid Fiber

Aramid fibers are aromatic polyamide formulations that are organic in nature.

They can be categorized into two main types - para-aramid and meta-aramid fibers. Para-

aramid fibers have higher strength and are normally used in high performance

applications. One well-known trade name for para-aramid fibers is the Kevlar fibers. Due

to their highly aromatic and ordered structure, aramids have very high thermal resistance.

They do not melt prior to decompositions and do not bum when the flame source is

removed, although they can be ignited. Compared to inorganic fibers like carbon or glass,

aramid fibers are superior in fire resistance because the fibers themselves do not readily

conduct heat into the matrix. The typical decomposition temperature is around 450 C.

The typical tensile strength and stiffness are 2.8 GPa (400 ksi) and 104 GPa (15 x 106 psi)

respectively. Another advantage of aramid fibers is that they have very high fracture

toughness and hence impact resistance. One major drawback, however, is their weak

bending and compressive strengths. Aramid fibers easily buckle or kink under

compression forces. Also, adhesion to most resin matrix is low and moisture absorption is

high (Peters 1998, Kelly 1989, Shook 1986).

C. Resin Matrix

Resin matrix is broadly categorized as thermoplastics and thermosets.

Thermoplastic resins can return to their original liquid state upon heat and pressure while

thermoset resins cannot once they have been cured. So far, thermoset resins are dominant

in structural applications due to their excellent mechanical properties, limited shrinkage

upon curing, and good viscosity during processing temperatures (Eckold 1994, Barbero

1998, Peters 1998). They consist of three-dimensional polymer network that is cross-

linked to form a stiff, strong, and brittle resin. Additives such as rubber particles in the

micron scale are usually used to toughen the resin to prevent fracture failure. Epoxy,
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vinyl ester, polyester, and phenolic resins are the most commonly used thermosets. In

particular, epoxy and polyester resins are described below.

Epoxy Resin

Epoxy, which is a strong high performance resin, provides excellent adhesion to a

wide variety of fibers due to its inherent polar nature. After curing, the material has a low

level of shrinkage and releases no volatile by-product that can cause bubble or void

formation. Yet, epoxy has a tendency to absorb moisture both in the cured and uncured

stages. Its elongation-to-failure is also relatively low, which makes it only applicable to

stiffness control structures that have small deformations. Room temperature and heat

accelerated curing are possible (Peters 1998, U.S. Army 1997).

Polyester Resin

Polyester resin has generally excellent mechanical properties and very good

environmental durability. Polyester resins have excellent UV resistance and can be

formulated to be very chemical resistant. Compared to epoxy resin, polyester resin is less

costly. However, it does not provide adequate adhesion to carbon and aramid fibers.

Shrinkage due to curing is also relatively large. Owing to the adhesion problem, polyester

resin usually goes with glass fibers. Use of polyester resin with carbon and aramid fibers

is less common. Room temperature and heat accelerated curing are possible (Peters 1998,

U.S. Army 1997).

D. Mechanical & Other Properties

Combining fibers and resins under different fabrication processes, distinctive FRP

systems can be manufactured for different structural applications. For civil engineering

retrofit applications, two-dimensional laminates remain dominant. Mechanical properties

of FRP composites are the weighted average of those of fibers and resins. Rule of

mixtures are normally applied to estimate strength and stiffness of a FRP composite

material that is composed of a particular type of fiber and resin. Owing to the relative

brittleness of FRP composites (in the fiber direction), strength values from experimental

testing normally exhibit a higher variance than those of other construction materials like
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steel. The use of the rule of mixtures or the micro-mechanics approach does not predict

strength very well. Statistical approaches such as Weibull analysis are thus required for

appropriate quantification (Military Handbooks, Dally and Riley 1991). On the contrary,

stiffness values from testing are relatively uniform and can be predicted with high

accuracy using micro-mechanics formulation (Jones 1999).

Density

Compared to steel and concrete, FRP composites are about 1.5 to 5 times lighter.

For example, carbon/epoxy composites (AS-4/3501-6) has a density of 1.6 g/cm 3

compared to 7.9 g/cm 3 of steel and 2.4 g/cm3 of concrete. This lightweight characteristic

not only leads to very high specific strength and specific stiffness, hence high load-taking

efficiency with decreased structural weight, but also has strong implication on reduced

costs of transportation, handling, and construction.

Strength

Tensile strength of FRP composites ranges from about that of mild steel to more

than that of prestressing steels, depending on the fiber types, arrangements, orientation,

and production. While compressive strength of steel is identical to its tensile strength, the

compressive strength of FRP composites is normally less than the tensile counterpart due

to fiber buckling failure. Yet, the strengths of commercial FRP composites are

tremendous compared to any conventional construction materials. In situations where

high tensile and compressive strengths are considered assets, FRP composites offer

strong incentive for use. Some of such situations include tensile and flexural members, as

well as fatigue sensitive and small-deflection stiffness control designs.

Shear strength of all unidirectional laminates is relatively low since this parameter

is mainly controlled by the strength of resin in such FRP systems. However, for a

laminate that is made up of multiple plies, fibers can be designed to the particular

orientation that matches with the maximum shear stress. In such case, shear strength is

provided by the fibers, which act in tension, instead of the resin.
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Stiffness

Stiffness of FRP composites ranges widely and has strong correlation with fiber

content, continuity, and orientation. Glass FRP generally has lower stiffness than carbon

FRP while the latter can have a magnitude from half of the stiffness of ordinary structural

steel to higher than that of high strength steel. One unique feature about FRP composites

is that the material exhibit linear or nearly linear stress-strain phenomenon throughout

their load carrying range, meaning that the stiffness does not change over their load

history. This behavior is significantly different from that of steel and concrete in which

reduction of stiffness occurs even when the applied stress has not quite yet reached the

ultimate material capacity.

Coefficient of Thermal Expansion

Unlike all other construction materials that civil engineers are acquainted with,

many FRP composites (unidirectional laminates) shrink upon temperature increase. In

particular, carbon and aramid FRP have negative coefficients of thermal expansion while

that of glass FRP is positive (Barbero 1998, Jones 1999, Reddy and Murty 1992, Weeton

et al 1987). Although resins expand upon heating, carbon and aramid fibers resist thermal

expansion. The magnitude of thermal shrinkage of carbon fibers and thermal expansion

of epoxy resins is about to cancel out each other and thus gives rise to an overall near-

zero coefficient of thermal expansion for carbon/epoxy FRP. This property is of great

significance in terms of residual stress development in the bond interface.

Electrical Conductivity

Electrical conductivity may be of great interest when provision of post-curing is

desired for the bonding adhesives so as to boost higher the glass transition temperature to

prevent viscoelastic responses during the service life. In fact, some companies who

provide FRP retrofit materials have started to develop electrical heating systems that can

be clamped onto the FRP plates to heat up the bond interface for further curing. As such,

electrical conductivity of FRP composites is a parameter that is worth looking into.

For glass fibers, conductivity ranges from 10-0 to 10~14 (Q.m)~1 while that of

carbon fibers is 10~4 to 10-7 , depending on the level of graphitization during the
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manufacturing process. For comparison, AISI 304 stainless steel has a conductivity of

1.4x10 6 ( -.m) 1 and that of copper is 6.5x10 7 (Q.m)-1. In general, glass is classified as an

insulator while carbon is in the semiconductor range (Kelly and Rabotnov 1985). In other

words, post-curing of the bond line through electrical heating on carbon FRP composites

systems is more feasible than that of class. Nevertheless, electrical conductivity of FRP

composites can be controlled by varying the ratio of mixtures and it has been reported

that electrical conductivity of carbon FRP increases with fiber weight content up to 30%,

beyond which poses no further reduction in resistivity (Kelly and Rabotnov 1985).

Delamination Strength

Delamination is a unique and major failure mode for FRP laminates.

Delamination can occur, without through-thickness loading, at free edges and around a

cut hole. Unloaded edge delamination is caused by inter-laminar normal stresses that

peak at free edges. It has been observed that this kind of delamination could reduce static

strength and fatigue life, but not stiffness (Jones 1999). Delamination failure can be

mitigated by various means, including the use of toughened resin matrix, edge caps,

interleaved adhesive layers at edges, and interlaced laminas to form a three-dimensional

fiber network. The key is to provide enough strength to take inter-laminar normal stresses,

either by the resin itself or by some fibers (Reddy and Murty 1992, Jones 1999). In FRP

bonded concrete, delamination has also been observed as one of the failure modes,

although not as frequent as concrete decohesion. This failure mode is often promoted by

the lack of wetting of the adhesive being used.

E. Durability

To designers of FRP retrofitted systems, the main durability issues include but are

not limited to thermal cycling, humidity, exposure to ultraviolet (UV) light, weathering,

creep, and fatigue. Unlike other structural systems such as aircrafts, which have an

average expected service life of less than 30 years (TPI Composites 2002), civil

infrastructures and their retrofit systems are expected to last for 75 years and beyond

(Volpe Center 2002). Durability is thus an extremely important topic of study.
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Thermal Cycling

Thermal cycles such as that from freeze and thaw as well as from thermal

extremes over seasonal changes can contribute to cyclic thermal fatigue. It has been

observed that unless void content in the resin is high, freeze-thaw effect on strength

within the normal civil engineering application temperature range of (+30 'C to -20 *C)

is insignificant (U.S. Army 1997), although thermal aging at temperatures higher than

300 'C can degrade the mechanical properties due to oxidation of fibers and resins

(Chung 1994). Resin systems that can resist very extreme temperatures for aerospace

applications, however, have been developed and service conditions in civil engineering

applications normally fall well within the comfort zone. Also, protective coating and

special additives have been developed to tackle known problems of cyclic thermal fatigue

and were found to be effective (Peters 1998).

Moisture Attack

Corrosion in the presence of moisture and oxygen is a well-known phenomenon

in steel. Unlike steel, FRP is resistant to many chemicals and metal corrosive agents. Yet,

moisture uptake could occur through the resin by nature, as will be discussed in more

detail later. Moisture absorption is a function of void content, resin type, fiber type,

temperature, applied stress, and presence of microcracks (U.S. Army 1997). Improperly

manufactured FRP composites may result in high void content and development of

microcracks upon curing. These will promote water ingress, which will cause swelling (in

the transverse and out-of-plane directions) and property change of the resin. The water

absorption phenomena may or may not be reversible, depending on the type of resin

being used.

Glass fibers are prone to moisture attack upon prolonged contact due to the

hydroscopic nature of the alkaline metallic oxides in the silica of glass. E-glass and S-

glass, however, contain only trace amounts of such oxides and are relatively resistant to

water damages. Aramid fibers can absorb large amount of water and can swell

considerably. These fibers are, however, coated during fabrication, and thus are protected

from moisture ingress in FRP laminates. Carbon fibers do not exhibit any degradation

due to water (Mallick 1988). However, carbon FRP, when in direct contact with metals
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(except platinum, gold, and titanium), will make metals corrode due to galvanic action

(Chung 1994), although the rate needs to be determined experimentally for the specific

metal at hand.

UV Radiation

Ultraviolet radiation (from sunlight) is known to harden and discolor (or chalk)

polymeric resin matrix. Degradation, however, only takes place at the skin of the FRP

laminates, as the material has a self-screening effect, although topcoat delamination may

occur. For thicker composites, degradation effect on mechanical properties is minimal

(U.S. Army 1997). Use of UV-resistant coating has been a popular tactic to substantially

slow down or even eliminate the associated degradation. Coating ingredients may include

UV screener, absorber, energy quencher, and light-stabilizing antioxidants (LSA). Each

ingredient actively stabilizes each stage of the photo-degradation process (Calbo 1987).

UV screeners such as carbon black and titanium dioxide are the oldest form of

UV protection materials for polymers. They have the ability to absorb light and increase

photo-stability. UV absorbers (or UVA) such as 2-hydroxy-benzophenones, 2-cyano-3,3-

diphenylacrylic acid and oxyanilides are colorless additives that can absorb light very

intensely in the UV spectrum and safely dispose the absorbed energy as heat. Light-

stabilizing oxidants such as hindered amine light stabilizers (or HALS) are used to

terminate the free radicals resulted from the bond breaking due to unreleased energy

absorbed, hence retarding thermal oxidation. The combination use of UVA and HALS is

observed to provide the greatest UV protection effect.

It is found that a 40-micron coating containing 2% of UVA with the use of HALS

can effectively protect a light-sensitive substrate from "seeing" UV light entirely. For

maximum protection and minimum coating maintenance, UV resistant ingredients could

be mixed into the polymer matrix during material processing as one of the additives. To

fully characterize the resistance to UV radiation, accelerated testing must be performed in

lieu of moisture and applied stress. The most common UV accelerated test is the Florida

black box test (Calbo 1987).
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Weathering

Weathering is the deteriorating action that alters the surface color, texture, and

material properties of the structure. For FRP composites, resin matrix is responsible of

protecting the structure from degrading upon prolonged exposure in outdoor

environments. Degradation of the resin will not normally affect the mechanical properties

of the FRP composites such as stiffness and strength in general, as long as the resin can

still transfer and distribute external loads to the fibers and that they are not damaged.

Also, weathering degradations mostly take place at the material surface. Degraded

surface is usually shallow and it acts as a protective layer to the under layers from further

degradation. (Wypych 1995)

Erosion weathering is seldom discussed in the open literature due to the lack of

experience, although situations such as sandstorm erosion on an interstate highway

structure may actually take place.

Creep

Creep is the time-dependent deformation under a constant load. Upon load

removal, unrecoverable deformation occurs after some nominal recovery (besides elastic

strain). Creep in FRP is a resin dominant behavior and is dependent on temperature,

moisture, and the magnitude of applied stress. The behavior can either be ductile or non-

ductile as shown in Figure 2.1 (Clarke 1996), depending upon the fiber contents. FRP

laminates for structural applications normally have fiber contents as high as 60% and

while the creep resistance is relatively high, the associated behavior is usually non-ductile.

For this type of behavior, rate of creep diminishes with time until failure is reached. Non-

ductile fast fracture occurs when the flaw grows to the critical size.

Thermosets such as epoxy resin are more creep resistant than thermoplastics due

to their inherent cross-linking structures. Temperature intervenes by affecting molecular

activities. More creep is usually observed at higher temperature. Moisture ingress due to

high void contents, microcracks, fiber debonding or fracture, and ply delamination may

lead to further weakening and damages of internal bonds and resin softening.

As inferred by the creep behavior, apparent material stiffness reduces with time.

This apparent stiffness or creep modulus is less than the instantaneous modulus obtained
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from short-term testing. For stiffness-control retrofitted structures, creep modulus of the

FRP laminate must be used for design. Ideally, creep modulus should be obtained by

direct experimentation on the FRP laminate in question. Such data are very scarce and

application non-specific. Extrapolation of existing shorter-term creep data using a

mathematical model like the Findley theory may thus be required (Jones 2001, Schapery

and Sun 2000).

Besides using thermoset resins, high fiber content, and proper manufacturing

technique to minimize defects in the matrix and the fiber-resin interface, the use of

continuous and straight fibers with high stiffness and orientation that aligns with stress

directions will also significantly increase creep resistance. High stiffness fibers attract

more load and limit shear deformation in the matrix. Straight fibers also avoid the stress

concentration that arise from crimps (for instance in weaved fabrics) and hence reduce

creep strain. For unidirectional carbon FRP laminates with fiber content of 60% such as

those carbon FRP plates most often used in beam retrofits, near zero creep can be resulted

in the load direction (Clarke 1996). Yet, creep in the out-of-plane direction is still

possible, if loads are applied normal to the plane (e.g. in the case of slab retrofit). Fibers

or some kind of clamping must be provided in that direction to prevent creep from

happening.

As a general rule of thumb, in the designs that minimize creep effects, it has been

suggested that the material strains (in their own fiber directions) be limited to less than

0.1%. Where creep resistance is critical, fibers should be continuous, uncrimped, high

strength and stiffness, and be provided with a volume fraction in excess of 50%. Also, the

resin system should be selected to cater to temperature and moisture effects by allowing a

conservative margin between the in-service temperature and the glass transition

temperature (Clarke 1996).

Fatigue

Research to date indicates that FRP possess good fatigue resistance in tension-

tension cycling (U.S. Army 1997), although the effects of moisture, temperature, reverse

loading, long-term, and compressive load cycling have yet to be researched and

documented. Long-fiber composites retain a high proportion of the short-term strength
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after 10 million cycles. Amongst all FRP composites, carbon FRP exhibits the highest

fatigue resistance. The stiff carbon fibers are able to bridge the cracks that occur across

the matrix and hence reduce the stress intensity of the crack tip. With a high fiber content,

between 50% and 70%, carbon FRP almost does not fatigue due to its high strength and

stiffness, as fatigue is in essence a strain-induced phenomenon.

Fatigue behavior of carbon FRP is superior to that of steel (Chung 1994). Fatigue

degradation occurs more substantially, however, in glass FRP. Glass fibers are

comparatively less stiff and the stress transfer mechanism from the matrix to the fibers is

less effective, making the matrix more prone to large stresses and strains, promoting

crack development under fewer number of load cycles. Fatigue tests on glass FRP

laminates indicated a deterioration of stiffness, especially at low cycle testing (Peters

1998). It was suggested that the deterioration was due to the creep behavior of the resin

matrix. For all FRP composites, when the load direction and the fibers do not align, lower

fatigue strength should be expected.

2.1.2 Structural Adhesives and Their Durability

An adhesive is a material which, when applied to surfaces, can join them together

and resist their separation (Mays and Hutchinson 1992). Some of such materials include

cement, glue, and paste. Structural adhesives, however, are mostly referred to as the

monomer compositions that polymerize to yield fairly stiff and strong compounds that

unite two similar or dissimilar adherends to form a stress transfer mechanism. For civil

engineering applications, the choice and availability of structural adhesives are

comparatively very limited as traditional mass-produce manufacturers have mostly

tailored their products to suit the needs of other industries (e.g. aerospace and general

manufacturing) that consume significantly of such materials. Recently, however, a

handful of companies have started to develop dedicated adhesive materials for specific

civil engineering applications such as FRP retrofitting.

Requirements of structural adhesives used in FRP retrofitting can be exceedingly

demanding due to the stress transfer requirement, the need for in-situ curing, the long-

term environmental effects that are being subjected to, and the expected long life cycle of

the retrofitted structure. A design engineer must face the challenge of developing
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understanding and integrating the knowledge regarding the choice of a suitable class of

adhesive for the specific problem at hand, the durability of such materials under the

practical service environments (e.g. moisture, extreme temperature and its cycling,

sustained or cyclic loading), as well as the various adhesion mechanisms that governs

proper bonding.

Thus, in this section, different classes of adhesives will first be introduced,

followed by a specific review on the epoxy adhesive, which is most widely used in the

construction industry (after Mays and Hutchinson 1992), and then a brief review of the

durability studies performed within the civil engineering community on the structural

adhesives used in FRP retrofit, and finally a discussion of the various known adhesion

mechanisms that are critical to analyzing certain debonding phenomena in any bonded

system characterization programs.

A. Adhesive Classification

Structural adhesives that form the bond line interface are often organic in nature

and can be broadly classified as thermoplastic and thermosetting. These adhesives need

not be and often are not the same as those used as resin materials in FRP composite

products such as a carbon FRP laminate, although they may belong to the same class.

Thermoplastic adhesives, as inferred by its name, may be softened by heating and

re-hardened upon cooling without undergoing chemical transformation. Thermoplastic

adhesives can be derivatives of vinyl, polyester, nylon, and cyanoacrylate. Vinyl based

adhesives such as PVA (poly vinyl acetate) often serve as general purpose adhesives, but

are formulated in aqueous emulsions and thus are moisture sensitive. Cyanoacrylate

based adhesives, on the other hand, set very quickly due to the low viscosity liquid

monomers that polymerize very easily on contact with traces of moisture present on the

surface of adherends. These adhesives are often found as bonding agents for strain gages

often used in structural test programs, and are commercially formulated and known as

"Super Glue".

Thermosetting adhesives, on the other hand, undergo irreversible cross-linking

during the curing process. Upon heating, they become viscous or "rubbery" and lose

strength and stiffness significantly. Thermosetting adhesives can be formed by reaction
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between urea, phenol, resorcinol, or melamine and formaldehyde. One more important

adhesive from this class is the formation of epoxy and unsaturated polyester. Epoxy

adhesives are the most widely known and used in this group as a structural adhesive due

to its versatility of tailoring the properties by blending in various additives, including

flexibilisers, tougheners, and fillers. Epoxies can be cured either at ambient temperature

or at high temperature, depending on the formulations.

B. Epoxy Base, Hardeners, and Additives

Epoxy Base

Now that epoxies are the most used commercial adhesives in FRP retrofit

applications, they will be discussed at greater lengths. The formal chemical structure of

epoxy adhesive is often of a DGEBA (diglycidyl ether of bisphenol A) or a DGEBF

(diglycidyl ether of bisphenol F) formulation. Thermal and mechanical properties are

largely due to polymerization as a result of the addition of cross-linking agent or the

hardener, forming a relatively tough three-dimensional polymer network.

Epoxy Hardeners

Hardeners for epoxy are of three main groups, namely, (1) aliphatic polyamines,

(2) cycloaliphatic amines, and (3) aromatic amines.

Aliphatic polyamines are one of the most commonly used in room (or ambient)

temperature curing epoxy adhesive systems. The hardened adhesives are rigid and are

resistant to chemicals, solvents, and moisture. Some aliphatic amine compositions react

with carbon dioxide and moisture in the air, causing a tacky surface layer on the cured

product and thus do not provide a good bonding surface for additional epoxy.

Cycloaliphatic amines are usually employed to deal with low temperature and

high humidity. Mechanical properties and their resistance to chemicals are similar to thos

of aliphatic amines.

Aromatic amines are developed to provide improved heat and chemical resistance.

These hardeners, however, do not yield good curing at room temperature. The resulting

epoxy adhesives are also rather brittle and of lower strength than the aliphatic amines
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counterpart, as the benzene ring structure of aromatic amines results in a dense cross-

linked network. Note that brittleness increases with cross-link density.

Epoxy Additives

Two most frequently used additives in epoxy adhesives are fillers and tougheners.

Fillers such as sand (or silica) are, in general, inert materials that may be added to help

reduce cost, fill gaps, reduce creep, reduce exothermal reaction, inhibit corrosion, act as

fire retardants, and most interestingly, provide thixotropy, a shear rate dependency that

improve troweling ability for overhead and vertical applications without dripping.

Despite the advantages, fillers seem to cause negative impact on moisture ingress and

chemical resistance (Comyn 1981).

Tougheners are becoming increasingly popular in adhesive systems designed for

FRP retrofit purposes, due to the inherent brittle nature of unmodified epoxies under peel

load. For instance, in FRP bonded flexural concrete systems, despite special efforts have

been made to ensure proper shear transfer from the concrete beam to the FRP laminate,

the elastic mismatch nature of the bond almost always promote a peeling action at the

laminate end (or discontinuity). To improve resistance to peel fracture, rubber tougheners

have thus been developed as an extra energy absorption mechanism. Shear banding,

crazing, and failure of rubber particles provide the main energy absorption against peel

fracture. A common toughening agent is CTBN (carboxyl-terminated butadiene

acrylonitrile).

C. Durability

Durability of structural adhesives can be determined by testing bonded joints or

conducting bulk material tests on specimens that have been subjected to the designed

amount of desired environmental exposure. Although testing of the behavior of the

overall bonded system is more realistic and critical, fundamental knowledge should also

be gained toward the adhesive bulk properties to better understand some of the

phenomena observed in the bond tests. So far, however, there is no standard procedure as

to how these tests should be carried out in order to determine the durability of the

adhesive bonded system and its bond line material and how bulk material test data is
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applicable to analysis a bonded system, although it has been suggested that the bond line

thickness will determine the extent to which bulk behavior is relevant (Lees and

Hutchinson 1992). Only very limited experimental data is available in the civil

engineering community (Mays and Hutchinson 1992, Lees and Hutchinson 1992, Tu and

Kruger 1996, Frigione et al 1998, 2000, Chin et al 1999, Aiello et al 2002), especially

when considering the large amount of possible environmental parameters and their

synergistic effects, although work has been done on structural adhesives used in other

industries as early as 20 years ago (Kinloch 1983).

Nevertheless, it has been recognized that, in response to the typical specifications

for adhesive design in the construction industry, the following properties of the adhesive

are worth characterizing in bulk material tests (Lees and Hutchinson 1992):

. Young's modulus

- Shear modulus

. Glass transition temperature

. Coefficient of thermal expansion

. Moisture resistance

Besides, the author believes that fracture toughness, creep, and fatigue properties

should also be among the top priorities of characterization. Nonetheless, the said

parameters are often quantified under the influence of moisture, which is found to be one

of the most harmful environmental agents for both bonded joints and the adhesives.

Considering the adhesives, moisture effect can be particularly difficult to handle because

water can seep through bond line as well as from the adherends while the polar groups

which confer adhesive properties make the adhesives inherently hydrophilic (Mays and

Hutchinson 1992).

Effect of Moisture on Adhesives

It is generally believed that the influence of moisture on the adhesive is largely

reversible (though not necessarily so for bonded joints) such that the degraded

mechanical properties can be recovered upon drying. The extent of which depends, of

course, upon the adhesive composition. When moisture is diffused into the adhesive

material, it is in either one of two forms - free water (absorption) or bound water
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(adsorption). Free water occupies the free volume of the epoxy resin and does not cause

swelling while bound water chemically reacts with the polymer chain via hydrogen

bonding, disrupting the chain, and enhances the chain mobility, causing swelling to occur.

In other words, the effective cross-link density is reduced when adsorption takes place,

but for a few mass percent of moisture uptake, the swelling is barely measurable.

One universal observation is that water depresses the glass transition temperature,

for both ambient cured adhesives and for heat-cured adhesives. This could be particularly

worry to the civil engineering community regarding the FRP retrofitted structures where

ambient cured adhesives are almost always used. These cold-cured adhesives have a

typical glass transition in the range of 40'C - 60'C, within the vicinity of upper bound

service temperature. With further depression by moisture, it would mean that the

adhesive materials behave viscoelastically under normal service conditions, reducing the

stress transfer over time, and upsetting the purpose of the whole retrofit exercise.

The plasticization effect of moisture, on the other hand, enhances the fracture

toughness of adhesives due to greater plastic deformation and enhanced crack-tip

blunting mechanisms (Kinloch 1982). Cohesive strength may, however, be reduced

(Antoon and Koenig 1980, Hutchinson 1986) to sufficiently offset the increased

toughness.

D. Adhesion Mechanism

To understand the undertaking of external environmental agents at the interfaces

and hence the FRP bonded concrete system property, the major adhesion mechanisms

must first be identified. Adhesion is popularly believed to take place in one (or more) of

four forms: (1) physical attraction (or adsorption), (2) chemical bonding, (3) mechanical

interlock, and (4) mutual diffusion.

Adsorption involves surface forces that develop between atoms in the two

bonding surfaces that are resulted from intimate intermolecular contact between the two

materials. The most common surface forces being referred to are the van der Waals

forces. Since intimate intermolecular contact is required for adsorption to be properly

developed, good wetting from the adhesive is essential. Wetting is perceived as the
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ability of the adhesive to spread spontaneously on the substrate when the joint is initially

formed.

Chemical bonding, on the other hand, suggests the formation of primary chemical

bonds across the interface. Chemical bonding is strong and often demands the use of

coupling agents for proper formation.

Mechanical interlock involves the adhesive penetrating into the macroscopically

profiled substrate surface and locking mechanically to the substrate when loaded. This

mechanism is direction dependent and is considered only a secondary mechanism that

adds resistance to adhesion failure as suggested by excellent adhesion achieved between

smooth sound adherend surfaces in many studies. Peel fracture, for instance, should be

less influenced by mechanical interlock than shear fracture.

Finally, mutual diffusion only occurs when both the adhesive and adherend are

polymeric (e.g. adhesive and CFRP). This theory, however, has found limited application

in materials with high cross-link density such as the epoxy being used in this study.

In view of the four adhesion mechanisms, physical attraction and mechanical

interlock seem to be the two that are responsible for the adhesion at the epoxy/concrete

interface while physical attraction, chemical bonding, and mutual diffusion might be the

synergistic adhesion mechanisms responsible for the adhesion at the FRP/epoxy interface.

2.1.3 Concrete Durability

Concrete is a familiar material to civil engineers and thus will not be discussed in

the herein context. However, concrete durability often involves complex phenomena and

thus will be discussed in this subsection.

The American Concrete Institute (ACI) defines concrete durability as the

resistance to weathering action, chemical attack, abrasion, and any other degradation

processes. Some of the more important degradation mechanisms include the following

(Bazant and Prat 1988, Mehta and Monteiro 1992, Konvalinka 2002):

. Freeze-thaw damage

" Alkali-aggregate reactions

. Sulfate attack

. Microbiological induced attack
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. Corrosion of embedded rebar

. Abrasion

. High temperature

. High moisture

Of these, the effects of high moisture on mechanical properties are to be discussed,

in view of the role of moisture in the interfacial region of a FRP bonded concrete system.

Presence of moisture is believed to enhance the mechanical properties of concrete due to

continued hydration. However, comparative mechanical tests on dry and wet specimens

of the same concrete indicate that the presence of free water can lead to substantial

reduction in strengths (Bazant and Prat 1988, Ross et al 1996, Neville 1997, Konvalinka

2002).

Two hypothetical explanations have been offered so far to explain this

phenomenon. The first explanation approaches the problem from a viewpoint of

volumetric change of the hardened cement paste (Konvalinka 2002). It is believed that

drying of concrete decreases the volume of the hardened cement paste, reducing the

average distance between the surfaces of the hardened cement gel. This reduction

naturally leads to increase in secondary bonds between the surfaces, and hence increases

the strength of the dry specimens. Conversely, wetting the concrete increases the volume

of the hardened paste and hence the average distance between the surfaces of the gel.

The second explanation approaches the problem from a viewpoint of internal pore

pressure (Bazant and Prat 1988). It is believed that internal pore pressure is developed on

the water molecules in the pores in wet concrete due to external loads. Since the

migration of water in a pore is not free when adjacent pores are also filled with water and

due to capillary actions, the hindered adsorbed water produces a very high disjoining

pressure between the contacting cement gels. The pore pressure is responsible to intensity

the stress intensities of the micro-crack tips and hence promotes crack propagation under

external loads. This reduces the load-resistance of wet concrete, as compared to dry

concrete.

To verify these hypotheses and to get an order of magnitude estimate of strength

reduction that can be produced by moisture adsorption, the author has performed various

mechanical tests that involve the characterization of compressive strength, tensile
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strength, and fracture toughness using cylindrical and 3-point bend fracture specimens

under 3 different moisture conditioning temperatures. It has been shown that degradation

ranges from 20% to over 50%. Conditioning temperature effect does not seem to be

significant in all test cases. More details of these material characterizations can be found

in Chapter 4 of the thesis.

2.2 Structural Systems

2.2.1 Debonding in FRP/Concrete Systems

A. Definition of Debonding

The term "debonding" can be used to describe a variety of failures in the vicinity

of the bond interface where a parent crack propagates parallel to the plane of the interface.

For FRP bonded concrete, three materials (FRP, adhesive, and concrete) and two

interfaces (FRP/adhesive and adhesive/concrete) are involved. In theory, five distinct

failure modes are possible. They are namely, (1) FRP delamination, (2) FRP/adhesive

separation, (3) adhesive decohesion, (4) adhesive/concrete separation, and (5) concrete

substrate fracture. These five failure modes can broadly be classified as two classes of

failure: (a) material decohesion and (b) interface fracture. Failure (1), (3), and (5) are

considered material decohesion while failure (2) and (4) are considered interface fracture.

Figure 2.2 illustrates each of the possible five debonding scenarios.

B. Experimental Observations

Empirical results have shown that under most circumstances (including loading

type, material variations, and retrofit methods), concrete substrate fracture is the

predominant mode of failure. For a beam system, concrete debonding is often brittle, can

occur with little or no visible warning, and can occur at loads significantly lower than the

flexural or shear strength of the retrofit system (Hearing 2000). Delamination of the FRP

laminate is also seen from time to time when relatively viscous adhesive is being used.

These empirical observations have been reported by a number of research teams who

worked at the structural scale (Kaiser 1989, Saadatmanesh and Ehsani 1990, Ritchie et al

1991, Sharif et al 1994, Buyukozturk et al 2002). Besides, a number of attempts have

since been made to look at such debonding phenomena at a smaller scale using various
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physical models such as the peel and lap shear specimens (Chajes et al 1996, Taljsten

1997, Bizindavyi and Neale 1999, Karbhari et al 1997, Neubauer and Rostasy 1997,

Kimpara et al 1999, Nakaba et al 2001, Chen and Teng 2001, Wu et al 2002, Gao et al

2003) and strength and debonding models have been suggested.

C. Possible Causes of Debonding

At the structural level, debonding is often found to initiate from the laminate ends

where abrupt discontinuity arise. High concentration of shear and peel stress can be found

in the bond line at such locations where shear cracks in concrete are likely to develop.

Various methods of anchorages such as anchor bolts, L-shaped plates, and U-anchors,

have since been devised with mixed success to prevent debonding from happening

(Sharif et al 1994, Garden and Holloway 1998, Khalifa et al 1998, 2000, Smith and Teng

2001, Gunes 2004). Figure 2.3 shows a debonding failure at a soffit of a beam by a

sliding mechanism even when double L-shaped plates are applied.

When sufficient and proper end anchorages are deployed, interface debonding

would be forced to take place elsewhere, often within the retrofitted span (Hassanen and

Raoof 2001). Debonding within the retrofitted span is often initiated from flexural cracks

and/or flexural-shear cracks where there are differential crack mouth movements when

external load (monotonic or cyclic) is applied to the beam system. Such debonding

initiation and propagation has been observed by a number of research teams as early as

1989 (Kaiser 1989, Meier 1992, Neubauer and Rostasy 1997, Hearing 2000, Gunes 2004).

Other causes of debonding include but are not limited to imperfect bonding between the

laminate and concrete, cyclic loading induced debonding, environmental effects such as

thermal cycle induced residual stresses and moisture plasticization of the adhesive

material, and vandalism (Hearing 2000). It should also be noted that any presence of

flaws might lead to further crack propagation as a vicious cycle. Figure 2.4 illustrates the

main causes of interfacial debonding that can often be reproduced in laboratory settings.

D. Debonding Models

Modeling of debonding has been a popular area of interdisciplinary research in

the past decade due to the critical importance of debonding failures especially in FRP
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retrofitted flexural members. Models proposed have been mostly at the structural scale

that predicts the debonding of the entire beam. These models can be generally classified

by their approach to the problem as strength approach and fracture approach. While the

majority of the models are strength-based, both classes consist of various rigorous

analytical formulations as well as relatively simple empirical or semi-empirical

methodologies.

Strength Based Models

Strength based models have been developed based on interfacial stresses, concrete

tooth models, and bond strength models. By far, the models that are based on the

interfacial stress concept are the most complete and thus will be discussed in the herein

context. Debonding problems observed during experimental studies have resulted in the

research on prediction of interfacial stresses at the FRP/concrete interface. It is now

known that interface stresses consist both of a normal and a shear component. Figure 2.5

illustrates the conceptual distributions of interfacial stresses in a FRP retrofitted RC beam

without end anchorage. It can be seen that high shear and normal stresses are developed

at plate ends and at crack locations. Approximate closed-form models have been

developed to predict such stresses, with a majority based on the strain compatibility

condition and linear elastic behavior of materials (Taljsten 1997, Malek et al 1998, Smith

and Teng 2001).

The following presents a recent and widely used model by Smith and Teng (2001).

The analytical closed-form solution assumes linear elastic behavior with deformations

due to both axial forces and bending moments of the RC beam as well as the external

reinforcement. Shear deformations are being neglected due to their minimal effects.

Adhesive layer is assumed to exhibit constant stresses through the thickness. The

interface shear stress can be computed from the followings:

r~mVx)+me,% M(x)+r* (x)

where x is the distance from plate ends, V(x) and M(x) the applied shear and moment

values at the location where the interfacial stress is determined, r* (x) an additional shear

stress term that varies with different loading cases, and ml, m2, and A are expressions
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that consist of material properties and geometric parameters. The interface normal stress

can be, on the other hand, computed from the followings:

=e-8X[C, cos(#6x)+C 2 sin(#x)]-ni drx) - n2q

where C1 and C2 contain applied shear and moment information, n, n2, and # material

properties and geometric parameters.

Having developed the interfacial stress models, a failure criterion is needed to

predict the debonding failure load. Early research suggested that debonding failure takes

place when the maximum shear and normal stresses reach certain limits (Roberts 1989,

Kaiser 1989, Triantafillou and Plevris 1992). Kaiser (1989) has established from

experimental testing of CFRP retrofitted beams that the critical interface shear stress that

is likely to cause debonding is around 8 MPa. Another approach to suggesting a

debonding model (Ziraba et al 1994) is by use of Mohr-Coulomb type criterion, which is

given as follows:

r + a tan b C,

where # is the friction angle and C, the allowable coefficient of cohesion, both can be

determined from parametric finite element studies.

Fracture Based Models

The fracture approach has been used to determine effective bond length in FRP

retrofitted members. Recently, a fracture energy based failure model was also developed

by Hearing (2000), a prior member of our research group at MIT, to predict debonding

initiation and failure of the FRP retrofitted beams. It has been determined that debonding

in the concrete substrate, a common failure mode under short-term testing as discussed in

an earlier section, is expected to occur under the following critical moment:
/ 0.5

M. 3(1-2a#) 1 p(1 -
bdG2 GE 6(a3+2)-1.5 ti Il 12

where MU is the applied critical moment, b and d the width and depth of the beam, Gf

and E the fracture energy and modulus of concrete, a the normalized laminate length, #

47



the position of the loads, p1 and t, the retrofit ratio and thickness of the FRP plate, and

Ii and 12 the moment of inertia of the laminated and delaminated sections.

Most recently, Gunes (2004) has proposed a global debonding criterion also based

on fracture energy of concrete. It is proposed that debonding of the entire FRP plate

would occur when the following is satisfied:

P2 P2
AD_ 2d ld bG, ±F, lb _+W|>0

2K2 2K, Ff

where AD is the total energy dissipation in the retrofitted system during the debonding

process, P2d and d the load values before and after debonding takes place for an

arbitrary deflection under the load application points, K2 and K, the stiffnesses of the

strengthened and un-strengthened beams, GFII the mode II fracture toughness of concrete,

FFII the interface fracture energy (between the longitudinal FRP plate and the transverse

anchorage reinforcement), lfbf the bond area at the FRP/concrete interface, lb, the

bond area between the FRP plate and the bond anchorage reinforcement in the transverse

direction, and WP the plastic energy dissipation of the rebars inside the concrete during

debonding failure.

2.2.2 Environmental Degradation of FRP Bonded Concrete

Research into environmental degradation of FRP bonded concrete is at its infancy

and very limited publications can be found up to this point. Almost all studies in this area

have been based on accelerated testing of meso-scale specimens (in the cm range), unlike

short-term debonding investigations that often involve large-scale beams (in the m range).

Specimen types include FRP bonded plain concrete beams, FRP bonded reinforced

concrete beams, lap shear specimens, and peel specimens. Most investigations involved

characterization of strength parameters such as ultimate strength, stiffness, and

deformation (Chajes et al 1995, Karbhari and Engineer 1996, Toutanji and Gomez 1997,

Mukhopadhyaya et al 1998, Green et al 2000, Myers et al 2001, Ferrier et al 2001,

Tommaso et al 2001) while to the knowledge of the author, only one study (except this

current study) involved fracture characterization by means of fracture toughness
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parameters (Karbhari et al 1997). With little physical understanding developed so far,

modeling of environmental degradation of FRP bonded concrete system is virtually non-

existence. Environmental parameters that have been tested usually include the followings:

extreme temperature cycles, continuous frozen state, continuous fresh water conditioning,

continuous saltwater conditioning, wet/dry cycles using saltwater, freeze/thaw cycles, and

UV exposure under sustained load, from which wet/dry cycling is more often tested.

A. Strength Approach Studies

Testing of FRP retrofitted concrete beams (with or without rebars) under wet/dry

cycles unanimously registered reduction in flexural stiffness (as indicated from mid-point

beam deflection) and ultimate strength after conditioning. Under identical conditioning

duration, the degree of stiffness reduction depends largely on the type of FRP being used.

In one study (Myers et al 2001), it was experimentally determined that glass FRP bonded

specimens lost up to 85% of its flexural stiffness after 20 wet/dry cycles, compared to

55% in the case of carbon FRP bonded specimens. Aramid FRP bonded specimens in the

same test series appeared somewhere in between. Ultimate failure load also depreciates at

various degrees, depending on the epoxy systems being used. In one study (Toutanji and

Gomez 1997), the strength reduction ranged from as little as 3% to as much as 33% after

300 wet/dry cycles. All specimens were found to fail at the FRP/concrete interface. In a

study where glass FRP double lap shear specimens were being used (Mukhopadhyaya et

al 1998), wet/dry conditioning has resulted in increased shear slip, although it was

concluded that the quantification of average shear stress could not effectively

demonstrate the damage induced by the exposure.

B. Fracture Approach Studies

Fracture characterization on the durability of glass and carbon FRP bonded

concrete against continuous fresh water and synthetic seawater (or salt water)

conditioning environments has been performed by means of a peel test, of which the test

setup is shown in Figure 2.6 (Karbhari et al 1997).

It has been proposed that this fracture characterization in the peel mode offered

the following three distinct advantages over other tests including the pure shear test,
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especially that it resembles closely the loading regime and modes of failure that are often

encountered under service conditions:

. Bond failure proceeds at a controlled rate

. Peel force provides a direct measure of the work of adhesion

. Failure can be achieved under a mixed mode of loading

It was concluded from the tests that very little effect was found on the short-term

exposure to water or seawater on the level of mode I fracture toughness while significant

reduction of mode II fracture toughness was observed. A shift in failure mode was also

registered for the glass FRP bonded concrete system before and after moisture

conditioning. Control specimens exhibited a conventional concrete fracture type of

failure while conditioned specimens failed mostly at the epoxy/FRP interface, indicating

an adhesive type of failure.

2.3 Theoretical Background of Critical Phenomena

2.3.1 Moisture Diffusion

A. Overview

Diffusion is defined as the process by which matter is transported from one part of

a system to another as a result of random molecular motions (Crank 1975). These random

molecular motions, in which no molecule has a preferred direction of motion, are

however governed by a concentration gradient. There is thus a net movement of these

molecules flowing from a higher concentration region to a lower concentration region as

a result of the random molecular motions.

Moisture diffusion in solid is a phenomenon where water molecules flow from a

moist environment (e.g. a water bath) to a dryer environment (e.g. core of the material).

The rate of transfer of water, the diffusing substance, through unit area of a section is

proportional to the concentration gradient measured normal to that section, which is

expressed by Fick's first law of diffusion:

F =-D
ax

where F is the rate of transfer per unit area of section (i.e. the amount of water diffusing),

C the concentration of water, x the space coordinate measured normal to the section, and
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D the diffusion coefficient. The negative sign in the above expression indicates that

diffusion takes place in the direction opposite to that of increasing concentration. With

respect to time, the rate of diffusion follows Fick's second law of diffusion:

C = C(D C

if diffusion is one-dimensional (i.e. concentration gradient is dominant in the x direction).

Note here that D may or may not be a constant. In some cases such as diffusion of

organic vapors in high-polymer substances, D depends on the concentration of the

diffusing substance C. Sometimes, D may also vary with the time during which diffusion

has been taking place. Generalizing, Fick's second law can be expressed to describe a full

3-dimensional diffusion process in terms of the nomenclature of vector analysis as:

-ci= div (D -gradC)
at

B. Types of Diffusion Behavior

Moisture diffusion has been traditionally classified according to the relative rates

of diffusion and relaxation (Alfrey et al 1966). The three classes are as follows:

. Case I or Fickian diffusion in which the rate of diffusion is much less than that

of relaxation

. Case II diffusion in which diffusion is very rapid compared to the relaxation

processes; this is the other extreme as opposed to Case I

. Case III or non-Fickian diffusion in which diffusion occurs at a rate comparable

to that of relaxation; this falls somewhere in between Case I and Case II

Case I diffusion is controlled fundamentally by the diffusion coefficient while

Case II is controlled by the constant velocity of the advancing diffusion front which

makes the innermost limit of penetration of moisture. Case III normally requires two or

more parameters to describe the inherent interaction between diffusion and relaxation

effects. When the amount of moisture sorption at time t is described by kt" where K and

a are empirical constants that are geometric and material dependent such that:

-'-= kta
M,
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a can be defined in the ranges as follows:

Case I or Fickian a= 2

Case II a> 1

Case III or Non-Fickian ae (/2, 1)

Here, M represents the mass of water sorbed at time t and M the mass sorbed at

equilibrium (or saturation). Considering a FRP bonded concrete system, diffusion within

the constituent materials often belongs to Case I or Case III. Figure 2.7 illustrates the

different types of Case III diffusion compared with Case I behavior.

In most cases, either Fickian or Pseudo-Fickian diffusion is observed. The term

Pseudo-Fickian was first used by Rogers (1965) to describe the sorption-desorption

curves of the same general shape as in Fickian diffusion, except that the initial linear

portion persists for a shorter time. Note here that for ideal Fickian diffusion, the mass

uptake curve would exhibit the following characteristics:

. Initial slope is linear

. Linear limit exceeds 60% of the equilibrium mass uptake

. Nonlinear portion of the curve is concave in shape

* Identical mass uptake curves should be generated regardless of coupon

thickness

C. Diffusion Coefficient

Diffusion coefficient is defined as the rate at which a diffusion process takes place.

A higher diffusion coefficient value corresponds to a faster diffusion process in a given

duration. To measure the diffusion coefficient for the material at hand, most researchers

assume the diffusion parameter as a constant. When such assumption does not applied to

the material in question, a mean value is often obtained. As discussed earlier, the

materials we are interested in (FRP, structural adhesive, and concrete) usually exhibit a

Fickian or a Pseudo-Fickian diffusion behavior. In such cases, constant diffusion

coefficients can be assumed without much loss of accuracy. Measurement of their values

experimentally is also much simpler. One method of doing so is by the so-called
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gravimetric sorption technique, which involves the generation of the overall moisture

uptake curve as shown in Figure 2.8 by submerging a thin sheet of material in a water

bath so that 1-dimensional double-sided diffusion takes place.

By solving Fick's second law properly, one could get an approximate relationship

that describes the above moisture mass uptake behavior relatively accurately (Crank 1975)

as follows:

M, =4 (Dt)"

where M is the mass of water sorbed at time t, M the mass sorbed at equilibrium (or

saturation), h the thickness of the material coupon, D the diffusion coefficient. Thus, D

can be computed from the initial linear slope of the mass uptake curve. For Pseudo-

Fickian diffusion, D can be averaged up to the point of 60% of the initial portion (i.e.

Mt/M, = 0.6). Note that M/M always ranges between 0 and 1.

D. Estimation of Time to Saturation

We can observe from the mass uptake expression that at saturation, the coupon

thickness, h, can be correlated to the time to saturation, ts, as follows:

h=4

At a fixed moisture sorption temperature, T, the diffusion coefficient of the material

remains unchanged. Hence, one can see that time to saturation varies with the square of

the coupon thickness. When T is allowed to vary, D will be factored into the rate process

as follows (disregarding the complex coupling of simultaneous diffusion of heat and

moisture, Crank 1975):

ts,2 =2 t, I

where DTJ and DT2 are the diffusion coefficients at temperature T, and T2 for the same

material respectively, h, and h2 the respective coupon thickness, tsj and ts,2 the respective

time to saturation. Consider that at room temperature, a 6 mm thick concrete, which has a

diffusion coefficient of roughly 20x10- 2 m2/s, saturates in 1 day. The same concrete but
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with a thickness of 75 mm, under identical conditioning environment, will take as much

as 5 months to saturate, a multiple of 156.

2.3.2 Interface Fracture

A. Overview

Interface fracture is used to describe the fracture phenomena that take place in a

layered material system where interfaces exist between adjoining materials. Unlike

fracture of a homogeneous isotropic solid, interface fracture in a multi-layer system often

presents high order of complexity in terms of stress fields, crack propagation and kinking,

as well as edge effects. While load and geometric symmetry usually bring about pure

mode fracture in an isotropic solid, elastic mismatch in most cases lead to mixed mode

behavior under seemingly symmetric loading and specimen geometry. Analysis of mixed

mode behavior can also be extremely tedious and complex, often involving complex

variables, integral equations, numerical solutions, and advanced elasticity analyses.

Figure 2.9 illustrates such complexity through the expression of stress intensity factor for

a compact tension (CT) fracture specimen that consists of a single material versus one

with two materials (parameters involved will not be discussed herein). The latter case

requires a complex variable definition in which K = K + iK2, involving both the opening

mode and the shearing mode at the crack tip. Despite the difficulty of this subject,

interface fracture mechanics is an essential tool to characterize debonding behavior in a

layered material system, one of which, of course, is FRP bonded concrete that has been

the central theme of this study.

B. Bi-material Elasticity

No matter how many layers are there in a layered material system, an interface

can only be formed by two adjoining materials. Bi-material elasticity will thus be first

introduced. Consider a bi-material composite that consists of two dissimilar

homogeneous isotropic materials that are bonded with continuous traction and

displacement fields across the interface as shown in Figure 2.10. The upper layer is

defined as material l and lower layer material 2. Let Ei, ,, and v, be the Young's
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modulus, shear modulus, and Poisson's ratio respectively for subscript i = 1, 2 that

correspond to the respective material number.

Dundurs (1969) has observed that a wide class of plane problems of elasticity for

bi-materials only depends on two non-dimensional quantities, namely, a and / , as

combinations of elastic moduli of the two materials. In the case of plane strain:

n -d 1 I 1(1-2v2 )-#2(1-2v,)
Ei + E2 2 i1 (1-2v2 )+p 2 (1-2v,)

whereE= E/(1-v 2 ) . a represents the mismatch in tensile modulus while / the

mismatch in bulk modulus. a approaches +1 when material 1 is comparatively extremely

stiff while -1 when the same layer is extremely compliant. Both a and 8 vanish when

the elastic mismatch is absent. a and 8 also change signs when the material layers are

switched. Figure 2.11 shows the Dundurs parameters of some common material

combinations in a FRP bonded concrete system as compared to those in the electronic

packaging industry where debonding problems are also considered critical issues. It is

clearly seen that the bi-material combinations commonly found in FRP bonded concrete

represent some of the most extreme elastic mismatch combinations among the industries.

C. Interface Fracture Energy Release Rate in a Bi-Layer

Interface fracture energy release rate, G, in a bi-layer system is defined as the

energy lost by the system (per unit width) due to crack advance. G can be related to

material elasticity, elastic mismatch, and the complex stress intensity factors by the

following expression:

E cosh 2 (re) E

where -=- (=-+ - J, e=-In ( ), and the other parameters as defined above.
E 2 Ei E2) 2)r 1+p0

Note there that E is a so-called oscillatory singularity, which brings complications that

are not present in the elastic fracture mechanics of homogeneous solids.
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Case 1: Interface Crack in a Bi-layer

In a lot of cases, a flawed bi-material system can be modeled as a plain strain

infinite bi-layer with an interface crack that is subjected to uniform loading along the

edges, as illustrated in Figure 2.12.

Assuming each layer is homogeneous, isotropic, and linear elastic, and that the

uncracked interface is perfectly bonded with continuous displacements and tractions, the

interface fracture energy release rate has been derived in close form by Hutchinson and

Suo (1992) as follows:

G=I 1 =--- + 12 M) 1 __ (P 2 +12 M -P 12M
2E1 h h3  2E 2 H H' Ah IN1

where the dimensionless cross-section A and moment of inertia I are respectively

1

A + I

1+2__+___ 1+a h
and A = , =-

21(1+D7) -a H

Note here that G represents a steady-state energy release rate, which is

independent of the crack length. At this state, the advancing crack tip no longer "feels"

the influence of the other end of the crack. Also, G only specifies the magnitude of the

near-tip singularity but does not specify any mode mix information. This piece of

information can be provided by the complex K, which takes the following form:

K = h~1, 1a 05(P _ eiy M )ew
(1-)2 ) N2hU 27V

where i= vi, and P and Mare linear combinations of the edge loads:

P =} P-CP -C 2M 3 / h

M = MI - C t f s

where Ci, C2, C3, U, and V are geometric factors, and co the shift in phase angle.
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Case 2: Substrate Crack in a Bi-layer

A second possible case of cracking in a bi-material system is when a crack is

developed in the substrate that is close to and parallel to the interface as shown in Figure

2.13. This type of interface fracture would correspond to the commonly observed

concrete delamination in a FRP bonded concrete system.

A similar analysis as in Case 1, which exercises energy arguments and by using

the classical beam theory, would yield the following results (Hutchinson and Suo 1992):

__P2M2P2 2 3G= 1 M12~ ±1 P22!
G=-- - +-+ + 2 +12 2 3 - 3

2E2 Aih Ilh' h( -{1j h 3 _-gi)3 Ah Ih3

where the dimensionless effective cross-section and moment of inertia are given by:

A = +l I= E[(A - ) 2 - (A - ) + 1/31 +gf(A -{)+3 /3

A, =# +1 i, =1[(A, -fi)2 -(A, - 1) +1/ 3] +Aj (A, - i) +3/3

'!2+2&E 12+ 2 11+ Zwhere A = - A = , j =H/h, and =H/h.
2( +Z) 2( j +Z)

Now that the crack is not at the interface, but within the substrate, the stress

intensity factors are no longer coupled. K, and K, can thus be explicitly expressed in

the following form:

K, = P Cos O+ M-sin(w +r)

P . M
K1 = smw - cos(c+r)

2hU 2h V

where P and M are again linear combinations of the edge loads as defined before; U and

V are geometric factors; and c the shift in phase angle.

D. Crack Kinking

Crack propagation always follow the minimum energy path. In a FRP bonded

concrete systems, although the pre-crack (or parent crack) can initially form at a bi-

material interface (e.g. epoxy/concrete), subsequent crack propagations do not necessarily

follow the direction of the parent crack. In many instances, this parent crack will kink out
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of the interface and enter the more fracture prone concrete substrate. The behavior of

crack kinking is governed by the relative fracture toughness of the interface over the

substrate material. When

G G.

T, G'a

is satisfied, the crack is likely to kink out of the interface since the interface is relatively

tougher than the substrate material (He and Hutchinson 1989, He et al 1991). Here F, is

the interface fracture toughness, F, the substrate fracture toughness in mode I, G, the

interface fracture energy release rate (of the parent crack), and G'. the maximum

fracture energy release rate for the kink crack at any putative kink angle. Since G, is a

case of Gm, the G, /G' is always between 0 and 1. Also, the fracture toughness values

are determined experimentally.

2.4 Summary Comments

In this Chapter, a comprehensive literature review is given first regarding the

mechanical and durability properties of the FRP composites and adhesive systems that

are commonly used in retrofitting concrete structures. In particular, the basic mechanistic

effect of moisture on adhesives is discussed, followed by a review of the known adhesion

mechanisms that govern the bond properties of a joint. These discussions have laid down

the foundation for interpreting the subsequent experimental findings of this work. Also,

the readers should be aware of the fact that while tests have been performed on epoxy

materials in the aerospace and mechanical engineering industries to study the effect of

moisture in the past decades, the results are generally not universally and directly

applicable to the debonding problem in the civil engineering structural retrofit context

due to a wide variety of epoxy formulations and processing techniques, as well as the

different design philosophy and structural requirements, used in the respective industries.

Therefore, Chapter 4 of this thesis characterizes the effect of moisture on the structural

epoxies that are used to manufacture the bonded system as will be examined in Chapter 5.

The discussion of materials is then followed by a brief review of debonding in

FRP retrofitted concrete system, summarizing the experimental and theoretical
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advancements regarding the debonding mechanics that is known to the civil engineering

community. Although a large amount of work has been performed in the past decade to

investigate the short-term behavior of debonding, available knowledge in the long-term

behavior and especially the moisture effect on debonding is very limited. Thus, the main

focus of the herein research is to generate new scientific knowledge with respect to the

moisture effects on the mechanistic behavior and its trends of FRP bonded concrete as an

overall joint system, as will be presented in Chapters 5 and 6 respectively. Also, it should

be pointed out that strength-based approach has been dominant in prior research studies

and fairly limited mechanistic explanation has been offered in light of the debonding

phenomenon, which is inherently a fracture problem. As such, this research has adopted a

fracture-based approach in order to gain more in-depth understanding into the debonding

problem using a newly derived interface fracture model, which will be presented in

Chapter 3, as the quantification means and the interface fracture toughness, that can be

computed from the model at the critical state, to establish behavioral trends.

Finally, theoretical backgrounds on moisture diffusion and interface fracture, the

two important phenomena central to this research, are laid out. Three-dimensional

diffusion modeling is a critical simulation activity of this research to link the fracture

theories with physical observations of the debonding modes by means of interfacial

moisture concentration as well as moisture affected material properties. The simulation is

performed by solving Fick's diffusion law, using diffusion coefficients as presented and

defined in this chapter that are experimentally determined and tabulated in Chapter 4. The

bi-material interface fracture solutions described represent the limiting cases for the tri-

material interface fracture models as derived in Chapter 3. The kink criterion is, on the

other hand, an important tool for analyzing and interpreting the debonding mechanics

detailed in Chapter 6.
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Figure 2.3 Debonding Failure Under End Anchorage (Gunes 2004)
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CHAPTER 3

QUANTIFICATION OF DEBONDING
A TRI-LAYER FRACTURE TREATMENT

Debonding resistance of a FRP retrofitted concrete element needs to be properly

quantified to facilitate the observation of the effect of moisture on the properties of the

bond and its stability. This chapter develops a new tri-layer interface fracture model with

fairly general boundary conditions using energy arguments and the classical beam theory.

The rationale for adopting the fracture-based approach, as opposed to the more

conventional strength-based approach, is first discussed. The need for a new tri-layer

model, as opposed to the available bi-layer models, is then justified. Finally, specialized

models that are applicable to subsequent fracture tests for transforming test data to

interface fracture toughness in the peel and shear modes are presented.

3.1 Strength-Based Approach vs. Fracture-Based Approach

Strength-based characterization has been the dominant approach used by civil

engineering researchers in the study of debonding problems in FRP retrofitted RC

structures. Models that describe interfacial stress distributions, effective bond length, and
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ultimate bond strength in FRP bonded concrete systems in both the structural scale and

the mesoscale have been developed in the past decade (Gunes 2004). Modeling of

debonding has mostly been based on the concept of interfacial stresses. Approximate

closed-form models have been developed to predict such stresses, which contain both a

shear and a normal component, with a majority based on the strain compatibility

condition and linear elastic material behaviors (Taljsten 1997, Malek et al 1998, Smith

and Teng 2001). Various failure criteria, which require the description of interface

stresses for the given external loading configuration, have also been proposed to predict

the debonding failure load (Roberts 1989, Kaiser 1989, Triantafillou and Plevris 1992,

Ziraba et al 1994). While these models have shown some success in predicting the

debonding state, they generally suffer from the fact that the models themselves depend on

geometric parameters that are often highly system dependent. The debonding

characterization is thus not quite transferable from one system to another, even with the

use of identical retrofit composites and adhesives.

Fracture-based approach, on the other hand, characterizes debonding by means of

an interface fracture toughness parameter, which can be considered a bond property. This

bond property and/or behavior remain the same when the bond is subjected to identical

interfacial stress states, regardless of the geometric configuration of the retrofitted system.

This approach, while relatively new to the civil engineering community, has been

successfully implemented to characterize thin-film structures (Hutchinson and Suo 1992),

fiber reinforced material interfaces, mortar-aggregate interfacial properties (Trende 1995,

Lee and Buyukozturk 1994, Chatterji and Jensen 1992, Diamond et al 1992), as well as

dam-soil interaction (Saouma and Morris 1998, Cervenka et al 1998, Chandra and

Saouma 2003). Also, the fracture-based approach naturally associates with material

systems that contain flaws and cracks, as in the case of FRP debonding where cracks are

often already in existence if not subsequently initiated due to further external loading.

In view of its transferability of information and relevance of application context,

the fracture-based approach is adopted in this study as a basis for developing the

quantification model that describes the debonding behavior in FRP bonded concrete

systems.
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3.2 Need for a New Tri-Layer Interface Fracture Model

Debonding can be used to describe a variety of failures in the vicinity of the bond

interface where a parent crack propagates parallel to the plane of the interface. For FRP

bonded concrete, three materials (FRP, adhesive, and concrete) and two interfaces

(FRP/adhesive and adhesive/concrete) are involved. Empirical results (Smith and Teng

2001, Gunes 2004) have shown that FRP debonding is a highly complex phenomenon

that can involve failure propagation within the concrete substrate, inside the adhesive,

and inside the FRP laminate. In certain cases where external degradation agents are

involved, interface separation may also be obtained (Karbhari et al 1997). In theory, five

distinct failure modes are possible. They are namely, (1) FRP delamination, (2)

FRP/adhesive separation, (3) adhesion decohesion, (4) adhesive/concrete separation, and

(5) concrete substrate fracture. These five failure modes can broadly be classified as two

classes of failure: (a) material decohesion and (b) interface fracture. Failure (1), (3), and

(5) are considered material decohesion while failure (2) and (4) are considered interface

fracture. Figure 3.1 illustrates each of the possible five debonding scenarios.

These different failure modes are partly attributed to the fact that the adhesive

bond line thickness in such retrofitted systems is relatively large, usually in the order of

the thickness of the FRP laminate, which is in the mm range. To characterize these

different debonding modes, a tri-layer interface fracture model that contains

parametrically the material and geometric information of the bonded system, is thus

needed. While the conventional bi-layer fracture models (Hutchinson and Suo 1992) is

capable of describing other layered systems with negligible bond line thickness such as

protective coating, electronic packages, capacitors, and general thin-film/substrate

systems, a new tri-layer fracture model needs to be developed to sufficiently describe the

FRP debonding problems at hand.

It is, therefore, the objective of this chapter to present the full set of newly derived

solutions to five idealized tri-layer debonding models that are subjected to fairly general

boundary conditions at the edges, followed by the specialized peel and shear interface

fracture models also for the five possible debonding scenarios. The solutions are linear

elastic and are derived based on energy arguments and the classical beam theory. These

solutions provide a rigorous quantification of the total interface fracture energy release
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rate of the bond and represent a partial extension of the well-known and widely used bi-

layer fracture energy models that are presented in Hutchinson and Suo (1992). Note here

that the derived fracture models describe only the total interface fracture energy without

explicit consideration of the mixed-mode stress-intensities at the crack tip.

Considerations of such mode-mix behavior (i.e. determination of the opening and

shearing mode stress intensities) are instead performed numerically with the use of finite

element fracture modeling and interaction integrals, which will be discussed in more

detail in Chapter 6 of this thesis.

3.3 Energy Arguments

As discussed earlier, debonding is a highly complex phenomenon. As the parent

crack propagates at or near the bond interface, various energy dissipation mechanisms

may take place. Some possible mechanisms include the release of elastic strain energy

built up in the bond during fracture (i.e. when new fracture surfaces are generated), non-

linear elastic, viscoelastic, or plastic behavior of the adhesive bond line depending on the

material being used and the service conditions the bond is subjected to, frictional effect at

interfaces especially that at the adhesive/concrete interface where mechanical

interlocking exists when the concrete surface is roughened for bonding, and

microcracking as well as plasticity in the concrete substrate. The total amount of energy

dissipated during debonding, D, can thus be expressed as the sum of the work of adhesion,

y, , that is responsible for generating new surfaces and the other energy dissipative

mechanisms, Yd over the area of debonding, dA:

D= JydA+ fYddA

For fracture to occur, the energy release, JGdA, should thus be greater than or equal to

the total amount of energy dissipated:

JGdA > D

In the case of fracture under prescribed load, the total potential of the bonded system, H,
is related to the elastic strain energy U and potential energy due to external loads V as

follows:

H = U-V

72



Consider a linear elastic assumption for first order analysis as in most fracture problems,

where at the solution state, V = 2 U exactly. Therefore, at fracture

dfl= -dU

Hence,

dUldU
G -------- =d(Ud)

dA dA

where Ud is the strain energy per unit length per unit width of the bonded system. In other

words, for interface fracture to occur at the steady state (Hutchinson 1996), the amount of

energy dissipated in creating a new interface crack, dD, should equal the change in

elastic strain energy due to cracking (i.e. strain energy release). The fracture energy

release rate G is thus the difference between Ud of a cracked body (far behind the crack

tip or downstream) and that of an intact body (far ahead the crack tip or upstream), as

illustrated in Figure 3.2 for a debonding problem where an interface crack exists between

Layer 2 and Layer 3.

G = (Ud)d,,,,,,,m - (Ud)upstream

As such, G can be computed exactly by evaluating the strain energy per unit width per

unit length of the bonded system, which contains a crack in an arbitrary location near the

bond interface, using the classical beam theory. The solutions for this tri-layer problem

can be algebraically cumbersome and thus non-dimensional area and moment of inertia

are carefully chosen for systematic tabulation for use in future analyses as illustrated in

the next section.

3.4 Interface Fracture Models and Solutions

In this section, the tri-layer interface fracture energy release rate models (hereafter

called G models) are derived in accordance to the energy principles described in the

previous section. For a tri-material layered system, there are altogether five possible

fracture scenarios, two being interface separation and three material decohesion, as

previously presented. Each of the debonding modes is idealized and defined in Figure 3.3

for derivation purposes. Table 3.1 summarizes the interface fracture cases and the

corresponding debonding modes in case of a FRP bonded concrete system with respect to

the case numbers of the idealized models.
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Table 3.1 Summary of G Model Cases

Interface Fracture Mode Corresponding Debonding Mode in FRP
Bonded Concrete Systems

Case 1 Interface Separation between Layers 1 & 2 FRP/Adhesive Interface Separation

Case 2 Interface Separation between Layers 2 & 3 Adhesive/Concrete Interface Separation

Case 3 Material Decohesion of Layer 1 FRP Delamination

Case 4 Material Decohesion of Layer 2 Adhesive Decohesion

Case 5 Material Decohesion of Layer 3 Concrete Delamination

Each of the five derived G models can be used to compute the interface fracture energy

release rate that corresponds to the observed debonding mode from experiments.

Thickness for layer 1 (top) through 3 (bottom) is designated h, t, and H respectively.

Assumptions

Derivation of each idealized debonding model assumes that each of the three

layers is homogeneous, isotropic, and linearly elastic. The uncracked interfaces are

perfectly bonded with continuous displacements and tractions. The tri-material models

are all loaded uniformly along the edges with constant forces (in the form of stretching)

and moments per unit width at the neutral axis of the respective composite arms. Plain

strain condition is assumed, as the bond width is usually 1 - 2 orders of magnitude higher

than the bond thickness.

Derivation

All five G models are developed using identical derivation procedures. In what

follows, the derivation and solution of the Case 2 G model are first presented, followed

by the generalized solution form that applies to all five cases and the tabulated results of

the general terms for each case.

As discussed in the last section, the interface fracture energy release rate G can be

obtained by computing the difference between the Ud of a cracked body (far behind the

crack tip or downstream) and that of an intact body (far ahead the crack tip or upstream),

i.e.
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G =(Ud)dw,,,, - (Ud )upstream

Thus for Case 2, by referring to Figure 3.2 again:

Gcase2 = (Ud)A,,,l + (Ud)A.2 - (Ud)Arm3

Each arm can be treated as a composite beam and the classical beam theory can be used

to derive the expression for Ud for each particular arm. Ud is defined as the total elastic

strain energy, U, per unit width per unit length of the bond. Hence, when constant load

and moment are involved, Ud of a composite arm a can be expressed as follows:

P 2  
_ 2

U= - + Ma
2(EA)Ar a 2(EI)A,, a

where Pa is the constant load (stretch) per unit width acting on the neutral axis of the

composite beam, Ma the constant moment per unit width applied about the same neutral

axis, (EA)Ar. a the plain strain axial rigidity of the composite arm, and (EI)Ar, a the

flexural rigidity. The general form of G will thus be as follows:

' 2 m2 x 2 m2 ' P2 m2
Gcase2 = , _ + - I + - 2 + _2 _ _ 3 - 3

2(EA)A,,,, 2(EI)Arm + 2(EA)Am 2  2(EI)A,-2 2(EA)Arm3  2(EI)A 3

Now, the composite rigidities are developed for each arm.

Arm ]

For Arm 1, which is behind the crack tip, the neutral axis of the bi-layer

composite beam is defined at a location h3 above the crack interface, where 5can be

derived as follows:

2

12

2 12 + r

E - E
of which I= =='-, En = " 2 for plain strain

Ey 1-n
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h t

H H

Here, E, is the elastic modulus of material layer n, v,, the corresponding Poisson's ratio,

i and j the material layer numbers which range from 1 to 3. When the rigidities are

derived with respect to the modulus of Layer 3, the dimensionless (normalized with

respect to the thickness of layer 1, h) cross-section area A1,2 and moment of inertia I,2 are

respectively:

22 133 (-)23 +

I1, =113 )2+ (1-29) + 3(-2g2+
q12

Arm 2

Arm 2 only consists of Layer 3 and thus the neutral axis coincides with the

centerline of the layer, which is H/2 from the crack interface. So, the cross-section area

A 2,2 and moment of inertia '2,2 are respectively:

A2,2 -

)7

1
I2,2 - 32W

Arm 3

Finally for Arm 3, which is far ahead of the crack tip, the tri-layer composite

beam has a neutral axis defined at hA above the bottom of the beam, where A can be

derived as follows:

A 1+E 23y(2+)+ 137 (2+2 7 + q)
277(1+ E23 + Y1377)

The dimensionless cross-section area A3,2 and moment of inertia I3,2 are respectively:
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A32  13 + 23 r 2 l
R1'?

3,2 23 -+-+ + - + A- +

X23 r2~J 3~~+± A 2;q1 C -j
Combining, the interface fracture energy release rate, G, which specifies the total

magnitude of the near-tip singularity for a Case 2 debonding, is expressed as follows:

I p2 m2 2 2 2 M2
Gc,, = -- + 13 + 2 + M2 3 3 3 3'e2 2E Ah IIh 42,2h Ih A32h I3]h

A limiting case of this solution is when layer 2 vanishes (i.e. t-+0, hence y -+0). In such

case, the above solution converges exactly to the bi-layer solution derived by Hutchinson

and Suo (1992) presented earlier in Chapter 2.

Note also that the fracture model is in overall equilibrium when the edge loads

and moments are related as follows:

P1-P2 -P3 =0

M,- M 2 +P (h+H -hA)+P 2 (hA-H 2 )M 3 =0

Note here that the signs or directions of the loads and moments do not affect the value of

G. However, this is not so when stress intensity factors, which are also expressed as a

function of these external loads, are considered (Hutchinson 1996).

Generalized Solutions

The expression of G presented above can take the general form:

1[P2M2 2 M2
Ge,, - + 3 + 2+ 2 3 3

2e3k - E Ah Ih A2,kh I2,kh A3,kh I3,h

where the dimensionless cross-section areas Aik and moment of inertias I are differently

expressed for each debonding fracture scenario due to the different neutral axis position

definitions as a result of the specific crack locations. Tables 3.2 through 3.4 summarize
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the corresponding Ai,k and Ik for the three composite arms. Thickness, modulus, crack

location, and neutral axis parameters are defined as follows:

h = Layer 1 thickness, t = Layer 2 thickness, H = Layer 3 thickness

EM
Imn =- where m, n = 1, 2, 3

E,,

h t1 H
7=-, 9 Y=-, =-, 9=- where i 1, 2, 3

H H q7 h

a= 23r(2 +r) +1
2q (1+123r)

(1g )2 + 237(2q 3 + y)+1317(21 3 + 2r+ q)
3 2q(q3 +X 2 3 y+X 13 )7)

0112 + 2ZI )

17 )

A 1+X23 (2+y)+ E13 (2+2y+17)
2r7(1 +I23 y+r 13 q)

A2Y.1 1+2 7 r 2 2 + ( --_ 2 )

2 112+ r-2
r7

A = 1+I 23r(2+r)+ 3 ii4 (2+2r+g17)
A3  2(I13-r+ 3q/4

A3 3  23 22q (1 +Z24 217)
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Table 3.2 Solutions of A,k and I,k

Case AJ,k I],k

k=1 £13

12

k=2 £13 +2 Z [1 +(1-28) + +(1-2)2 +1 + 3

k=3 113(1-) - 1 3

k1+r ) 13 ( +(1-2A2- 2 2 ) (L+ 3(1-22 2+1+ - 2 (1-2A2 ) +

k=4 ,3+,.23 r-,2)' 7311

23 [A2 ( 2 +22  + I -4 2 - r - 2 (A2

1 2+(1-2a+2) Z+((-2a + )+3(1-2a 3 )2 +1j

k=5 3+ 1232+7

2 (_ 3+( -a 2 2E23 [y) (-L3~j)]j A3 3 ) '3
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Table 3.3 Solutions of A2,kand I2,k

Case A2,k 1 2,k

k= 1 X23 +f 23 J + [a)( +(#-a)2 ]+ 3-(#-a)(I)

k=2 13
12

113 + 2L+ -A3 + A3 ( 2- + )2+ -2 -2 A3 +

k=3 Y.134+1 23 +, )r )

-2 +3 -A 2 )2 2] + -3 3

k=4 1242 + Y23 +( -A 33 ) +(-N33 33)?A3

k=5 -3~3)
12

Table 3.4 Solutions of A3,k and I3,k

Case A3,k 3,k
k= 1

k=2 3 -A + + + +

k = 3 13+ .2 17

k=4 23 + - +

k=5

80



3.5 Specialized Solutions for Debonding in Peel & Shear Fracture Specimens

The generality of loading conditions for the models presented earlier makes them

applicable to many different classes of problems that involve a tri-layer material structure.

For the purpose of the herein study, debonding in FRP-adhesive-concrete systems that are

subjected to peel and/or shear loading can be characterized by specializing the general

solutions with specific geometric and loading configurations. The peel and shear loading

cases represent the two limiting bounds of a typical debonding problem that takes place

within the retrofit span, as illustrated in Figure 3.4. Fracture toughness values determined

from tests and computed by means of these tri-layer models thus represent the upper and

lower property bounds of the bond. Loadings from the specialized peel and shear models

are expressed as the equivalent stretch Pi and moment M in the general solutions with

adjustments made to the actual loading lines and will be illustrated respectively below for

each loading configuration for a Case 2 debonding scenario.

3.5.1 Solutions for Debonding under Peel

Figure 3.5 shows a typical peel fracture model where there is a constant peel load

applied at the tip of the FRP cantilever, in which the bending moment increases linearly

from the load application point to the crack tip, deviating from the assumed constant

moment in the general solution presented above. For a given peel load value, the actual

Ud stored in the bonded system just before fracture should thus be lower than the

computed value if the constant moment assumption is exercised. To more accurately

compute the interface fracture energy release rate under peel load, the Ud that accounts

for a linearly increasing moment needs to be explicitly derived to replace the associated

constant moment term in the general solution.

First, in all realistic cases, thickness of the concrete block is at least two orders of

magnitude higher than that of both the FRP laminate and the epoxy layer (i.e. H>> h, t),

hence q -+ 0 and y-+ 0. This leads the 3 rd, 4 th, 5 th, and 6th terms in the general solution to

vanish. Also, since there is no horizontal stretching (i.e. P, = 0), only the 2nd moment

term remains. As discussed above, however, this constant moment term needs to be

converted to a varying moment term which can account for the linearly varying moment

that ranges from zero at the FRP tip at which the peel load, P, is applied, to P(l+a) at the
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crack tip that is length a ahead of the edge of the concrete block. Here, P is defined as the

peel load per unit width B, 1 the FRP cantilever length, and a the pre-crack length. To

derive the expression properly, the overall Ud is evaluated over two sections. The first

section computes only the Ud accumulated within the FRP cantilever (i.e. x=O to x=)

and the second section computes the Ud accumulated over the pre-crack length (i.e. x=l

to x=l+a). Let IFRP = h3 /12 be the moment of inertia of the FRP cantilever, then

(2 2

d (Px) +a (Px)2GP= - dx +f - dx
d(l+a) 2E1 FRp 2E 3I1.2 h'

Integrating and differentiating accordingly, the Gpeei solution associated with a constant

peel load becomes:

N 2 (1+a )2 _12 61'
Gpe - 2 +--B' BE3h' 2I1, 1,3

where N is defined as the total peel load over the bond width B (i.e. Ny=PB) while all the

other parameters are as defined before.

3.5.2 Solutions for Debonding under Shear

Figure 3.6 illustrates a typical single lap shear FRP bonded concrete model that is

commonly used in the characterization of effective bond length (see discussion in

Chapter 5) and interfacial stresses. A constant shear load, Nx, is applied horizontally to

the FRP cantilever while a reaction plate pushes against the concrete block. Compared to

the loading line as shown in Figure 3.3, a constant bending moment, which comes from

the eccentricity of the load, T , exists due to the fact that the actual loading, N,, is applied

to the centerline of FRP laminate instead of the neutral axis of the composite arm. For

instance, the eccentricity that appears in Case 2 is:

S=t -h+ h
2

Using the same arguments for thickness differences of the material layers as in the peel

case, only the first two terms of the generalized solution remain, i.e.
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1 2 P 2  M21

G__- _ 1 iGhear 2EL A1 2h +I, 2 rj

N N'FNow that P - *andM= the Gshear model can be expressed in the following
B B

form:

Ghear 2B2E3 A1, 2h +1,h 3

where all the parameters are as defined before. Eccentricities, TF, for all five cases are

summarized in Table 3.5 below.

Table 3.5 Eccentricities

Case T

k=1 0

k=2 h i- +t
(2)

k=3 HI
2

k=4 h (--A 2 +t-H 2

k=5 h -a3 +t+H3

3.5.3 Solutions for Debonding under Combined Peel and Shear

Due to the linear elastic nature of the solutions, the two limiting cases, namely

peel and shear, can be superimposed when the fracture model is subjected to angular

loading as shown in Figure 3.7, which reveals similarity of the actual debonding (Figure

3.4). The interface fracture energy release rate solution, Ganguiar, can then be expressed as

follows:
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(Ncos0) 2  1 1 2  (N sin 9)2 r(l+a)2 _12 612
Ganguiar 2B2 E3  A 2h I 2h' + B2 E3h 21,2 +1 3 )

where 9 is the angle of loading made with respect to the horizontal axis.

From experimentation where the debonding load values are substituted into the

fracture models for determining the interface fracture toughness, the critical Ganguiar value

should fall somewhere between critical Gpee and critical Gshear, although the failure

envelope with respect to the loading angle, 0, shall depend on the mixed-mode stress

states at the crack tip. A better correlation would thus be drawn between the interface

fracture toughness (i.e. critical G) and the phase angle, Vf, which is different from the

physical loading angle, 0, and the phase angle, V, is defined as the relative contribution

of the shearing mode over the opening mode at the crack tip in terms of stress intensity

factors (Hutchinson and Suo 1992).

3.6 Verification Studies

To verify the derived analytical models, a numerical study by means of the finite

element method has been conducted to compare the interface G values. Virtual crack

extension and interaction integral methods (Matos et al 1989) have been implemented in

the finite element model in order to evaluate G (or equivalently the J integral)

independently. Plain strain condition was again assumed due to the same reasoning used

in the derivation of the G models. Verification was performed on Case 2 peel and shear

fracture models respectively using common material and geometric data of a typical

retrofitted joint. The values are summarized in Table 3.6. For the analytical G model,

bond width B was set at 25 mm. For both models, bond length was set at 150 mm, and N,

and N were respectively 20 kN and 70 N.

Eight-node isoparametric plain strain elements were used throughout the model

and a sub-modeling technique (ABAQUS 2004) was used in the crack tip region where

the mid-side nodes were moved to the quarter-point positions to force 1/ VT singularity

to occur at the crack tip. A total of eight rings of 256 elements form the crack tip region,

which had an overall size of 0.8 mm x 0.8 mm. The G values were evaluated only from

the outer four rings, as it is a known property that near-tip computed G values are not
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accurate (Matos et al 1989) due to the inherent nature of the mathematical formulation.

Figures 3.8 and 3.9 show the deformed meshes of the crack tip region for each respective

loading case. More details to this computation method are provided in Chapter 6 where

the interface fracture problem is more fully analyzed including the mode-mix

characterization. Table 3.7 provides a summary of the values obtained both from the

analytical models and from finite element computation. Excellent agreement on the G

values has been shown.

Table 3.6 Model Parameters

Elastic Modulus, GPa Poisson's Ratio Thickness, mm

FRP 148.0 0.27 1.28

Epoxy 1.5 0.35 1.00

Concrete 21.8 0.19 37.50

Table 3.7 Result Comparison

kI2Gshear, kJ/m Gpeei, kJ/m2

Analytical Model 1.5561 0.4401

Finite Element Computation 1.5584 0.4400
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CHAPTER 4

MATERIAL CHARACTERIZATION &
MOISTURE DIFFUSION SIMULATION

To evaluate the interface fracture toughness of a FRP bonded concrete system and

its variation under moisture ingress, mechanical properties of the constituent materials as

a function of moisture content need to be determined, as shown from the fracture

formulations developed in Chapter 3. By conducting moisture diffusion simulation using

a three-dimensional finite element model with the geometric configurations of the actual

fracture specimen, moisture content in the bond line region can be approximated, hence

its mechanical properties estimated. As a basis for subsequent interface fracture analysis,

this Chapter presents the results of an extensive material characterization program, which

include the determination of diffusion properties, thermal properties, and mechanical

properties. Modeling of the three-dimensional diffusion simulation is also presented.

4.1 Material Description

Materials being characterized in this work include a normal grade concrete, one

type of carbon FRP (CFRP), and two types of epoxy adhesive systems. These materials
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are processed, made, and cured in accordance to available ASTM standards and/or

manufacturer stipulations as will be detailed below. The materials discussed herein are

identical to those used in the making of peel and shear fracture specimens, which are to

be discussed in Chapter 5.

Concrete

The concrete was composed of water, cement, sand and gravel with a mass ratio

of 0.5:1.0:2.4:1.6. Aggregates were carefully sieved and remixed to conform to the

ASTM C33 grading standard. Maximum gravel size was set at 9.5 mm (3/8") to meet the

ASTM C192 requirement of it being three times smaller than the minimum specimen

dimension. All aggregates that passed through sieve No.100 were considered too fine and

were discarded in order to meet the designed water-cement ratio while maintaining good

workability. Fineness modulus of the remixed aggregates was determined to be 2.82.

Mixing, casting, and curing procedure fully conformed to the stipulations set forth in

ASTM C 192. A 28-day curing schedule was followed.

CFRP

CFRP laminates were obtained from a U.S. manufacturer. The laminates were in

the form of continuous pultruded prepregnated plates that consisted of unidirectional

carbon fibers. Fiber volumetric content was 68% according to the manufacturer. Plate

thickness was measured at 1.28 mm. These CFRP plates were designed for strengthening

concrete, timber, as well as masonry members by bonding onto the structure as external

reinforcements. The laminates were fully cured and non-reactive.

Epoxy

Two proprietary epoxy systems obtained from two different U.S. manufacturers

were used in this study. Epoxy 1 was a 2-component, 100% solids, moisture-tolerant

structural epoxy paste adhesive. Component A represented the epoxy resin while

component B the amine hardener. Both components contained crystalline silica (sand) for

thixotropy purposes. Mix ratio A:B was 3:1 by weight or volume. Mixing was performed

for 3 minutes on a low-speed (400-600 rpm) paddle until uniform in color. The resulting
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mix was a light gray paste with good troweling ability. Curing required 7 days in ambient

environment.

Epoxy 2 was a two-component, solvent-free, epoxy material designed for use in

vertical and overhead applications. According to the manufacturer, component A was an

epoxy resin with elastomer additives while component B was an amine hardener. Both

components contained fumed silica for thixotropy purposes. Mix ratio A:B was 100:25

by weight or 100:30 by volume. Mixing required a low speed mixer at 400-600 rpm for 5

minutes until components were fully dispersed. The resulting mix was a beige-colored

paste with relatively low viscosity compared to Epoxy 1. Curing required 7 days in

ambient environment.

4.2 Epoxy Specimen Preparation

All specimens were cast in open Teflon molds that were properly milled to make

specimens that meet the respective test standards. Quarter-inch thick aluminum plates

were used to rigidly sandwich the Teflon moldings to produce perfectly flat specimens.

Teflon was chosen as the mold material for its low surface energy characteristic so that

cured epoxy specimens could be easily removed without the use of any mold-release or

excessive force that could damage the delicate specimens. Application of mold release

was deemed inappropriate in this moisture conditioning study, as residues could form on

the surfaces of the cured specimens that might hinder proper moisture diffusion from

taking place.

Both epoxies were mixed in accordance to the suggested procedures by the

respective manufacturers as described above. Note, however, that these said procedures

were intended for practical in-situ mixing, and were not intended to produce a void-free

mixture. Although it might seem rational to test void-free specimens for more consistent

and repeatable results, it was deemed very challenging of doing so for the viscous

ambient-cured epoxies that contained considerable amount of additives. For instance,

mixing under vacuum or vacuuming the mixed adhesive has been proved difficult (Lee

and Hutchinson 1992) and centrifuging the mixed epoxy would possibly lead to

separation of the solid phase (e.g. sand) from the liquid phase (mixed resin). Therefore,

both epoxies were mixed as-is with no further attempt to de-void the mixture. Figure 4.1
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shows the micrographs at the same scale of both cured Epoxy 1 and Epoxy 2 materials

taken from a JEOL 6060 scanning electron microscope. It is clearly seen that Epoxy 1,

being a 100% solid formulation, is more porous and brittle, as revealed from the fracture

surfaces.

4.3 Conditioning and Test Environments

All material samples were divided into two constant temperature moisture

conditioning groups at 23*C and 50*C. Apart from those specimens tested for initial dry

properties, all samples were continuously conditioned in water baths providing a 100%

RH environment. They were then taken out for weighing and testing in standard

laboratory conditions at selected time intervals. Concrete samples were oven dried at

50'C until no weight change could be registered before subjecting them to moisture

conditioning. All epoxy specimens were assumed dry initially because the mixing and

curing process did not involve water. CFRP samples were only tested for initial

properties as a study on the same material by the same research group in collaboration

with the INEEL research group (Gunes 2004) has determined that prolonged moisture

conditioning has little effect on their properties in the fiber direction, which governs the

tensile and flexural responses, due to the fact that carbon fibers are relatively inert to

moisture attack, as discussed in Chapter 2.

4.4 Choice of Water for Conditioning

Moisture conditioning can be performed using various types of water baths. In the

context of FRP bonded concrete, de-ionized water, salt water, and concrete pore solutions

can be the choice. However, a recent independent study (Chin et al 1999) has shown that

these different types of water result in little differences in the moisture uptake behavior in

epoxy materials that are moisture conditioned at temperatures up to 60'C: (1) diffusion of

all three types of water demonstrated a Fickian behavior, (2) diffusion coefficients

determined from each type of water within the same temperature group are in good

agreements, and (3) saturated moisture mass uptakes are almost identical. Since thermal

and mechanical properties of epoxy materials have strong dependency on moisture mass

uptake (Nogueira et al 2001) and that the three types of water do not demonstrate
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practical differences in moisture uptake both qualitatively and quantitatively, de-ionized

water was chosen for conditioning all material samples as a matter of convenience.

4.5 Moisture Sorption Studies - Material Test Program Part 1

Moisture sorption studies were conducted on thin material coupons of concrete,

CFRP, and the two epoxies to determine the water-transport properties, in particular, the

diffusion coefficients and moisture saturation values (in percentage mass uptake). Ten

coupons were tested for each material to provide averaging of the moisture sorption

quantification. The aspect ratio (width to thickness) of these samples was so chosen as to

resemble a one-dimensional diffusion behavior, as discussed in Chapter 2. The width of

the coupons was at least one order of magnitude higher than the thickness. The moisture

sorption program is graphically summarized in Figure 4.2.

Concrete coupons with a thickness of 6 mm were carefully cut from the mid

sections of 10 randomly selected cylindrical specimens with a 50 mm diameter using a

high-speed diamond saw. The thickness of 6 mm was the thinnest possibly achieved with

the sawing equipment; attempts were made to produce thinner cuts but had always

resulted in apparent flaws within or near the edges. All concrete coupons were closely

examined after often dried. Only those free from flaws/cracks and voids were considered

valid samples. CFRP coupons were trimmed in square shape from a roll of pultruded

prepregnated CFRP plate that had a plate width of 50 mm. The CFRP coupons thus had a

dimension of 50 mm x 50 mm. Thickness was 1.28 mm as manufactured. Epoxy coupons

for both adhesive systems were molded in circular shape with a thickness of 3.2 mm and

a diameter of 50 mm as suggested by ASTM D570. Thickness and dimensions were

measured using a digital caliper that was accurate up to ±0.01 mm.

All sorption coupons were first weighed for their dry weights. They were then

immersed in constant temperature water baths at 23'C and 50'C respectively to allow

continuous moisture sorption to take place. The coupons were taken out for subsequent

weighing at selected time intervals. Note that the time intervals between weighing need

not be regular in order to generate moisture uptake curves that were used for subsequent

computation of diffusion coefficients. Measurements were made on Day 0, 1, 2, 3, 7, 14,

28, 75, 124, 158, and 324 for all moisture coupons. Measurement intervals were shorter
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at the beginning to capture the faster moisture uptake behavior. Before each weighing,

coupons of the high temperature group were removed from the water baths and first

dipped into a water tank at room temperature to suppress surface water desorption due to

significant temperature differential between the coupons and the surrounding

environment. They were then dried with filter papers, immediately weighed, and returned

to the original water baths. All weighing were performed on a AccuLab AL-204

electronic analytical balance that had a precision up to 0.0001g.

4.5.1 Moisture Uptake Behavior

Moisture uptake curves for concrete, CFRP, and the two epoxies are shown

respectively in Figures 4.3, 4.4, and 4.5, plotting percentage weight gain M, versus square

root of time. These figures show that mass uptake plots for all materials tested, in general,

feature an initial linear region, followed by a region concave to the abscissa, and then by

a relatively stable but slower uptake until saturation, resembling the Fickian and pseudo-

Fickian behavior as discussed in Chapter 2. In some cases, particularly those associated

with high temperature conditioning, the moisture coupons did not saturate (or reached

diffusion equilibrium) even after 324 days of continuous exposure in 100% RH

environment. As such, normalized plots could not be made accurately on these coupons

with respect to the saturated moisture content, M, (i.e. M/M), as illustrated in Figure

2.8. The computation of diffusion coefficients, D, was thus approximately performed, as

outlined in Chapter 2, assuming a pseudo-Fickian diffusion behavior. Table 4.1

summarizes the estimated diffusion coefficients, D, and saturated mass uptake, Ms, for

the constituent materials.

Table 4.1 Moisture Diffusion Properties

As (%) D (x 10-1 m2/s)

Materials 230C 50 0C 230 C 50 0C

Concrete 7.71 7.76 32.4 32.4
CFRP 0.34 0.90 0.68 0.81

Epoxy 1 1.18 2.88 0.18 0.20
Epoxy 2 2.58 5.42 0.23 0.48
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It is observed that higher conditioning temperature has generally led to faster

moisture diffusion, as indicated from the higher diffusion coefficients and moisture

saturation values. The only exception of this phenomenon was that of concrete in which

the diffusion behavior did not change with increasing temperature within the tested

temperature range. However, initial moisture uptake by the concrete material was much

faster than CFRP and epoxies. After only one day of conditioning, the moisture content

has already reached 77% of the saturation point. As a result, the moisture uptake curves

demonstrated a distinct kinking point beyond which moisture uptake became more

gradual. Comparing the shape of the uptake curves with a typical moisture diffusion

behavior as discussed in Chapter 2, it could in fact be inferred that the estimated diffusion

coefficient for concrete was underestimated as the fastest moisture ingress could have

been taken place in the first few hours within Day 1. For the case of CFRP and epoxies,

time to saturation tended to be shorter at a lower conditioning temperature. All 50 0 C

CFRP and epoxy moisture coupons did not demonstrate a saturation state even after 324

days of continuous submergence in the water baths. In fact, the linear increasing curve

shapes of these coupons suggested high potential of more moisture uptake.

4.5.2 Activation Energy of Moisture Diffusion

From the sorption curves, it is observed that moisture diffusion in epoxy materials

is a thermally activated rate process, as higher temperature conditioning had led to more

and faster mass uptake at a given time, due probably to the higher probability of the

energy of water molecules exceeding the activation barrier set up by the interaction

potential from intra-molecular forces during the diffusion process. Such dependence on

temperature can be quantified by an Arrhenius relationship as expressed as follows:
A

D = Doe RT

where Do is the pre-exponential coefficient, A the activation energy for moisture

diffusion, R the universal gas constant, and T the temperature (on Kelvin scale) at which

moisture diffusion takes place. Both D and A can be determined graphically by plotting

InD versus IT such that:
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InD=- +InDO
R T)

The estimated activation energies and the pre-exponential coefficients of the diffusion

process in Epoxy 1 and Epoxy 2 are summarized in Table 4.2 as follows:

Table 4.2
Activation Energy Parameters

A (kJ/mol) Do (m2/s)

Epoxy 1 3.1 0.63e-12

Epoxy 2 21.7 1.52e-9

This activation energy concept, however, only applies partially to CFRP, as the

material comprises of a moisture non-absorbent carbon fiber phase (see Chapter 2 for

more detailed discussions on moisture resistant characteristics of carbon fibers) and a

moisture absorbent epoxy resin phase. Since the CFRP laminate consists of two distinct

material phases and moisture diffusion within the laminate is a complicated phenomenon

that consists of moisture transport at fiber/resin interfaces in addition to moisture ingress

within the resin, no attempt is made to characterize the activation energy of the moisture

diffusion process in this composite material.

Concrete, on the other hand, shows no practical difference in its moisture mass

uptake curves under the 2 conditioning temperatures both in terms of its diffusion

coefficients and the saturated mass uptake value. Thus, the activation energy for concrete

is also not characterized.

4.5.3 Discussions of Diffusion Behavior in Epoxies

From Table 4.1, it is observed that solubility, S, which is defined as the saturated

moisture mass uptake per unit volume of the sorption coupon, as reflected in the M

values, almost doubled in both epoxy systems when temperature was increased from

23'C to 50'C while diffusivity, D, of both materials increased with temperature to

varying degrees depending on the epoxy formulation. The increase in Epoxy 1 was fairly

insignificant while that in Epoxy 2 was more than doubled. The extent of increase was

also reflected in the values of activation energy, in which there was an order of
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magnitude difference, although both values fell within the range for most polymers as

reported by Loos and Springer (1979).

By definition, the higher activation energy of Epoxy 2 implies a higher energy

barrier that needs to be overcome. This might possibly be explained by a higher crosslink

density, which is defined as the number of sites chemically joined among adjacent

polymer chains (crosslink) per unit volume, in Epoxy 2 and should be reflected in the

glass transition temperature, which will be defined and discussed next. However, a higher

crosslink density also implies less water uptake at saturation, as there is diminished

availability of molecular-sized voids (free volume) in the polymer structure when

adjacent polymer chains are brought closer together. Thus, the observed diffusion

behavior could not be explained by free-volume arguments alone.

It has been proposed that moisture diffusion consists of two processes -

absorption (free water) and adsorption (bound water). Free water occupies the free

volume of the epoxy resin while bound water chemically reacts with the hydroxyl groups

(-OH) on the polymer chains, which can be found in all epoxy stoichiometry, via

hydrogen bonding, hence disrupting the chain and enhancing the chain mobility (Xiao

and Shanahan 1998, Vanlandingham et al 1999, Nogueira et al 2001). In other words, the

effective crosslink density is reduced when adsorption takes place. The higher solubility

observed in Epoxy 2 could thus be due to significant adsorption, which could also

possibly explain the dramatic loss of transparency after moisture conditioning, as

illustrated in Figure 4.6. The color change was not as profound in the case Epoxy 1.

4.6 Thermal Analysis of Epoxies - Material Test Program Part 2

Dynamic mechanical analysis (DMA) was performed to evaluate the glass

transition temperature, T,, of the epoxies in accordance to ASTM E1640 using a TA

Instruments DMA Q800 analyzer. Three-point bend molded epoxy specimens that

measured 58 mm x 13 mm x 3.2 mm (length x width x thickness) were tested. A total of

72 three-point bend DMA specimens were tested at 6 time intervals for each epoxy

system in each moisture conditioning temperature group. Three identical moisture

conditioned specimens of the same type (in terms of materials and conditioning

environments) were taken out for testing at each time interval. A DMA cycle involved a
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three-point bend loading frequency that was set at 1 Hz to provide oscillatory stress on

the specimen with a controlled frequency while at the same time the specimen was

subjected to a temperature ramp rate of 1 C/min over the range of 20'C to 100*C. Figure

4.7 shows the schematics of the DMA setup.

In a viscoelastic material such as the polymeric epoxy, stress and strain are out of

phase in time due to the time lag generated by the viscous portion of the material. The

out-of-phase quantity is known as a phase angle, which is commonly referred to as delta.

Tangent delta (hereafter tan-delta), which can be thought of as an index of viscoelasticity,

is defined as the modulus ratio of the viscous component over the elastic component. In a

perfectly elastic material system, the applied stress and the resulting strain are always in

phase. Thus, a small phase angle indicates high elasticity while a large phase angle

indicates high viscosity. The modulus response of the epoxy can hence be fully

characterized by a complex quantity that consists of an elastic (or storage) modulus

component and a viscous (or loss) component. The viscous component signifies the

portion of the material that will flow under stress (i.e. creep or stress relaxation). Figure

4.8 shows a typical plot obtained from a DMA test that shows the variations in elastic

(storage) modulus, viscous (loss) modulus, and tan-delta.

From the DMA plot, it can be observed that as the storage modulus reduces

sharply with increasing temperature, the loss modulus increases accordingly. This

signifies the shift of modulus from an elastic state to a viscous state as the temperature

the material is subjected to increases. The elastic-viscous shift is referred to as the glass

transition and the associated temperature at which this occurs is called the glass transition

temperature, T. Assigning an exact value to the glass transition has been historically a

subject of debate due to the different reasoning in respective applications of the

viscoelastic materials. Nevertheless, in applications where load-bearing characteristic of

the material is of concern, such as in the case of FRP retrofitting, the glass transition

point is usually defined as the onset of a sharp reduction in the storage modulus, as

indicated in Figure 4.8. Using this definition, the glass transition temperatures were

determined for the two epoxies with increasing moisture content. Tables 4.3 and 4.4

summarize the DMA test results for Epoxy 1 and Epoxy 2 respectively and the data are

plotted in Figure 4.9 for better visualization.
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DMA Test Results of Epoxy 1

Epoxy System Moisture Conditioning M, (%) T (*C)
Temperature ('C)

Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy

Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy
Epoxy

23
23
23
23
23
23
23
23
23
23
23
23
23
23

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

0.0000
0.0000
0.0003
0.0066
0.0224
0.0771
0.0807
0.0856
0.1093
0.1189
0.1329
0.2395
0.3133
0.3248

52.0
51.8
51.8
49.0
48.6
44.4
44.9
46.3
44.1
45.6
45.0
45.3
44.0
45.3

0.0689 54.4
0.0809
0.0833
0.1537
0.2019
0.2069
0.2486
0.2762
0.2925
0.4429
0.4465
0.4887
0.5242
0.6116
1.1503
1.2195
1.2928

54.4
53.4
55.0
50.6
53.3
53.3
52.2
53.1
49.9
51.0
52.2
52.3
52.3
48.0
50.5
48.2
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DMA Test Results of Epoxy 2

Epoxy System Moisture Conditioning M (%) T (0C)
Temperature ('C)

Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2

Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2
Epoxy 2

23
23
23
23
23
23
23
23
23
23
23
23
23
23
23

50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50
50

0.0000
0.1302
0.1663
0.2460
0.2523
0.2625
0.4339
0.4469
0.5988
0.8625
0.9159
0.9306
1.0329
1.2200
1.2722

0.1869
0.2500
0.2607
0.4465
0.4700
0.4887
0.5242
0.6116
0.7663
0.8035
1.0400
1.1100
1.1503
1.8900
2.1900
2.5100
2.5700
2.6068

50.4
49.6
50.1
49.0
48.5
49.2
45.0
46.3
45.6
44.1
44.4
44.9
42.3
42.6
43.1

52.4
52.8
53.4
50.9
52.9
51.8
51.2
49.7
48.7
48.0
46.0
45.0
46.6
47.2
47.5
47.8
47.1
46.8
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4.6.1 Effect of Moisture on Glass Transition Temperature

As discussed in the last section, hydrogen bonding between the water molecules

and the polar hydroxyl groups of the polymer chain will disrupt the crosslink density. It

was thus expected that a change in T would take place upon moisture conditioning,

although the free water would try to hinder chain mobility under external load to some

degrees as the free volume is filled. One complication in both epoxy materials was that

they were ambient cured, meaning that there was upside potential for further crosslink

formation under elevated temperature and hence a higher T,. For the 50'C moisture

conditioned specimens, there existed possible competing mechanisms that came from

moisture degradation and high temperature post curing in the water baths.

Figure 4.9 shows the T degradation plots against moisture mass uptake of Epoxy

1 and Epoxy 2 respectively. The plots show that T of both epoxies degraded with

increasing moisture mass uptake. And both epoxy systems had T falling between 400C

and 55'C, although that of Epoxy 2 tended to range a bit lower than that of Epoxy 1 at all

times regardless of moisture effects. The post-curing effect and the moisture mass uptake

acceleration by high temperature conditioning was seen in the up shifting and stretching

over a larger range of M, of the curves. Drop of T in the 23*C temperature groups was

more dramatic than the 50'C groups, due probably to the lack of T enhancing post-

curing effect. This enhancement effect arises when more crosslink sites need to be

overcome by the hydrogen bonding of the bound water. Nevertheless, T degradation

behavior seemed to be asymptotic by nature, despite the fact that the asymptotic values

were closing in on the rather worrying temperature levels in the mid to low 40s'C for the

23'C conditioned coupons and marginally below 50'C for the 50*C conditioned coupons.

This temperature level could practically be reached in a concrete beam soffit.

4.6.2 Effect of Post Curing at Elevated Temperature on Glass Transition

Temperature

To confirm the above-mentioned up-shift behavior of the T asymptote that was

demonstrated in the 50 0C groups as compared to the 23 0C groups, a comparative
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repeatability test was conducted using two identical DMA specimens of Epoxy 1, one

being a regular ambient cured sample (called Sample A) while the other one (called

Sample B) from the same mixing batch that was post-cured in vacuum for 7 days at 90'C,

a temperature level which almost doubled the as cured T. Vacuum was used to prevent

physical aging at the relatively high temperature.

Both Samples A and B were respectively subjected to a DMA cycle, cooled

down, and re-subjected to a second DMA cycle. A total of four curves were thus

obtained. By plotting the four curves (storage modulus) on one graph as shown in Figure

4.10, the effect of elevated temperature post-curing is revealed.

It can be noted that, for Sample A, the storage modulus curve shifted to the right

after only one DMA cycle, which ramped up to about 80*C from 20*C in 60 minutes (or

1 C/min). For Sample B, on the other hand, both runs yielded almost exactly the same

curves, signifying the full curing and hence thermal stability of the epoxy material. The B

curve also shifted to the far right, almost doubled the initial T of the ambient cured

Sample A, greatly relaxing the critical zone of service temperature. This test has thus

illustrated the criticality of developing an ambient cured epoxy that could fully crosslink

by means of chemical reactions without the aid of heating or of developing an elevated

temperature post-curing system for on-site usage.

4.7 Mechanical Property Characterization - Material Test Program Part 3

Mechanical tests were performed on concrete and on both epoxies to determine

their properties before and after moisture conditioning. To estimate the interface fracture

toughness using the formulations presented in Chapter 3, only the elastic moduli need to

be determined. However, it is also beneficial to more extensively characterize their other

properties that might increase the overall understanding of the joint behavior and for

subsequent interpretation and analysis. As such, the compressive, tensile, and fracture

properties of concrete have been characterized. For the two epoxies, both tensile and

shear properties are determined. Figure 4.11 illustrates the overall mechanical test

program. CFRP was also tested for its initial dry properties in the fiber direction in

accordance to ASTM D3039 with displacement control at a rate of 2 mm/min. The elastic
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modulus and tensile strength were experimentally determined as 148 GPa and 2.7 MPa

respectively.

4.7.1 Concrete Characterization

Concrete is a well-known material and the effect of moisture on their mechanical

properties has been investigated by a number of research groups (Bazant and Thonguthai

1978, Bazant and Prat 1988, Ross et al 1996, Neville 1997, Konvalinka 2002). It has

generally been observed that mechanical properties degrade with increasing moisture

content. In particular, mode 1 fracture toughness of concrete after fully saturated with

moisture and tested under water could reduce by as much as 60% (Bazant and Prat 1988)

while the reduction of compressive strength could range from 30% to 40% on 720-day

cured concrete, depending on the level of moisture saturation (Konvalinka 2002).

Bazant and Prat (1988) attempted to explain the reduction in fracture toughness

from a viewpoint of internal pore pressure. It is believed that internal pore pressure is

developed on the water molecules in the pores in wet concrete due to external loads.

Since the migration of water in a pore is not free when adjacent pores are also filled with

water and due to capillary actions, the hindered adsorbed water produces a very high

disjoining pressure between the contacting cement gels. The pore pressure is responsible

to intensify the stress intensities of the micro-crack tips and hence promotes crack

propagation under external loads. This reduces the load-resistance of wet concrete, as

compared to dry concrete.

Konvalinka (2002), on the other hand, approached the degradation problem from

a viewpoint of volumetric change of the hardened cement paste. It is believed that drying

of concrete decreases the volume of the hardened cement paste, reducing the average

distance between the surfaces of the hardened cement gel particles. This reduction

naturally leads to increase in secondary bonds between the surfaces, and hence increases

the strength of the dry specimens. Conversely, wetting the concrete increases the volume

of the hardened paste and hence the average distance between the surfaces of the gel.

To validate these hypotheses on a macroscopic sense as well as to determine the

modulus variation with increasing moisture content, compressive tests, splitting tensile

tests, and fracture tests have been performed using cylindrical and 3-point bend fracture
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specimens in accordance to ASTM C39, ASTM C496, and Bazant's mode 1 concrete

fracture test setup (Bazant and Prat 1988). Figure 4.12 shows the schematics of the

specimens and test configurations.

Concrete cylinders had a diameter of 50 mm and a height of 100 mm. Fracture

beam specimens measured 100 mm x 37.5 mm x 37.5 mm with a through-thickness

center notch that was 6.25 mm deep x 1.6 mm wide. Span length of the fracture beams

was 93.75 mm, which was 2.5 times the beam thickness. All specimens were

continuously moisture conditioned and taken out at selected time intervals for testing in

standard laboratory conditions.

Both the compressive and splitting tensile tests were performed on a Baldwin

loading frame. Axial strains of the compressive cylinders were measured by means of a

pair of clip-on extensometers mounted on opposite sides. Fracture beam tests were, on

the other hand, performed on an Instron universal test machine Model 1331 with a

loading rate of 0.05 mm/min. Compressive and fracture tests were displacement

controlled while tensile tests were load controlled as stipulated in the test standard. Initial

properties (both 28-day and oven-dried) are summarized in Table 4.5

Table 4.5 Initial Properties of Concrete

28-day Oven-Dried

Compressive Strength (MPa) 29.0 32.4

Elastic Modulus (GPa) 21.8 26.2
Tensile Strength (MPa) 3.9 5.1

Fracture Toughness (MPa-i1 _) 0.61 0.82

Figures 4.13, 4.14, and 4.15 plot respectively the variations of compressive

properties (strength and modulus), splitting tensile strength, and mode 1 fracture

toughness with increasing moisture uptake. Trend lines are also given as a result of

regression analysis. Generally speaking, degradation took place in all cases with obvious

degradation trends in strength properties. Effect of the different conditioning

temperatures, however, does not seem to be significant in all test cases. Strength and

fracture toughness reduction ranged from 26% to over 40%, as demonstrated from the
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trend lines. These results were inline with the findings obtained by the above named

researchers. Modulus degradation, on the other hand, was not as significant, although

data scattering seemed to be more substantial, as in the case of compressive strength. The

more substantial scattering of data found in compressive tests compared to that in tensile

and fracture tests may be explained by the fact that redundant crack paths are available

when the concrete material is subjected to compression (such as around the aggregates

and through the aggregates) while the crack propagation locus under tension or mode 1

fracture is relatively clean and clear. Due to data scattering, values of the elastic modulus

obtained from the trend lines will be used for the determination of interface fracture

toughness.

4.7.2 Epoxy Characterization

A. Tensile Test

Tensile properties were characterized using Type I dumbbell shaped samples, as

illustrated in Figure 4.16, in accordance to ASTM D638 with an Instron universal test

machine Model 1331 mounted with a 50kN load cell and a pair of self-tightening grips.

Crosshead speed was set at 1 mm/min. Strain was measured within the specimen 50 mm

gage length using a clip-on Instron extensometer. Initial properties (dry) for both epoxies

were determined and summarized in Table 4.6:

Table 4.6 Initial Tensile Properties of Epoxies

Epoxy ] Epoxy 2

Tensile Strength (MPa) 21.9 23.0

Tensile Strain at Failure (%) 0.24 3.97

Tensile Modulus (GPa) 4.1 1.5

Tensile strength and stiffness generally degraded with increasing moisture uptake,

while elongation at break increased. In the case of Epoxy 2, which was an elastomer-

toughened epoxy, the elongation at break was substantial. Figure 4.17 shows the

variations of these properties for both Epoxy 1 and Epoxy 2 and Tables 4.7 and 4.8

summarize the tensile properties determined with respect to percentage moisture uptake

for Epoxy 1 and Epoxy 2 respectively.
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Table 4.7 ASTM D638 Test Results on Tensile Properties of Epoxy 1

Moisture Conditioning Tensile Tensile Tensile
Epoxy System m ture oi M (%) Strength Strain Modulus

Temperature (0C) (MPa) (%) (GPa)

Epoxy 1 23 0.00 23.32 0.28 3.90
Epoxy 1 23 0.00 20.87 0.24 4.17
Epoxy 1 23 0.03 21.07 0.22 4.31
Epoxy 1 23 0.04 21.17 0.23 3.92
Epoxy 1 23 0.05 21.62 0.23 4.26
Epoxy 1 23 0.06 22.44 0.22 4.84
Epoxy 1 23 0.08 22.62 0.26 3.39
Epoxy 1 23 0.22 22.85 0.37 3.52
Epoxy 1 23 0.22 23.16 0.34 3.58
Epoxy 1 23 0.26 23.95 0.37 3.41
Epoxy 1 23 0.32 20.36 0.27 3.72
Epoxy 1 23 0.35 20.23 0.35 3.16

Epoxy 1 50 0.00 22.62 0.26 3.39
Epoxy 1 50 0.03 29.05 0.44 3.48
Epoxy 1 50 0.05 25.25 0.48 2.84
Epoxy 1 50 0.05 24.66 0.45 2.78
Epoxy 1 50 0.07 27.15 0.47 3.15
Epoxy 1 50 0.17 22.05 0.37 3.19
Epoxy 1 50 0.22 20.83 0.40 2.83
Epoxy 1 50 0.23 23.39 0.42 3.33
Epoxy 1 50 0.23 22.82 0.40 3.01
Epoxy 1 50 0.59 17.30 0.29 3.44
Epoxy 1 50 0.67 18.55 0.37 2.61
Epoxy 1 50 0.68 16.62 0.35 2.34
Epoxy 1 50 1.08 16.32 0.47 2.34
Epoxy 1 50 1.08 16.66 0.45 2.52
Epoxy 1 50 1.14 16.72 0.43 2.46
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Table 4.8 ASTM D638 Test Results on Tensile Properties of Epoxy 2

Moisture Conditioning Tensile Tensile Tensile
Epoxy System m ture oi M (%) Strength Strain Modulus

Temperature (0C) (MPa) (%) (GPa)

Epoxy 2 23 0.00 23.00 3.83 1.64
Epoxy 2 23 0.01 22.76 3.50 1.41
Epoxy 2 23 0.02 22.92 4.43 1.50
Epoxy 2 23 0.51 20.90 3.77 1.44
Epoxy 2 23 0.56 20.54 3.78 1.39
Epoxy 2 23 0.87 18.84 4.93 1.28
Epoxy 2 23 0.91 18.62 4.96 1.29
Epoxy 2 23 1.41 17.61 7.82 1.48
Epoxy 2 23 1.64 18.28 8.53 1.29
Epoxy 2 23 1.72 17.11 11.64 1.22
Epoxy 2 23 2.14 17.63 13.33 1.30
Epoxy 2 23 2.15 17.9 14.43 1.40

Epoxy 2 50 0.16 24.13 2.88 1.26
Epoxy 2 50 0.17 23.69 2.57 1.32
Epoxy 2 50 0.18 23.33 4.01 1.30
Epoxy 2 50 0.19 24.08 3.56 1.27
Epoxy 2 50 0.21 23.08 3.62 1.25
Epoxy 2 50 1.34 20.99 9.68 1.15
Epoxy 2 50 1.37 20.96 11.04 1.12
Epoxy 2 50 1.97 21.56 8.23 1.17
Epoxy 2 50 2.00 22.09 7.15 1.13
Epoxy 2 50 2.01 21.76 6.11 1.05
Epoxy 2 50 2.57 20.90 8.09 1.09
Epoxy 2 50 2.57 20.75 8.84 1.05
Epoxy 2 50 3.61 20.58 12.01 1.06
Epoxy 2 50 3.63 20.63 13.2 1.01
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The results indicate that the absolute degradation for the 50'C group were

generally more pronounced than the 23*C group and the range of moisture content

involved was much wider. Yet, increase in conditioning temperature seemed to have

increased the initial strength and failure strain of both materials while the compliance was

also increased. Most of the degradation on strength properties took place during the initial

stages of moisture diffusion and then stabilized with increasing moisture content.

Modulus degradation, on the other hand, was more steady and generally demonstrated a

linear degradation trend up to the tested range of moisture contents.

For Epoxy 1, the decrease in strength and modulus was both close to 40%. Failure

was considered brittle, as indicated by the very low failure strain, which was less than

0.5% at all times. The low level of strain was deemed understandable given that Epoxy 1

was mixed with a solid base material that contained sand additives, which naturally acted

as stress raisers.

For Epoxy 2, the reduction in strength and modulus was approximately 25% and

30% respectively. As a consequence of the elastomer toughening mechanism, failure

strain was an order of magnitude higher than that of Epoxy 1. There was also a 300%

increase in strain for the given test period due to substantial mix of crazing (horizontal

pattern) and shear banding (angular pattern) developed before the ultimate failure state.

Figure 4.18 shows a close up of this phenomenon taken after a tensile test within the gage

length area, of which the bottom represented the tensile fracture surface and the top went

into the grip. Note that the crazing pattern was developed perpendicular to the loading

direction.

B. Shear Test

Shear test of the punch type was used to determine shear strength of the epoxy

materials. Tests were carried out following the ASTM D732 specifications. A punching

shear tool, which was placed between the platens of the crossheads of the Instron 1331,

was specially made in accordance to the standard. Figure 4.19 shows the schematics of

this punching shear tool.

Test specimens were in the form of 50 mm diameter disk with a thickness of 3.2

mm. The specimen shape and size were basically identical to those of the epoxy moisture
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coupons, except that there was a concentric center cutout of 11 mm in diameter so that

the hardened dowel could be properly fastened to perform the punching action.

Crosshead speed was maintained at 1.25 mm/min. Tables 4.9 and 4.10 summarizes the

test results and Figure 4.20 illustrates the trends of behavioral changes of the punching

shear strength with increasing moisture uptake.

Table 4.9 ASTM D732 Test Results on Shear Strength of Epoxy 1

Epoxy System Moisture Conditioning M
Temperature ('C) (%) Shear Strength (MPa)

Epoxy 1 23 0.00 28.47
Epoxy 1 23 0.00 28.06
Epoxy 1 23 0.01 28.65
Epoxy 1 23 0.02 25.67
Epoxy 1 23 0.03 29.37
Epoxy 1 23 0.03 24.39
Epoxy 1 23 0.03 30.71
Epoxy 1 23 0.04 28.48
Epoxy 1 23 0.04 31.17
Epoxy 1 23 0.06 30.52
Epoxy 1 23 0.08 29.12
Epoxy 1 23 0.08 29.93
Epoxy 1 23 0.15 29.05
Epoxy 1 23 0.16 30.02
Epoxy 1 23 0.20 25.09
Epoxy 1 23 0.21 25.01
Epoxy 1 23 0.22 31.53
Epoxy 1 23 0.22 28.18
Epoxy 1 23 0.23 30.13
Epoxy 1 23 0.24 31.65
Epoxy 1 23 0.37 29.78
Epoxy 1 23 0.43 25.14
Epoxy 1 23 0.47 27.88
Epoxy 1 23 0.49 28.32
Epoxy 1 23 0.54 26.65
Epoxy 1 23 0.55 29.80
Epoxy 1 23 0.59 26.54
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ASTM D732 Test Results on Shear Strength of Epoxy 1

Epoxy System Moisture Conditioning M (%) Shear Strength (MPa)
Temperature (0 C)

Epoxy 1 50 0.00 34.10
Epoxy 1 50 0.00 32.02
Epoxy 1 50 0.01 34.20
Epoxy 1 50 0.01 34.34
Epoxy 1 50 0.19 31.81
Epoxy 1 50 0.20 34.36
Epoxy 1 50 0.21 34.97
Epoxy 1 50 0.21 35.77
Epoxy 1 50 0.29 33.70
Epoxy 1 50 0.29 34.48
Epoxy 1 50 0.30 27.65
Epoxy 1 50 0.30 32.21
Epoxy 1 50 0.39 31.25
Epoxy 1 50 0.42 30.44
Epoxy 1 50 0.43 29.40
Epoxy 1 50 0.44 28.54
Epoxy 1 50 0.62 28.01
Epoxy 1 50 0.65 27.79
Epoxy 1 50 0.68 26.20
Epoxy 1 50 0.72 26.38
Epoxy 1 50 1.08 24.21
Epoxy 1 50 1.11 22.06
Epoxy 1 50 1.20 24.63
Epoxy 1 50 1.39 23.10
Epoxy 1 50 1.68 22.76
Epoxy 1 50 1.75 29.09
Epoxy 1 50 1.94 26.31
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ASTM D732 Test Results on Shear Strength of Epoxy 2

Epoxy System Moisture Conditioning M, (%) Shear Strength (MPa)
Temperature ('C) () SerSrnt Ma

Epoxy 2 23 0.00 25.57
Epoxy 2 23 0.00 26.67
Epoxy 2 23 0.01 28.10
Epoxy 2 23 0.02 26.43
Epoxy 2 23 0.41 27.56
Epoxy 2 23 0.41 25.59
Epoxy 2 23 0.51 26.97
Epoxy 2 23 0.65 25.51
Epoxy 2 23 0.69 26.67
Epoxy 2 23 0.87 30.20
Epoxy 2 23 0.87 32.15
Epoxy 2 23 0.88 31.89
Epoxy 2 23 0.91 32.94
Epoxy 2 23 0.95 29.98
Epoxy 2 23 1.47 32.36
Epoxy 2 23 1.49 30.18
Epoxy 2 23 1.53 30.10
Epoxy 2 23 2.03 31.61
Epoxy 2 23 2.10 33.19
Epoxy 2 23 2.20 30.96
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Table 4.10 (cont') ASTM D732 Test Results on Shear Strength of Epoxy 2

Epoxy System Moisture Conditioning M, (%) Shear Strength (MPa)
Temperature ('C)

Epoxy 2 50 0.18 30.61
Epoxy 2 50 0.19 30.77
Epoxy 2 50 0.19 29.06
Epoxy 2 50 0.20 31.29
Epoxy 2 50 1.08 28.29
Epoxy 2 50 1.08 31.73
Epoxy 2 50 1.19 30.14
Epoxy 2 50 1.19 28.21
Epoxy 2 50 1.38 30.85
Epoxy 2 50 1.91 33.85
Epoxy 2 50 1.98 32.98
Epoxy 2 50 2.01 33.41
Epoxy 2 50 2.60 34.53
Epoxy 2 50 2.65 28.38
Epoxy 2 50 2.66 32.60
Epoxy 2 50 3.56 33.61
Epoxy 2 50 3.67 34.65
Epoxy 2 50 3.79 33.06

Epoxy 1 exhibited a degradation behavior very similar to its tensile counterparts.

Strength degradation was approximately 13% and 30% for the 23*C and 50'C

temperature groups respectively. High temperature post-curing effect was eventually

offset by the moisture degradation effect, as the shear strength of the 50*C group dipped

below the initial shear strength of ambient-cured samples.

On the contrary, Epoxy 2 exhibited no shear strength degradation. In fact, the

trend lines suggested some increase upon moisture sorption. In addition, temperature

effect was relatively insignificant beyond 1% moisture mass uptake as the data points of

both temperature groups fell in close proximity. These characteristics might have strong

correlation with the elastomer additives that toughened the epoxy materials. Comparing

the results of Epoxy 1 and Epoxy 2, it can be concluded that punching shear degradation

mechanism could be heavily dependent on the epoxy material formulation.
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4.8 3-D Moisture Diffusion Simulation

Three-dimensional moisture diffusion simulation was performed to understand

and estimate the moisture diffusion behavior in the interfacial bond region, by means of

the finite element method. A discretized mathematical model was built using the exact

fracture specimen geometry, as will be discussed next in the context of the fracture test

program presented as Chapter 5. Diffusion coefficients and solubility that were presented

earlier were used as inputs in the computation. Temperature effect was incorporated with

the use of the associated set of temperature-dependent diffusion coefficients, without

resorting to solving a coupled differential equation that involved both temperature and

mass diffusion. This is justifiable due to the fact that moisture diffusion took place at a

constant temperature for the problem at hand. In this computational problem, diffusion

was only driven by a concentration gradient.

4.8.1 Solution Techniques

The governing equations for mass diffusion were basically an extension of Fick's

equations, allowing non-uniform solubility of moisture in the base material and for mass

diffusion driven by gradients of temperature and pressure. For the problem at hand, the

non-uniformity was not modeled and a Fickian behavior was assumed. The basic solution

variable (used as the degree of freedom at the nodes of the mesh) was the "normalized

concentration", expressed as mass concentration of moisture divided by the solubility of

the base material. As such, the "normalized concentration" always ranged from 0 to 1. In

the herein case where the mesh included dissimilar materials with shared nodes at the

interfaces, the normalized concentration was continuous across the interface between the

adjoining different materials.

Time integration in the transient diffusion analysis was done with the backward

Euler method (also referred to as the modified Crank-Nicholson operator) since this

method is unconditionally stable for the linear problem. The moisture migration behavior

was simulated with a time marching scheme of which the analysis was complete when

the steady state criterion, which was defined as the point in time when all normalized

concentrations change at less than the defined threshold rate, has been met.
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4.8.2 The Model

Figure 4.21 shows the 3-D finite element model used for the analysis. 3-D solid

diffusion elements were used. All interfaces were properly tied. The model was initially

dry and was subjected to an instantaneous surface saturation boundary condition,

simulating a dry specimen immersed in a water bath. The 1.28 mm CFRP plate and the 1

mm epoxy layer were successfully modeled using one respective layer of diffusion

elements. Sufficiency and accuracy has been verified by preliminary modeling of a

similarly sized thin plate (2-D) and results compared against analytical solutions (Crank

1975). The concrete block, on the other hand, was modeled using 8 rows of elements in

the thickness direction of 37.5 mm. Unlike stress analysis where more elements are

usually placed near stress concentration regions, mass diffusion modeling does not have

such requirement and diffusion elements can be equally spaced due to the fact that the

"applied load" being the normalized moisture concentration is applied all around the

model. Such modeling technique will, however, be different when a coupled stress-

diffusion analysis is performed.

Figure 4.22 shows the snapshots of the moisture concentration at the

epoxy/concrete bond interface at different points in time. The right side is the cropped

concrete block while the left side is the edge at which the CFRP cantilever starts. Note

the symmetry about the longitudinal axis and asymmetry about the centerline of the bond.

The asymmetric arose as a result of faster diffusion of moisture from the left exposed

concrete face. On the right side, moisture will tend to migrate into the concrete core

before reaching the interface due to the higher diffusion coefficients and solubility, which

gave rise to a steeper concentration gradient. Nevertheless, simulation shows that in 8

weeks, the minimum moisture concentration at that interface will have reached about

50% of the equilibrium value. The total bond line will be saturated in about 200 days.

Appendix 1 documents the abbreviated input file of this 3-D finite element model.

119



Enoxv 2

Figure 4.1 Micrographs of Fracture Surfaces of Cured Epoxy 1 and Epoxy 2
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Figure 4.11 Mechanical Test Matrix
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Figure 4.19 ASTM D732 Punching Shear Tool
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ODB: diffusionmodeling.odb ABAQUS/Standard 6.4-1 Mon Jul 19 22:04:10 Eastern Daylight Time 2004

Step: Diffusion, 3Dmoisturediffusion
Increment 1: Step Time = 1.000
Primary Var: CONC
Deformed Var: not set Deformation Scale Factor: not set

Figure 4.21 3D Moisture Diffusion Finite Element Model
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Figure 4.22 Snapshots of Moisture Concentration at the
Epoxy/Concrete Interface
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CHAPTER 5

INTERFACE FRACTURE TEST PROGRAM
PEEL & SHEAR CHARACTERIZATION

The objective of this research is to develop new mechanistic understanding of

moisture affected debonding failures in CFRP bonded concrete systems by means of an

interface fracture approach. Central to the investigation is the use of interface fracture

toughness as the quantification parameter, which is considered a bond property, to

analyze, compare, and correlate physical observations of such bonded systems. This

chapter details the interface fracture test program which features both peel and shear

characterization of moisture conditioned mesoscale FRP bonded concrete models of

which the interface fracture toughness are experimentally measured. In what follows,

choice of fracture specimen configuration, sample definition and preparation,

experimental setup, loading as well as instrumentation, are discussed. Results including

debonding modes, load-displacement behavior, and fracture toughness variations are

presented and summarized. Findings documented in this chapter form the basis for a

synergistic analysis to be performed in the following chapter.
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5.1 Selection of Specimen Configurations

As discussed in Chapter 3, peel and shear loadings in the FRP-concrete bond

represent two limiting bounds of a typical debonding problem that takes place within the

retrofit span. This fracture behavior, in either limiting case, is likely to be a mixed mode

problem due to the elastic mismatch of the bonded layers (Hutchinson and Suo 1992). In

other words, even when the loading is symmetric or apparently in pure mode (e.g. open

or shear), the crack tip region would "feel" both the opening and shearing components

simply because the crack lies between (or in close proximity to) two adjoining dissimilar

materials. To study such mixed-mode debonding fracture behavior, many interface

fracture models have been proposed, including but not limited to the single leg bending

(Sundararaman and Davidson 1995), four-point bending (Charalambides et al 1989),

edge-notched shear (He et al 1988), and Brazil-nut sandwich (Wang and Suo 1990), as

shown in Figure 5.1.

While these models have been rigorously tested and fracture formulations

extensively developed, they do not seem to model the debonding problem at hand

properly. The bend type specimens are likely to fail prematurely due to concrete

cracking, either due to tension or shear, before valid debonding modes can be developed.

This is attributed to the fact that concrete is very weak in tension, which is usually five to

six times less than the compressive counterpart. Development of concrete cracks will

then lead to difficult quantification of the debonding resistance, since the cracking within

concrete substrate could contribute significantly in the apparent fracture toughness

measured. For the sandwich type specimens, FRP laminates would be sandwiched

between two concrete blocks, as shown in Figure 5.2. While this might assimilate well in

studying mortar/aggregate interfacial properties (Lee et al 1992), it does not model as

well in the case of FRP bonded concrete, since only one side of the FRP laminate is

bonded to the concrete substrate while the other side is exposed and unconstrained in

most externally retrofitted systems. As a result, Karbhari et al (1996) has developed a

peel test setup, as shown before in Figure 2.6, to specifically model FRP debonding.

Although this setup may work well with FRP sheet systems, it is deemed unsuitable for

use with FRP plates due to their high flexural stiffness. The horizontal slider would move

as soon as the FRP plate was fitted into the grip of the loading frame.
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Therefore in this study, with considerations of the actual configuration in a

retrofitted beam, the peel type fracture and single lap shear fracture specimens are

proposed, as shown in Figure 5.3. These two specimen configurations share the

commonality of being a layered material system with the FRP exposed on one side that

closely resembles the realistic debonding problem at the structural scale. They also retain

the realistic bond line features (both width and thickness) at the mesoscale and are

relatively easy to setup on an Instron loading frame.

5.2 Specimens

Materials used in making all fracture specimens were identical to those used in

the material characterization program as detailed in Chapter 4. Mixing and curing

procedures were also as described. To ensure consistency, all concrete was produced

from the same batch of mix on the same day, cast upright with the to-be-bonded surface

in contact with the mold bottom, and subjected to the same 28-day curing schedule

followed by oven drying prior to bonding. Completing drying of the concrete was

ensured by no further weight change on 1-day intervals for 3 consecutive days. CFRP

plates were trimmed to size from the same roll of material using identical sawing setup

for each cut. Epoxy mixing and the bonding procedure were also strictly controlled as

discussed before. The following provides a description of the specimen dimensions,

followed by some considerations regarding concrete surface preparation and conditioning

for bonding as well as the choice of a proper bond length for the shear fracture

specimens.

5.2.1 Dimensions

Both peel and shear fracture models were made of identical materials using

identical sample preparation procedures as will be described in the following section.

Dimensions of the fracture models are shown in Figure 5.4. All models consisted of a

1.28 mm thick CFRP plate bonded to a 37.5 mm thick concrete block with a 1.0 mm

thick epoxy bond line. Uniformity of the bond line thickness was controlled by a number

of Teflon spacers surrounding the bond. The thickness values resembled that of a real

FRP retrofitted concrete bond.
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Width of the CFRP plate was 25 mm and so as the width of the bond. Bond length

of the peel model was 100 mm while that of the shear model was 150 mm. Rationale for

determination of the bond length is discussed in more detail later. The CFRP plate was

centered along the longitudinal axis of the concrete block and a 25 mm shoulder was left

on either side of the bond to remove edge effects, making the concrete block 75 mm wide

in total. Cantilever length of the CFRP for the peel model was 50 mm while that for the

shear model was 100 mm so as to provide proper non-slip gripping according to the

results of preliminary tests. A 12.5 mm pre-crack was introduced at the epoxy/concrete

interface using a 80-micron thick Teflon tape.

5.2.2 Concrete Surface Preparation

Oven-dried concrete blocks were subjected to a bond surface treatment of

mechanical abrasion on the cast side that was in contact with the mold during casting by

means of a pneumatic needle scaler, as shown in Figure 5.5, because it has been

determined (Chajes et al 1996, Toutanji and Ortiz 2001, Lorenzis et al 2001) that

mechanical abrasion would result in maximum bond quality over other means such as

water jetting, sanding, and grinding. With the mechanical abrasion, it was possible to

roughen concrete surfaces to a point that sound aggregates were exposed and loosely held

segregated particles removed, providing mechanical interlock with the cured (or

hardened) epoxy. After mechanical abrasion, dust and debris was removed from the

surface by compressed air and cleaned by methyl ethyl ketone (MEK) to ensure a sound

adhesion surface.

5.2.3 Bond Length Determination Using Micro-Strain Profile Analysis

Compared to peel fracture specimens where a typical steady-state debonding

length appeared, from preliminary tests, in the low centimeter range that corresponded to

a crack-stop propagation pattern under displacement control, shear fracture specimens

usually debonded over a rather long bond length in order to reach the same steady-state

of asymptotic energy release beyond which the energy release rate becomes independent

of the crack length such that the advancing crack front no longer "feels" any influence of
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the other end of the crack. As such, a more careful design needs to be performed on the

bond length of the shear fracture specimens.

It is known that for bonded joints that are loaded under a shear configuration, the

bond stress is not evenly distributed throughout the bond area. Instead, more stress is

being taken up by the edge region and the stress decreases exponentially away from the

edge, as illustrated from the surface strain variation profile in Figure 5.6. In other words,

there exists a bond length beyond which no further increase in bond strength is possible.

This length is called the effective transfer length.

The transfer length depends on an array of parameters including but not limited to

surface roughness, aggregate size and stiffness, and adhesive stiffness. The value ranges

between 40 - 125 mm for CFRP or GFRP bonded concrete in the form of single or

double lap shear bonds as reported in the literature (Bizingavyi and Neale 1999; Nakaba

2001; Myers et al 2001). Since transfer length is system dependent, it was thus

experimentally determined in this study using identical materials as in the fracture

specimens. A series of seven 350-ohm strain gages with a gage length of 6.25mm were

mounted on the CFRP plate with a space interval of 30 mm starting from the loaded edge

to continuously monitor the micro-tensile strain on the plate surface loaded under

apparent pure shear. It has been determined that, for the given bond width, materials, and

specimen preparation procedures, the shear transfer length was approximately 150 mm

for both epoxy systems beyond which the registered strain was close to zero. The

experimentally obtained micro-strain profile, e(x), is shown in Figure 5.7 and the

measurements compare very well with results from finite element modeling prediction

and that from the widely used analytical model (Sierra-Ruiz et al 2002), which has the

following form:

sinh L-x
N L)= NEhtE(x)= ( ; where LO = 1

BEh inh L 2

LO

Here, L represents the bond length, B the bond width, h the CFRP plate thickness, t the

bond line thickness, E, the elastic modulus of the plate, p2 the shear modulus of the

epoxy, and N the shear load. This analytical model was derived from the shear lag theory
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and it assumes elasticity. As a result of this analysis, a bond length of 150 mm was thus

used in all shear fracture specimens to ensure complete stress transfer to take place.

5.3 Fracture Test Program

All specimens were divided into two main groups for regular and high

temperature moisture conditioning respectively at 23 'C and 50 'C. Each group consisted

of both peel and shear tests. Half of the specimens for each loading configuration were

made with Epoxy 1 while the other half Epoxy 2 (for definitions and description of the

epoxies, see Chapter 4). Each specimen subgroup was then conditioned for 0 week, 2

weeks, 4 weeks, and 8 weeks at which time three randomly chosen samples were taken

out and mechanically tested to failure in standard laboratory conditions. The selected

time intervals were so chosen based on the distinguishable moisture concentration

patterns indicated by the results of the 3-D diffusion simulation discussed in Chapter 4.

Correspondence of the conditioning duration and the estimated minimum moisture

concentration at the epoxy/concrete interface are summarized below in Table 5.1.

Table 5.1 Correspondence of Conditioning Duration & MM,

Conditioning Duration (weeks) Estimated Minimum M/M (%)

0 0
2 16
4 30
8 50

0-week conditioning corresponded to initial dry (defined as 50% RH) testing without any

moisture conditioning. Other specimens were conditioned at 100% RH at their respective

temperatures. Continuous moisture conditioning represents an accelerated conditioning

environment for both temperature groups. Figure 5.8 illustrates the overall fracture test

matrix. Altogether 84 specimens were tested (instead of 96 because one subgroup could

not be tested due to a 1-week machine maintenance). Figure 5.9 shows part of the

specimens under ambient-cure.

High temperature wet conditioning was conducted using a Q-Fog CCT 1100

environmental chamber while room temperature wet conditioning was conducted in water
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baths in the laboratory with temperature control. All specimens were placed inside the

chamber uniformly spaced to maximize moisture exposure and uniformity. The high

temperature conditioning represents a realistic upper bound of service temperature that

could be reached in the soffit of a RC structural member (Mays and Hutchinson 1992).

These conditioning environments were identical to those used in the material

characterization program described earlier.

5.4 Fracture Test Setup

5.4.1 Peel Fracture

Peel fracture tests were performed on an Instron universal test machine Model

1331 using a 2.2 kN (500 lb) load cell under displacement control. Crosshead speed was

2 mm/min. All specimens were tested at standard laboratory condition. High temperature

conditioned specimens were removed from the conditioning chambers, wrapped in

impermeable plastic wrap to retain moisture, and left for a few hours until the specimens

reached the test temperature to prevent moisture desorption driven by temperature

differential.

Each peel fracture specimen was rigidly clamped by a specially designed fixture,

which was secured to the lower piston of the Instron. Alignment and leveling of the

specimen were carefully performed using setscrews that were built into the fixture. The

upper load cell was connected with a high carbon steel rod (Grade AISI 1055) designed

with a 3600 hinge mechanism on both ends to make the vertical peel possible. At all

registered load levels, displacement within the rod was considered negligible due to low

load. Load, crosshead displacement, and crack length were carefully and continuously

monitored until the CFRP plate was entirely peeled off. The complete peel fracture setup

is shown in Figure 5.10.

5.4.2 Shear Fracture

Shear fracture tests were carried out in an upright position also in the Instron 1331

using a 50 kN load cell displacement controlled at 1 mm/min. All conditioned specimens

were tested at standard laboratory condition. Each shear fracture specimen was rigidly

clamped in the specially designed carbon steel fixture (Grade AISI 1018), which was
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secured to the lower crosshead. A 12.5 mm thick reaction plate provided the necessary

rigidity, after some preliminary testing, to prevent concrete block from any movement

during pulling of the CFRP plate. Alignment was carefully adjusted so that the plate line

up with the longitudinal axis of the upper self-tightening serrated grip.

A 50 mm grip length was used to ensure no slippage under the range of critical

load level. In fact, it has been preliminarily tested that the 25 mm wide CFRP plate

exhibited no slippage up to the load cell limit, which was 50 kN, while the critical load

level of the shear fracture specimens was less than half of that limit. For dry specimens,

350-ohm strain gages with a 6.25 mm gage length were mounted onto the CFRP plate to

monitor the surface strain profiles. Shear slip was measured by a linear variable

displacement transducer (LVDT) to monitor the displacement of a 6 mm thick Plexiglass

target that was adhered onto the CFRP plate right at the pre-crack tip location. More

details regarding the shear slip measurement are given below. The complete shear

fracture test setup is shown in Figure 5.11.

Shear Slip Measurement

Shear slip represents the accumulated shear deformation of the thin adhesive layer

under shear and there is no easy way to monitor that deformation directly. While various

shear-slip models have been proposed that consist of both the loading and unloading

curves (Gustafsson 1987; Taljsten 1996; Chen and Teng 2001), shear slip measurements

on single lap shear specimens seem to have been tacitly performed and defined. One

indirect way to make the measurement is by placing a target on the CFRP plate very close

to the crack tip and assume that the CFRP has the same displacement as the adhesive

layer at that exact position. By referencing the target with a stationary point, the

differential displacement captured represents the shear deformation accumulated up till

that point. It should be noted that shear deformation of the adhesive is non-uniform along

the bond length due to the exponentially decaying stress as presented in the effective

transfer length discussion and thus the measurement is highly sensitive to the target

location. A thinner target that results in less area averaging of the shear deformation in

the crack tip vicinity would generally yield a more accurate representation of the shear

slip.
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Preliminary tests have shown that placing the target in different locations in the

vicinity of the crack tip could lead to vast difference in shear slip response. When the

target was placed just behind the crack-tip, a perfectly linear response that came from the

CFRP was obtained. When the target was placed right on the crack-tip, a nonlinear

response with an initial linear region was registered. Non-linearity was probably due to

plastic yielding of the adhesive layer and possibly arose as well from the mechanical

interlock at the interface under high loads. Figure 5.12 illustrates these two different

measured responses.

Thus, a 6 mm thin target was placed on every specimen on the CFRP at the crack

tip location for shear slip measurement until the critical state. Upon explosive shear

fracture at the critical state, the thin target, which was adhered to the CFRP plate, often

fell off or became loose as a result of elastic spring back of the CFRP. Hence, the

unloading shear slip curves could not be consistently produced and would not be used in

any subsequent quantification analysis.

5.5 Results

5.5.1 Failure Modes

A. Peel Fracture Modes

Typical failure modes of Epoxy 1 and Epoxy 2 with and without moisture

conditioning are shown in Figures 5.13 and 5.14. Dry Epoxy 1 specimens exhibited

failure in the adhesive itself, rendering a cohesive type of failure. The pre-crack, which

was placed at the epoxy/concrete interface, kinked upward into the adhesive layer near

the CFRP/epoxy interface upon reaching peak load. Crack gradually extended along until

complete peel off. A thin layer of epoxy was adhered to the debonded CFRP strip while

the bulk of the adhesive layer stayed intact on the concrete block. This phenomenon was

observed for both temperature groups, although the high temperature group showed more

signs of CFRP delamination intercalated in the epoxy cohesive failure. Failure surfaces

felt powdery to the touch and small grains of sand could clearly be seen.

Wet Epoxy 1 specimens, on the other hand, exhibited the distinctive

epoxy/concrete interface separation. Only a relatively small amount of loose concrete

particles adhered to the debonded plate, which consisted of the CFRP plate and an almost
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intact adhesive layer. The matching profile of the bond line was revealed from the

adhesive side and the failure surfaces were still damp to the touch. The needle scaler

roughened concrete surface was once again revealed. For both temperature groups,

failure was observed as a crack-and-halt progressive phenomenon, as opposed to the

gradual crack extension behavior observed in the dry case. It was also surprising to see

that, although the peel fracture process did not take place all at once for the whole strip,

the crack did not kink into the concrete substrate at all during the whole process but

remained propagating along the moist epoxy/concrete interface.

For Epoxy 2, a shift in failure mode from material decohesion to interface

separation was again observed as in the case of Epoxy 1 after the introduction of

moisture. All dry Epoxy 2 specimens failed by concrete delamination. The pre-crack

kinked into the concrete substrate near the epoxy/concrete interface on first crack

advance and continued to fracture parallel to the interface until complete peel off. A thin

layer of concrete was found adhered to the debonded strip, which consisted of an intact

adhesive layer.

Failure of wet Epoxy 2 specimens was similar to wet Epoxy 1 specimens.

Epoxy/concrete interface separation took place consistently. The imprinted surface

profile on the adhesive side was even clearer on Epoxy 2 due to the higher wetting ability

of Epoxy 2. Little, if any, concrete debris adhered to the debonded strip. The freshly

exposed failure surface was still moist to the touch.

B. Shear Fracture Modes

In all shear fracture failures, debonding took place all at once in a brittle manner,

regardless of the epoxy systems. This was so due to the careful design of the bond length

which matched exactly with the effective transfer length of the system such that the

energy release (fracture driving force) matched exactly with the total fracture resistance

of the system over the designed bond length under a displacement-controlled shear

loading. Progressive crack propagation within the bond length could not be detected.

Cohesive failure took place when dry while interface separation consistently took place

when wet. Figures 5.15 and 5.16 show this dramatic change in failure modes for typical

Epoxy 1 and Epoxy 2 specimens respectively.
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For dry Epoxy 1 specimens, cohesive fracture occurred in the form of CFRP

delamination, with some intercalated epoxy decohesion very close to the CFRP/epoxy

interface at times.

Compared to the dry Epoxy 1 specimens, moisture conditioned Epoxy 1

specimens experienced a complete shift in failure mode where failure took place at the

epoxy/concrete interface with almost no concrete debris adhered to the debonded strip.

Sometimes, the parent interface crack would kink upward to the CFRP/epoxy interface

toward the end of the interface debonding process.

Dry Epoxy 2 specimens, on the other hand, failed by concrete delamination with a

thin layer of concrete debonded just beneath epoxy/concrete interface. Broken aggregates

were clearly seen at the fracture surfaces on both sides. Probably as a result of high stress

concentration at the edge of the reaction plate, a concrete chunk was often sheared off

near that edge vicinity. The crack however quickly propagated upward toward but

beneath the epoxy/concrete interface and continued to propagate parallel to that interface

in a concrete delamination mode.

Like wet Epoxy 1 specimens, wet Epoxy 2 specimens also failed in a relatively

clean epoxy/concrete interface separation mode. A mirror image of the mechanically

abraded concrete profile could be clearly seen on the adhesive side and only a small

amount of loose particles were adhered to the debonded strip. For both cases, the

fractured interface was still damp to the touch and close ups showed that the pre-crack

concrete surface was at the same level as the freshly re-exposed concrete surface after

debonding, confirming the observation of an interface separation mode. Also, attention

should be paid to the intact aggregates and preserved roughened surface profiles. A final

observation was that the alignment markings were still very clearly seen.

5.5.2 Load-Displacement Behavior

A. Peel Fracture Behavior

Typical load-displacement curves for peel fracture specimens bonded with Epoxy

1 and Epoxy 2 before and after moisture conditioning are shown in Figures 5.17 and 5.18,
respectively. It is observed that a typical load-displacement curve produced by a peel test

appeared in a seesaw pattern with decreasing local peak loads as the crack propagated
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further. Each local peak represented the onset of crack advance and the sudden drop in

load corresponded to the actual crack front propagation. The first peak was always the

highest, signifying a larger fracture resistance to overcome, possibly due to

mathematically blunter crack that was introduced simply by the edge of a Teflon tape.

Subsequent crack fronts should tend to be much sharper as they were naturally evolved,

amplifying the crack intensity in the tip vicinity. The only exception to this typical curve

shape was from Epoxy 1 dry specimens, which produced a distinctive gradual load

reduction, meaning that cracks did not advance in a crack-and-halt manner like all others

did, but took place in a gradual extension manner. This behavior was inline with the

physical observation of how the crack propagated to final failure where the crack

gradually extended along until complete peel off. Unloading and reloading curves that

followed instantaneous load drops were, in general, secant lines that radiated from the

origin. This is an important observation as it means that peel fracture process was

globally linear elastic and the strain energy built up by the peel force just before the onset

of crack advance was fully exhausted at crack advance.

B. Shear Fracture Behavior

Figures 5.19 and 5.20 show typical shear-slip curves generated from the single lap

shear fracture tests before and after moisture conditioning of Epoxy 1 and Epoxy 2

specimens respectively. Only the loading curve portion up to the critical state is shown.

Unloading portion of the curves could not be consistently reproduced due to the difficulty

in monitoring the shear slip response beyond peak load at which shear fracture took place

in a catastrophic manner, as discussed earlier.

In general, it is observed that dry Epoxy 1 specimens exhibited a more linear

behavior as well as lower load and slip at the critical state. The specimens seemed to gain

toughness, as shown from the area under curve, after they were moisture conditioned.

After high temperature moisture conditioning, some global yielding signature by the flat

portion near the peak load region was also observed before fracture or unloading took

place. Shear modulus, defined as the slope of the curves, of all specimens were in close

range.
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Epoxy 2 specimens, on the other hand, showed a contrary response. Dry

specimens possessed better shear resistance than wet ones while all shear-slip curves

were much more non-linear than those of Epoxy 1 specimens. Nevertheless, the initial

portion appeared to be linear up to approximately 50% of the critical load before non-

linearity took over. Shear modulus and critical load tended to decrease upon moisture

conditioning, regardless of conditioning temperature.

5.5.3 Interface Fracture Toughness

Interface fracture toughness values for both the peel and shear fracture cases are

computed by means of the fracture formulations derived in Chapter 3. By inputting the

peak loads, and the corresponding degraded elastic properties that are determined from

the associated plots in Chapter 4, the interface fracture toughness values can be obtained.

The choice of exact formulation for use in each loading case matches with the actual

failure mode Case k observed. For instance, when concrete delamination is observed, the

Case 5 expressions are used and the thickness of thin layer of concrete measured in order

to have an appropriate value for H3 (see Figure 3.3). The main expressions for both

fracture cases are as follows:

Peel Fracture

N 2  (l+a)2 _12 612

peel B2 E3h3  
2I1, k 1

Shear Fracture

N 2 T y2
shear 2B2 E3 Alkh I, h31

Table 5.2 summarizes the numerical values of the basic parameters used in the

computation of fracture toughness. Computed values of peel and shear fracture toughness

are summarized in Tables 5.3 and 5.4 respectively.
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Table 5.2 Basic Parameters Used to Compute Interface Fracture Toughness

Parameter Notation Value Unit

CFRP cantilever length

Pre-crack length

Bond width

CFRP thickness

Epoxy bond line thickness

Concrete block thickness

CFRP Modulus

Epoxy Modulus

I

a

B

h

t
H

E

E2

E3

A,

50.00
12.50
25.00
1.28

1.00
37.50

148.00

Epoxy 1:

E2,230 C

E 2,500c

= 4.140e -0.9383M'

= 3.20e -0.2463M',

Epoxy 2:

Concrete Modulus

Moisture Content

£2,230 C =1.47e 0 616M

E2,500 c = 1 .2 8 e 0 656M'

E3 = 21.98e-0.092 9M'

Epoxy 1:
M week,23C = 0.00

M1,2 weeks,23
0 C = 0.19

M,,4 weeks,230 C = 0.35

M1,8 weeks,230C = 0.59

Epoxy 2:
M ,O week,23"C =0.00

Mt,2 weeks,230 C = 0.41

Mt,4 weeks,230C = 0.77

Mt,8 weeks,230 C =1.29

Concrete:

M week sQ0C = 0.00

1,, weeks,50'C = 0.46

M, = 0.86

M , weeks,500C =1.44

M week 500C = 0.00

M , weeks,50
0

C = 0.87

M,, weeks,50'C = 1.63

M1,8 weeks,50
0

C = 2.71

MI'O week =0 %

M,2 wee =1.25 %

M1 4 wee = 2.34 %

M1 8 wees =3.90 %
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Table 5.3 Interface Peel Fracture Toughness

Epoxy Cond. Temp. Cond. Time
System (OC) (weeks)

(/pee2

(j/m2)
Debonding Mode

Epoxy 1 23 0 359 Epoxy Decohesion
Epoxy 1 23 0 344 Epoxy Decohesion
Epoxy 1 23 0 349 Epoxy Decohesion
Epoxy 1 23 4 421 Epo./Con. Interface Sep.
Epoxy 1 23 4 400 Epo./Con. Interface Sep.
Epoxy 1 23 4 443 Epo./Con. Interface Sep.
Epoxy 1 23 8 445 Epo./Con. Interface Sep.
Epoxy 1 23 8 431 Epo./Con. Interface Sep.
Epoxy 1 23 8 412 Epo./Con. Interface Sep.
Epoxy 1 50 0 478 Epoxy Decohesion
Epoxy 1 50 0 539 Epoxy Decohesion
Epoxy 1 50 0 542 Epoxy Decohesion
Epoxy 1 50 2 578 Epo./Con. Interface Sep.
Epoxy 1 50 2 487 Epo./Con. Interface Sep.
Epoxy 1 50 2 552 Epo./Con. Interface Sep.
Epoxy 1 50 4 555 Epo./Con. Interface Sep.
Epoxy 1 50 4 490 Epo./Con. Interface Sep.
Epoxy 1 50 4 424 Epo./Con. Interface Sep.
Epoxy 1 50 8 523 Epo./Con. Interface Sep.
Epoxy 1 50 8 397 Epo./Con. Interface Sep.
Epoxy 1 50 8 568 Epo./Con. Interface Sep.
Epoxy 2 23 0 1011 Concrete Delamination
Epoxy 2 23 0 1034 Concrete Delamination
Epoxy 2 23 0 1028 Concrete Delamination
Epoxy 2 23 4 375 Epo./Con. Interface Sep.
Epoxy 2 23 4 388 Epo./Con. Interface Sep.
Epoxy 2 23 4 406 Epo./Con. Interface Sep.
Epoxy 2 23 8 334 Epo./Con. Interface Sep.
Epoxy 2 23 8 439 Epo./Con. Interface Sep.
Epoxy 2 23 8 377 Epo./Con. Interface Sep.
Epoxy 2 50 0 1284 Concrete Delamination
Epoxy 2 50 0 978 Concrete Delamination
Epoxy 2 50 0 1157 Concrete Delamination
Epoxy 2 50 2 399 Epo./Con. Interface Sep.
Epoxy 2 50 2 423 Epo./Con. Interface Sep.
Epoxy 2 50 2 404 Epo./Con. Interface Sep.
Epoxy 2 50 4 395 Epo./Con. Interface Sep.
Epoxy 2 50 4 430 Epo./Con. Interface Sep.
Epoxy 2 50 4 424 Epo./Con. Interface Sep.
Epoxy 2 50 8 488 Epo./Con. Interface Sep.
Epoxy 2 50 8 386 Epo./Con. Interface Sep.
Epoxy 2 50 8 400 Epo./Con. Interface Sep.
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Table 5.4 Interface Shear Fracture Toughness

Epoxy System Cond. Temp. Cond. Time
Epox Sytem (OC) (weeks)

shear

(J/m2 )
Debonding Mode

Epoxy 1 23 0 854 Epo. Decoh. / FRP Delam.
Epoxy 1 23 0 969 FRP Delamination
Epoxy 1 23 0 887 Epo. Decoh. / FRP Delam.
Epoxy 1 23 4 2586 Epo./Con. Interface Sep.
Epoxy 1 23 4 1945 Epo./Con. Interface Sep.
Epoxy 1 23 4 2275 Epo./Con. Interface Sep.
Epoxy 1 23 8 1617 Epo./Con. Interface Sep.
Epoxy 1 23 8 2051 Epo./Con. Interface Sep.
Epoxy 1 23 8 2412 Epo./Con. Interface Sep.
Epoxy 1 50 0 2189 FRP Delamination
Epoxy 1 50 0 1820 Epo. Decoh. / FRP Delam.
Epoxy 1 50 0 1967 Epo. Decoh. / FRP Delam.
Epoxy 1 50 2 1663 Epo./Con. Interface Sep.
Epoxy 1 50 2 3672 Epo./Con. Interface Sep.
Epoxy 1 50 2 N/A Specimen Breakage
Epoxy 1 50 4 1931 Epo./Con. Interface Sep.
Epoxy 1 50 4 2635 Epo./Con. Interface Sep.
Epoxy 1 50 4 2282 Epo./Con. Interface Sep.
Epoxy 1 50 8 1988 Epo./Con. Interface Sep.
Epoxy 1 50 8 1419 Epo./Con. Interface Sep.
Epoxy 1 50 8 2289 Epo./Con. Interface Sep.
Epoxy 2 23 0 3014 Concrete Delamination
Epoxy 2 23 0 2707 Con. Delam. / FRP Delam.
Epoxy 2 23 0 3133 Concrete Delamination
Epoxy 2 23 4 2027 Epo./Con. Interface Sep.
Epoxy 2 23 4 3477 Epo./Con. Interface Sep.
Epoxy 2 23 4 2695 Epo./Con. Interface Sep.
Epoxy 2 23 8 2478 Epo./Con. Interface Sep.
Epoxy 2 23 8 2632 Epo./Con. Interface Sep.
Epoxy 2 23 8 N/A Specimen Breakage
Epoxy 2 50 0 2701 Concrete Delamination
Epoxy 2 50 0 3304 Concrete Delamination
Epoxy 2 50 0 3091 Concrete Delamination
Epoxy 2 50 2 2399 Epo./Con. Interface Sep.
Epoxy 2 50 2 2092 Epo./Con. Interface Sep.
Epoxy 2 50 2 N/A Specimen Breakage
Epoxy 2 50 4 1475 Epo./Con. Interface Sep.
Epoxy 2 50 4 1675 Epo./Con. Interface Sep.
Epoxy 2 50 4 1724 Epo./Con. Interface Sep.
Epoxy 2 50 8 1346 Epo./Con. Interface Sep.
Epoxy 2 50 8 1588 Epo./Con. Interface Sep.
Epoxy 2 50 8 1532 Epo./Con. Interface Sep.
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A. Peel Fracture Toughness

Average values of peel fracture toughness are graphically summarized in Figures

5.21 and 5.22 respectively for the two epoxies. By examining the plots, it is seen that the

peel fracture toughness trends are strongly tied to the first (or absolute) peak loads in the

load-displacement curves presented earlier. The higher is the first peak, the higher is the

peel fracture toughness. In fact, the linear elastic fracture energy formulation implies this

correlation.

For Epoxy 1 specimens, the recorded fracture toughness was steady throughout

the moisture conditioning program, despite the fact that failure mode had been shifted

from epoxy decohesion to epoxy/concrete interface separation due to the introduction of

moisture. This was quite surprising because if the fracture toughness for a epoxy

decohesion mode was similar to a epoxy/concrete interface separation mode, one would

expect statistically equal amount of observations in each case (either dry or wet).

However, this was not the case. So it might be suggesting that before and after moisture

ingress, the fracture toughness for both epoxy decohesion and epoxy/concrete interface

separation might have changed magnitudes in opposite directions. More in-depth

discussion will be provided on this in Chapter 6.

For Epoxy 2 specimens, on the other hand, a phenomenal drop in fracture

toughness has been registered when specimens were moisture conditioned for 2 weeks or

more. The drop in fracture resistance was more than 60% in both temperature groups.

The first-crack fracture toughness then became steady and did not reduce further with

time. Note that the dry fracture toughness of Epoxy 2 specimens represented the peel

fracture resistance (that nevertheless consisted of both an open and a shear mode as

discussed before) of the concrete being used, as the failure modes were unanimously

concrete delamination. The high initial (dry) fracture toughness of Epoxy 2 specimens

may be suggesting the existence of an extra toughening mechanism such as crazing and

shear banding contributed by the rubber particles inside the epoxy layer. Note also that

the fracture toughness of all wet specimens were in the same range and the readers should

recall that the failure modes for all wet specimens were also identical, regardless of the

conditioning temperature and the type of epoxy used. Since epoxy/concrete interface

separation took place for wet specimens and that the fracture toughness values were
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sharply reduced, it might be suggesting that the constituent materials limits were not fully

(or largely) utilized as concrete did not fracture and epoxy did not craze.

B. Shear Fracture Toughness

Average values of shear fracture toughness are summarized graphically in Figures

5.23 and 5.24 respectively. A clear degradation trend can be seen for Epoxy 2 specimens

with increasing moisture conditioning while an interesting counter-intuitive phenomenon

is shown for Epoxy 1 specimens where the initial (dry) fracture toughness is substantially

lower than wet counterparts.

Epoxy 1 specimens exhibited a surge in fracture toughness upon initial moisture

contact despite the shift in failure mode from a material decohesion one to an interface

separation one. After the surge, fracture toughness steadily decreased with increasing

moisture content. This trend was evidenced in both temperature groups, although the

surge in the high temperature group was less dramatic, possibly due to a post-curing

effect at that high temperature.

For Epoxy 2 specimens, accelerated moisture diffusion, with the aid of elevated

temperature, has been able to degrade more than 50% of the original (dry) shear fracture

toughness in as short as 8 weeks, although the reduction has slowed down and became

more asymptotic starting at the 4-week interval. A similar but slower degradation trend is

seen for moisture conditioning without elevated temperature (i.e. 23'C wet). These

degradation trends were considered in line with the peel fracture case when factoring in a

similar shift in failure modes.
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Figure 5.2 Example of a FRP Bonded Concrete Sandwiched Specimen
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CHAPTER 6

INTERFACE FRACTURE ANALYSIS OF
FRP DEBONDING AFFECTED

BY MOISTURE

In the prior chapters, a set of new tri-layer fracture energy models is derived to

facilitate the quantification of one of the five possible debonding failures in FRP bonded

concrete by computing the interface fracture toughness of mesoscale peel and shear

fracture specimens that consisted of real-scale bond lines and are subjected to accelerated

moisture conditioning for selected time intervals before mechanically tested to failure. As

inputs in the computation, diffusion and mechanical properties of the constituent

materials with respect to moisture uptake are physically determined. Three-dimensional

moisture diffusion simulations are also performed to estimate the moisture concentration

in the interfacial bond region at a given point in time. With the knowledge of the

computed toughness values and their trends with respect to increasing moisture ingress,
observed debonding modes and their shift behavior from dry to wet, as well as the

simulated diffusion behavior and quantification, this chapter analyzes the debonding

problem synergistically by combining and correlating with results from finite element
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fracture computation, mode-mix characterization, and kink criterion implementation, to

develop better understanding of various mechanistic debonding behavior affected by

moisture. Discussions are made mainly from an interface fracture mechanics perspective.

6.1 Effect of Moisture on Debonding Resistance

Fracture toughness variation plots presented in Chapter 5 have shown that

different epoxy systems could lead to different initial response to moisture ingress,

although degradation behavior has generally been observed with prolonged conditioning.

This general trend observation is common between the two temperature groups for both

epoxies. The following tries to correlate the fracture toughness variations with the results

generated from the finite element moisture diffusion simulation as presented in Chapter 4

for both the peel and shear fracture cases.

6.1.1 Effect on Peel Fracture Toughness

Regardless of the mechanism that has led to the initial change (from dry to wet) of

fracture toughness, both epoxies exhibited a rather steady toughness variation trend after

only 2 weeks of moisture conditioning. This was considered quite surprising because the

3-D diffusion simulation indicated that even after 8 weeks of continuous moisture

conditioning at 50*C, diffusion activities in the interfacial region was still very active. In

fact, it was predicted that not until after 200 days would the bond line start to saturate.

Upon closer examination, two commonalities were found. The first fact is that in all peel

fracture cases, regardless of epoxy systems and conditioning duration beyond 2 weeks,

epoxy/concrete interface separation was observed consistently as the debonding mode in

the region where the first crack advance took place. The second fact is that the moisture

concentration in that region, which was usually not more than a few centimeters in

length, had a minimum of 50%, as shown in Figure 6.1. When the moisture concentration

was less than this value, a different debonding mode was likely to occur. For instance,

when it was dry (i.e. 0%), concrete delamination initiated in Epoxy 2 instead.

Combination of these facts has led to the thinking of a possible threshold of moisture

concentration beyond which no significant further change in mechanism and hence

fracture toughness could occur. In the herein case, that threshold seemed to be 50% or
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less. This argument, if true, should be supported by further evidence in the case of shear

fracture.

In the case of Epoxy 2, the shift in debonding mode from concrete delamination

to epoxy/concrete interface separation has revealed the fact that when dry, the

epoxy/concrete interface fracture toughness was higher than that for concrete

delamination, which was approximately 1000 J/m 2, although it would be technically

difficult to measure the dry interface toughness values. Nevertheless, that value has

dropped to close to 400 J/m 2 after moisture concentration has reached 50% or less and

thus signified a substantial loss of adhesion between epoxy and concrete as a

consequence of moisture ingress, provided that the original epoxy and concrete still

remain in the interfacial region without formation of any new interphase material (more

discussion on this later using crack kinking arguments).

In the case where Epoxy 1 is involved, the phenomenon was more complex. It

was experimentally found that upon introduction of moisture to the specimens, the

fracture toughness did not decrease as in the case of Epoxy 2. As a matter of fact, there

seemed to be a tendency of slight increase in fracture toughness from dry to wet. This

behavior was at first considered counter-intuitive because in the dry case, debonding took

place as epoxy decohesion very close to the CFRP/epoxy interface. After getting wet,

failure shifted to epoxy/concrete interface, which had a higher toughness values than the

dry case, meaning that the interface fracture toughness for epoxy decohesion near the

CFRP/epoxy interface has increased, after getting wet, to a level at least higher than that

of the wet epoxy/concrete interface. In other words, there existed a material toughening

mechanism that has enhanced the toughness of Epoxy 1 with the introduction of

moisture. This might be attributed to the plasticization of the epoxy material as a result of

increasing moisture content that would generally reduce the strength properties (as seen

in material degradation plots presented in Chapter 4) but would on the other hand

increase the fracture toughness of the epoxy material itself (Mays and Hutchinson 1992).

Within 2 weeks, the epoxy itself might have toughened to a point where the other weaker

debonding mode (in this case, epoxy/concrete interface separation) took over. More

insights could be gained toward this plasticization effect by analyzing the shear fracture

cases in a similar manner. Also, the comparable magnitudes of the fracture toughness
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before and after moisture ingress could only be considered coincidental. One should not

think that the bond did not degrade at all simply because not much variation in fracture

toughness was exhibited before and after moisture ingress (Figure 6.2). In fact, different

debonding modes have been observed and degradation has indeed occurred due to the

reduction in fracture toughness for the epoxy/concrete interface from dry to wet.

6.1.2 Effect on Shear Fracture Toughness

Shear fracture toughness of all wet peel specimens showed some degradation over

time between the 2-week and 8-week test periods. In particular, Epoxy 2 high

temperature conditioning group has started to show sign of slowing after 4 weeks. The

fracture toughness has degraded by approximately half after 8 weeks. While the proposed

asymptotic degradation behavior requires further tests on specimens that are conditioned

for longer time, it has been observed from diffusion simulation that the minimum

moisture concentration in the shear fracture region, which is also the entire bond region

due to the effective transfer length design (see Chapter 5 for definition and discussions),

has reached roughly 50% in 8 weeks time, as shown in Figure 6.3. This observation

coincides with that of the peel fracture case where the 50% seemed to be the moisture

concentration threshold that would produce little further degradation. In the shear fracture

case, however, the duration for such asymptotic behavior was much longer because the

entire 150 mm bond contributed to the debonding resistance, as opposed to the few

centimeters near the edge region in peel fracture. Degradation behavior for Epoxy 1 was,

in general, more gradual than that of Epoxy 2.

Considering the dry-wet transition, Epoxy 1 specimens exhibited a sharp increase

in toughness after getting wet, as shown in Figure 6.4, with an associated shift in

debonding mode from CFRP delamination to epoxy/concrete interface separation. Note

that the wet debonding interface separation mode was the same as in peel fracture while

the CFRP delamination took place very close to the CFRP/epoxy interface, as if only a

layer of fibers was delaminated. This toughness increase behavior deviated from the

Epoxy 2 behavior, which was some how expected after studying the peel fracture case.

By revisiting the epoxy plasticization arguments developed earlier, one might expect an

increase in fracture toughness in the CFRP/epoxy interfacial region with increasing
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toughening due to moisture ingress that might in turn enhance the adhesion between the

two. As opposed to the epoxy/concrete interface, the CFRP/epoxy interface tended to be

more stable due to the low surface free energy of the CFRP (Mays and Hutchinson 1992)

so that moisture was less likely to stay in the interface, but rather entered the polymeric

structure of the epoxy (either within the bond line or in the matrix of the CFRP plate) to

produce the plasticization effect. However, the plasticization argument generally applies

to all epoxy materials, but such toughness enhancement effect was not observed in Epoxy

2 fracture specimens at all during the dry-wet transition. This has prompted one to think

of the origin of the "moisture-tolerant" description of the proprietary Epoxy 1 system (see

Chapter 4 under the section of Material Description) involving a moisture-cure

formulation that is commonly found in epoxies used for underwater applications (Argon

2004, Oman 2004). This is somewhat inline with the slight enhancement of tensile

properties of Epoxy 1 upon initial moisture conditioning as indicated in the mechanical

property variation plots presented in Chapter 4. Nevertheless, these observations have

revealed the need for knowing the exact chemical formulation of the epoxy adhesives in

studying the moisture effect on FRP debonding problems.

6.2 Effect of Moisture on Locus of Fracture

The locus of fracture for all dry cases stayed within the material layers. The

parent pre-crack at the epoxy/concrete interface that was generated by a 80-micron thin

Teflon film kinked into the material layers either above or below that interface. For

Epoxy 1, kinking occurred at the very tip of the pre-crack and the crack searched upward

to the vicinity of the CFRP/epoxy interface region and the crack propagated along that

interface until the entire strip was debonded. For Epoxy 2, the parent crack kinked

downward into the concrete substrate below the epoxy/concrete interface and subsequent

crack propagation stayed close and parallel to that interface, leading to a thin layer of

concrete adhered to the debonded strip. The locus of fracture for all wet cases, on the

other hand, occurred apparently at the epoxy/concrete interface, staying at the same level

as the pre-crack. In other words, no kinking was observed.

To study the shift in crack kinking behavior, the kink criterion (He and

Hutchinson 1988) is employed. The kink criterion states that when
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F, :.Gi

r, G'

is satisfied, the parent crack that lies at the interface of two adjoining materials will tend

to kink into the substrate in consideration. Here, F, is the interface fracture toughness,

FS the substrate fracture toughness in mode I, G, the interface fracture energy release

rate (as computed from the derived G model in Chapter 3), and G' the maximum

fracture energy release rate for the kink crack at any putative kink angle. Figure 6.5

shows the G, / G'. ratio variations for several sets of elastic mismatch (Hutchinson and

Suo 1992). One should note that the ratio is less than unity because G, is always less than

G' due to the definition of G' . In what follows, only Epoxy 2, which produced the

more traditional debonding mode, is discussed because of similar considerations and

arguments of the kink criterion in both epoxy systems.

6.2.1 Locus of Fracture for Dry Specimens

When dry, Epoxy 2 exhibited a concrete delamination mode of debonding and the

corresponding peel and shear fracture toughness values were roughly 1000 J/m 2 and 3000

J/m2 respectively. Since debonding did not occur at the interface, the actual toughness

values of the epoxy/concrete interface were higher than those values. Taking the Mode 1

fracture toughness values of concrete (oven-dried) as presented in Chapter 4, the values

can be summarized as follows for assessing the kink criterion:

Table 6.1 Dry Fracture Toughness

, (Ji/m2) 1, (J/m 2)

Dry Peel Fracture >1000 -26
Dry Shear Fracture >3000 -26

Recalling the fact that G, / G',x has a value less than unity (see Figure 6.5), it is clearly

noted that F, / F, is 1 to 2 orders of magnitude larger for both the peel case and the shear

case. The kink criterion thus predicts that the parent pre-crack would kink into the

concrete substrate. This prediction is inline with the observed failure mode where
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concrete delamination indeed took place in both loading configurations. The examination

also suggests that the Mode 1 fracture toughness of Epoxy 2 is higher than 3000 J/m 2,

which is deemed reasonable for an elastomer-toughened epoxy in which substantial

crazing can take place, as physically shown in Figure 4.18.

Although the kink criterion is capable of predicting the initial crack propagation

tendency, it fails to provide further insight regarding the subsequent crack front behavior.

In other words, the kink criterion explains why the pre-crack kinked into the concrete

substrate, but it does not indicate why the crack continued to propagate close and parallel

to the epoxy/concrete interface, but not continue to penetrate deeper into the supposedly

brittle concrete block, resulting in a thin layer of concrete adhered to the debonded strip.

To understand this crack propagation behavior, the stress states around the crack

tip region need to be understood. As such, a mode-mix separation analysis has been

performed by use of the finite element method and the M-integral analysis as detailed

immediately below.

A. Mode Separation Analysis by Finite Element Method (Matos et al 1989)

In order to compute K (open mode) and K* (shear mode) for the interface crack

problem where a parent crack lies in between the epoxy and concrete layers, the J-

integral is first computed conventionally using the virtual crack extension method, which

is represented by the following expression:

J= -(aU /aa)F n }T (n[S]1aaXu}
2

Here, U is the potential energy of the bonded material system and the differentiation with

respect to parent crack length a is carried out at fixed load. The vector {un } contains as

elements the nodal degrees of freedom for a finite element calculation and [S] is the

stiffness matrix for the mesh of elements used to solve the interface crack problem. The

crack problem is first solved to obtain the vector {un }. Then a small virtual crack

extension is caused in the plane of the crack and a new value of the stiffness computed.

The crack can be extended by rigidly moving a core of elements around the tip and

distorting only one ring of elements. That is, all elements outside the distorted ring are

rigidly held. Consequently, in the core of rigid elements and in the outer rigid area,
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a[S]I a = 0. The computation of the changed stiffness is very limited and the

multiplication only involves small vectors and matrices.

After the J is computed, one may proceed to compute K and K1*I for the

interface crack problem respectively. To do this, a special numerical procedure called the

M-integral technique is required due to the fact that when evaluating the path integrals,

the displacements solution in one material does not satisfy the governing equations in the

other, and so the symmetric and anti-symmetric parts are invalid displacements in both

materials. As such, Matos et al (1989) have developed a numerical technique that

provides adjustments to the displacements fields in order to correctly and accurately

obtain the respective stress intensity factors.

With the computed {u,, } by the finite element method, add to the displacements

by {Au,},1 for a problem in the same geometry for which K * =0 and K;= AK*. This

set of displacements can represent any problem desired (e.g. AKI* = 0.1) and it should be

noted that the field is actually needed only for the nodes associated with the distorted ring

of elements. In view of this, the asymptotic crack tip displacements can be used

everywhere as a suitable field and they have an expression as follows:

AK; r e7
AuI 1 (2 f, (r,0,,)

where j denotes material 1 or 2 and f, the function that describes the oscillatory

characteristic of the near tip displacement field at the bimaterial interface and will be

precisely defined later. The vector {Au, } , is obtained by evaluating Aui at the required

nodes. With the value of a[S]/aa already computed earlier for the computation of J, the

calculation in J =-(aU/aa)F is repeated with the vector {u,}+ {Au,},1 instead of {u,}

alone. That is:

J,1e =J+A J=- - {u,}+{Au}I] (a[S]/aa)[{u,}+{Au,},]

Computationally,

AlJ=- 2 [{u}+{Au} (a[S]/aa)[{u,}+{Au,},]+ {u} (a[S]/a){u}

185



The result of this calculation, J + AJ, can be shown as:

AlJ=-(AK.2 + 2K*AK*)
H

Rearranging,

. H A 1J 1.
K= ------ AKI2 AK* 2

and the 2nd term can be neglected compared to the 1 st if AK .2 is small compared to

HAJJ.

The procedure can then be repeated for an added vector {Au,, , such that K * = 0

and K* = AK* for the evaluation of K*. Here, the displacements are such that

AK;* r e"
Au' = " fI(r, 0,EC )S2G 2Fr (I+e2-)

Then it follows similarly that the new value from J = -(a U / aa)F is J+A,,J and

K H AIJ 1 .
*HAJJ HiK

2 AK 1  2

The components of the functions f1 (r, ,e,u) and fj,(r, ,e,pu) that introduce the
oscillatory characteristic of the near crack tip displacement field are obtained as follows:

f 11 = D +26j sin 0sin T

f 21 =-CJ - 2J sin 0cos T

and

fAl =-C, + 25, sin 0 cos T

f 2 u = -Di +26, sin 0sin T

Dj , C,, d, and P are defined as

9 e(zr-O)e g2 = (;r+O)E

S=elogr +-
2

186



0 PD1 = 8y -os -+ 8' i2

C = f'y, Cos 2-,8v
i 2 '

.0
sin-

2

sin -
2

- 0.5 cos(e log r)+.e sin(e log r)

I-,
'p

0.25+E2

0.5 sin (Elog r) - ecos(e logr)

0.25+2

1, 1
ri = plgi y ir = plgi +-9

where (r, 9) are the polar coordinates, e the bimaterial constant and j is the material

index.

Hence, K, (open mode) and K1 (shear mode) for an interface crack problem are

computed. Finally, it should be noted that Kj* and K1*j are related to J and G in the case of

linear elasticity as follows:

|K| K*2 +K* 2
"Linear Elastic =KG = * 2 I _ _#2)E* cosh2 (7x) E (

where -=- + ,
E 2 (Ei E2)

=- ln , and the other parameters as
2r (1+p8

defined before

in Chapter 2 under the discussion of Bimaterial Elasticity.

B. Effect of Negative K*

Implementing the described numerical scheme into a Case 2 problem

(epoxy/concrete interface separation) using the properties and loading described in

Section 3.6, the following is resulted (see Appendix for input files of the finite element

models):
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Table 6.2 Mode Separation for Case 2

K* (MPav'N ) K*, (MPaVm)

Peel Fracture 35.58 -13.56

Shear Fracture 23.99 -67.52

It can be observed that even though the models are subjected to "pure mode" loadings in

either the peel or shear case, the mixed mode behavior is profound as indicated by the

same order K,* and K*I values. Another important observation here is that K,*, is

negative. Considering the sign convention of a small element near the epoxy/concrete

interface, a negative K1*I value implies crack formation in a fashion that it kinks upward

toward the interface, as shown in Figure 6.6. Since K; is positive, indicating an opening

mode, the upward kinking is facilitated. In other words, once the crack deviates from the

pre-crack location at the epoxy/concrete interface and enters the concrete substrate due to

fulfillment of kink criterion as discussed above, the crack will kink back up toward the

interface due to the negative K,*, effect. Once that crack tip reaches the interface, the kink

criterion is again fulfilled. As a consequence, the crack propagates in a zigzag fashion

within the concrete substrate, but tends to stay close to the epoxy/concrete interface due

to both the fulfillment of kink criterion and the effect of negative K*I , resulting in a thin

layer of concrete adhering to the debonded strip for all dry cases under both peel and

shear fracture configurations.

6.2.2 Locus of Fracture for Wet Specimens

When wet, all specimens exhibited a consistent interface separation mode at the

epoxy/concrete interface. Since the epoxy materials had a Mode 1 fracture toughness in

the very high range, as deduced in the last section, crack kinking was unlikely to occur

into the epoxy layer. As such, the kink criterion is implemented to assess the potential of

kinking into the concrete substrate. Table 6.3 summarizes the measured fracture

toughness values, with the Mode 1 substrate fracture toughness being that of wet

concrete, as determined in Chapter 4.
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Table 6.3 Wet Fracture Toughness

IT, (J/m 2) F, (J/m 2)

Wet Peel Fracture -400 -20

Wet Shear Fracture -1500 -20

This time, although the interface fracture toughness values were greatly reduced by more

than half, the respective F, /FS ratios still indicate orders of magnitude difference

compared to GI/G'ax, which is practically bounded between zero and unity. In other

words, the kink criterion predicts that the interface pre-crack to kink into the concrete

substrate in both cases, which is contrary to the physical observations of an apparent

interface separation without evidence of concrete delamination. Since one may not argue

with experimental facts and that the kink criterion is not likely to be violated in steady-

state fracture (Hutchinson and Suo 1992), the apparent contradiction might be explained

by an interphase layer that is either weaker than concrete (in terms of fracture) or tougher

than the interface, as shown in Figure 6.7.

A. Possible Existence of Weak Interphase

With a weak interphase that exists between epoxy and concrete, fulfillment of the

kink criterion would lead to the observation of the parent crack kinking out of the

interface and enters the interphase layer. Once the crack is inside the interphase, the crack

may either continue to propagate toward the interphase/concrete interface or kink back up

toward the epoxy/interphase interface due to the negative K1*, effect. Assuming that the

interphase is weaker in fracture sense than the underlying concrete, the kink criterion will

indicate that the interphase crack will tend to stay within the layer. As a result, the crack

propagates within the interphase layer in a zigzag fashion, bounded by the interfaces of

the epoxy/interphase and the interphase/concrete. Since this layer could be relatively thin,

naked eyes might not be able to detect crack propagations within such a layer and the

observers would have believed that an apparent interface separation has taken place.
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B. Possible Existence of Tough Interphase

Another possibility would be due to the formation of a tough interphase material

as a result of moisture ingress. Should this interphase possess a Mode 1 fracture

toughness in the same order or even higher than that of the epoxy/concrete interface,

kinking would not occur, according to the kink criterion. The interface pre-crack would

propagate continuously along that interface until complete debonding. Given the fact that

Epoxy 2 is a liquid epoxy system that possesses very good wetting ability, the material

could have diffused into the adjoining top layer of the porous concrete. As a consequence

of moisture ingress, that epoxy/concrete mix could well be toughened by epoxy

plasticization, forming an interphase that possesses a fracture toughness value even

higher than that of the interface itself.

C. Possible Non-Existence of Interphase

Epoxy 1 specimens, on the other hand, are not likely to have such formation of

tough interphase due to the special 100% solids formulation. Wetting ability is

particularly poor and diffusion into the top surface layer of concrete forming an

interphase is deemed unlikely. As a result, it has prompted one to rationalize the possible

non-existence of an interphase altogether. Now that moisture ingress takes place and

water can diffuse into the bond line interface, it might be possible for certain

condensation to occur between the two solids, namely epoxy and concrete, both of which

are porous. Since water has theoretically an infinite fracture toughness value, a layer of

water between the epoxy and concrete materials would lead to the non-fulfillment of the

kink criterion, hence an interface separation mode, hence satisfying the experimental fact

and the kink criterion prediction. In any case, validation of these interphase layer

concepts requires further studies that extend into the field of materials science and

engineering.

6.3 Plasticity in the Debonding Process

Finally, one would be able to do a first order estimate of the amount of plasticity

and 2nd order energy dissipation mechanisms that are involved in the debonding process

under both the peel and shear configurations. This can be carried out by comparing the
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linear elastic tri-layer interface fracture toughness with the appropriate areas under curves

obtained directly from the experiments, from which the fracture toughness values are

estimated by:

SAA
B-da

which is the fundamental definition of fracture energy release rate. Here, AA represents

the area enclosed by the proper sets of loading and unloading curves, B the width of the

bond, and da the length of crack advance. Figures 6.8 and 6.9 illustrate the idealization of

the load-deformation curves, the respective definition of AA (indicated as shaded areas in

the idealized plots), and the correlation plots between the method of fracture energy

formulation and the method of area.

For the case of peel fracture, excellent correlation is demonstrated, indicating that

the peel fracture process is mainly a linear elastic one. In fact, this is demonstrated in the

level of loading (in the N range) as well as from the linear shape of the loading curves.

For the case of shear fracture, on the other hand, the linear elastic formulation

shows a general underestimation of the fracture toughness. This signifies that more

energy dissipation mechanisms exist. Examining the critical load level involved (in the

kN range) reveals that the materials limits are in close proximities and hence non-

linearity and plasticity can arise. Some of such mechanisms can be due to microcracking

of concrete, crazing and shear banding of toughened epoxies, and local plasticity resulted

from mechanical interlocks at asperities of the bond.
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CHAPTER 7

SUMMARY, CONCLUSION, &
FUTURE WORK

Bonding of FRP laminates to concrete beams and slabs for flexural strengthening

and repair has become a widespread practice in the construction industry in the past

decade due to the advantageous mechanical properties, lightness, corrosion resistance,

and decreasing cost of the composite materials, especially that of carbon FRP. While

short-term mechanical and failure behaviors of such retrofitted systems have been studied

and understood to a point that construction specifications were recently made available

by ACI and NCHRP, long-term performance and durability issues with respect to the

effects of moisture ingress, thermal cycles, freeze-thaw actions, and coupling of

environmental and mechanical loading remain largely uncertain and unanswered.

Although the advanced composites themselves could be durable against the various

degradation effects, the bonded system as a whole would usually possess a lower

resistance to the same environments due to the existence of interfaces, property mismatch

between adjoining materials, and the presence of discontinuities which give rise to extra
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paths of contamination and fracture, additional failure mechanisms, adhesion problems,

residual stress development, and stress concentrations.

In particular, little understanding has been developed regarding the effect of

moisture on the stability and bond properties of these FRP retrofitted concrete systems

that may govern the lifecycle and effectiveness of the retrofit itself. Realistically,

moisture could diffuse into the interfacial bond region through the adjoining concrete,

existing crack mouths, and around the bond lines. Once moisture is trapped in the region,

it could be difficult to recover the dryness due to the nature of the materials and the bond

configurations. The retained moisture could then lead to bond deterioration and

premature debonding could occur at an even earlier stage as a result of adhesion

impedance and possible interphase formation.

The research documented in this dissertation represents an early attempt to

develop mechanistic understanding of moisture affected debonding failures in carbon

FRP bonded concrete that simulate the possible debonding scenarios from within the

retrofit span in a flexurally retrofitted concrete system under moisture attack.

7.1 Research Approach

To achieve the research objective, an interface fracture approach is adopted to

examine the moisture affected debonding problem. Central to the investigation is the

interface fracture toughness parameter being the quantification parameter that is used to

analyze, compare, and correlate the observed behavior. Owing to the inherently thick

epoxy bond line, a new tri-layer fracture energy model is developed in order to provide a

viable means to describe the five possible debonding scenarios of which two being

interface separation and three being material decohesion in a FRP-epoxy-concrete

retrofitted system.

Debonding characterization is conducted using mesoscale peel and shear fracture

models that are manufactured using real-scale bond lines. These physical models are

subjected to accelerated hygro-thermal conditioning to achieve various levels of moisture

content in the interfacial bond region. The conditioned samples are then mechanically

tested at selected time intervals in standard laboratory conditions so that the change in

bond fracture toughness and debonding behavior with respect to time or moisture content
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can be captured. Moisture concentration in the bond region for the selected time intervals

are assessed by means of 3-D finite element diffusion simulations, of which the required

input of diffusion properties (i.e. diffusivity and solubility) for each constituent materials

are determined physically by moisture uptake tests. Mechanical property variations of

these materials with respect to moisture uptake that correspond to the level of moisture

concentration of the bonded system are also determined by ASTM tests in order to

properly compute the interface fracture toughness of the bond at the given point in time.

With the experimentally determined fracture toughness values, moisture diffusion

information from finite element simulations, and observed debonding failure modes,

interface fracture analysis is performed to determine the role of moisture in the

debonding process, and to understand the associated mechanistic debonding fracture

behavior.

7.2 Summary of Research Results

7.2.1 Tri-Layer Interface Fracture Model Development

FRP debonding has been empirically shown to be a highly complex phenomenon

that can involve failure propagation within the concrete substrate, inside the adhesive,

FRP delamination, FRP/epoxy interface separation, and epoxy/concrete interface

separation, totaling five distinct debonding modes, although the latter two have not been

discovered until recently and from this current work. These many different failure modes

are partly attributed to the fact that the adhesive bond line thickness is relatively large and

such a tri-layer interface fracture model that contains parametrically the material and

geometric information of such bonded system is needed.

Using the linear elastic assumption and energy arguments as suggested by

Hutchinson (1996), the steady-state total interface fracture energy release rate, G, is

obtained by evaluating the difference in strain energy density far behind and far ahead of

the crack tip. Due to its steady-state nature, the parameter is independent of the initial

crack length. With the use of the classical beam theory, the full set of tri-layer G model

solutions are developed for five idealized plain-strain debonding cases, which correspond

to the five debonding modes observed empirically. These newly derived models represent

an extension of those bi-layer models developed earlier by Hutchinson and Suo (1992)
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and they contain fairly general boundary conditions at the edges (i.e. stretching and

bending), making them applicable to many different classes of fracture problems that

involve a tri-layer material structure.

In particular, the derived models are specialized to describe peel and shear

debonding fracture. The specialized fracture models are used to compute the interface

fracture toughness of the fracture samples loaded under peel and shear configurations.

This computation also represents a conversion of strength data obtained from tests to

fracture parameters used for analysis. The specialized models are then verified using the

finite element method by comparing the interface G values. Excellent agreements are

obtained.

7.2.2 Constituent Material Characterization

Constituent materials are tested for their property variation under the influence of

accelerated moisture ingress. Acceleration is facilitated by means of continuous

conditioning and elevated temperature. Moisture uptake behavior of each of the three

constituent materials is first studied. It is determined that elevated temperature will

increase the rate of moisture diffusion, which is represented by the moisture diffusion

coefficient. Concrete is found to possess the highest rate of diffusion, followed by CFRP

and then epoxy. Solubility (or saturated moisture content) of concrete is close to 8% by

weight regardless of conditioning temperature, while that for epoxy and CFRP is

respectively 1 - 6% and 0.3 - 0.9%, depending on the temperature at which moisture

diffusion takes place.

Thermal analysis through dynamic mechanical analysis (DMA) has shown that

the two ambient-cured structural epoxy systems tested possessed an initial glass transition

temperature in the low 50s ('C), and can be lowered with increasing moisture intake. In

view of the fact that the epoxies are developed for structural applications, the glass

transition point is defined by the drop in storage modulus as opposed to some other

definitions that are associated with the loss modulus or tan-delta that are used widely in

the polymer research community. The asymptotic values for the two epoxies are found to

be in the low 40s ('C), which can be practically achieved in a concrete beam soffit. High

temperature conditioning, however, can give rise to a post-curing effect, which will raise
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the asymptotic glass transition point and compete with the moisture degradation effect. It

is also determined from DMA plots that the ambient-cured structural epoxy systems does

not possess enough thermal stability simply by ambient curing. Prolonged elevated

temperature post-curing is found to be able to remove such instability and a repeatable

DMA curve can be produced.

Mechanical tests on moisture conditioned material samples reveal that moisture is

generally detrimental to their strength and stiffness, and at times at alarming levels (e.g.

50% reduction). In the case of concrete, fracture toughness is also significantly reduced

while for epoxies, plasticization can occur due to wetness, which leads to substantial

increase in tensile failure strain, implying a possible increase in fracture toughness.

7.2.3 3-D Moisture Simulation

Three-dimensional moisture diffusion simulation is performed to understand and

quantify the moisture diffusion behavior in the interfacial bond region, by means of the

finite element method. A discretized mathematical model is built following the fracture

specimen geometric configurations. 3-D diffusion elements are used and the solution

technique is based on Fick's 2nd Law of Diffusion. Diffusivity and solubility that are

experimentally determined in the material characterization program are used as inputs in

the finite element computation. Temperature effect is incorporated with the use of the

proper set of temperature-dependent diffusion parameters, without resorting to solving

the coupled differential equation that involves both temperature and mass diffusion. This

is justified by the fact that moisture diffusion takes place at a constant temperature for the

problem at hand. In other words, the moisture diffusion process in the specimens is only

driven by concentration gradient. The model is initially dry everywhere except the outer

surfaces are subjected to an instantaneous wetness that represents a fully saturated

condition, simulating the submergence of the specimen into a water bath.

Simulation results show that moisture can migrate from all directions with

particularly high rate from the concrete substrate due to its relatively high diffusivity and

solubility. Symmetric diffusion is noted about the longitudinal axis of the bond and

asymmetry is observed about the centerline of the bond due to uneven amount of

moisture diffusing from the exposed concrete faces. Due to significant concentration
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gradient between the exposed surfaces and the dry core, moisture tends to migrate into

the thicker and high-solubility concrete at the beginning of the diffusion process. In 8

weeks, the minimum moisture concentration at the epoxy/concrete interface will have

reached about 50% of the equilibrium value. The entire bond interface will be saturated

in about 200 days. Note however that the entire model is not yet saturated due to the fact

that the concrete core can continue to absorb moisture even after the bond interface

saturation as a consequence of the high solubility of the concrete material, although the

diffusion process has slowed down because of the reducing moisture concentration

gradient with increasing time.

7.2.4 Interface Fracture Characterization

Interface fracture tests are performed in the peel and shear loading configurations.

Results showed that moisture can initially enhance or reduce the fracture toughness of the

bond, depending on the epoxy formulation being used. The initial fracture toughness can

be accompanied by various debonding modes, ranging from concrete delamination, to

epoxy decohesion, to FRP delamination, depending on the epoxy system. Regardless,

these failure modes all belong to material decohesion.

With increasing moisture ingress, nevertheless, interface fracture toughness tends

to decrease over time and an asymptotic behavior can be achieved. The asymptote is

formed in as short as 2 weeks for peel fracture while that for shear fracture appears to be

more gradual and does not show sign until after 8 weeks time. The accompanied fracture

toughness mode is also shifted from a material decohesion mode to epoxy/concrete

interface separation, which has been considered unlikely to occur before, but is

consistently observed for the first time in all wet specimens in this research study. 3-D

moisture diffusion simulation suggested that the asymptotic behavior is associated with a

moisture concentration threshold at the epoxy/concrete interface that is in the proximity

of 50% of saturation.

Finite element fracture analysis combined with M-integral implementation have

shown that both peel and shear debonding fracture consist of a positive K, (opening

mode) and a negative K* (shearing mode) component at the crack tip vicinity. The
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implication of a negative K1*j on the locus of fracture in dry specimens that involve

concrete delamination is that the crack tends to stay close to the fracture interface and

will not continuously penetrate into the concrete substrate after the crack kinking

criterion is initially satisfied. Once the crack kinks into the concrete substrate away from

the epoxy/concrete interface where the pre-crack is introduced, the negative K1* effect

will drive the crack back up to the interface. This continual zigzag locus as the crack

advance to complete the debonding will thus produce an apparent parallel crack

development, forming a thin layer of concrete adhering to the debonding strip.

In the case of wet specimens, the kink criterion still predicts that concrete

delamination will have occurred, which apparently violated the physical observation of

the epoxy/concrete interface separation mode. Interface fracture mechanics arguments

suggested that this contradiction may be attributed to either an interface weakening or

toughening mechanism that is associated with the possible existence of an interphase

layer, depending on the epoxy systems being used. Interphase may be formed, for

instance, even before any moisture ingress, due to the penetration of the low viscosity

epoxy into the porous concrete substrate. Such a pre-existing interphase will undergo

changes in fracture toughness as a result of moisture ingress, possibility toughening up

due to plasticization effects of the epoxy phase. However, such interphase pre-formation

is unlikely for the other highly viscous solid epoxy system and thus any interfacial

toughening is improbable. One may be able to explain the epoxy/concrete interface

separation phenomenon for such high viscosity epoxy systems by considering the

interface moisture condensation as an extra material layer with infinite fracture toughness

that existed between the epoxy and the concrete layers. The physical meaning of an

infinite fracture toughness of moisture is that the epoxy/concrete pre-crack cannot

penetrate through the water layer as the "material" flows to resist fracture within the

water layer. Hence, the pre-crack has to continue to develop and propagate along the

epoxy/concrete interface until debonding is complete. These aspects, however, need to be

further studied by testing and analysis.
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7.3 Conclusion

This research has demonstrated that moisture is a detrimental environmental agent

that can degrade the integrity of a FRP bonded concrete system as well as the mechanical

properties of its constituent materials. Moisture degradation in FRP bonded concrete is

found to be a highly complex phenomenon that involves changes in failure loads,

debonding modes, and interfacial properties. These changes seem to depend heavily on

the type of epoxy used and it is becoming clear that the knowledge of the exact chemical

composition of such epoxies is required to develop full understanding of the degradation

process and mechanics.

Interface fracture mechanics has proved to be a very useful approach to quantify

and analyze the debonding problem, especially in logging the behavioral changes with

the use of the interface fracture toughness parameter. Compared to the more popular

strength-based approaches, the interface fracture approach quantifies the layered material

system with respect to the bond property of a real scale bond line. The bond property is

highly transferable and can be used directly in FRP retrofit design using a fracture

approach analogous to material property in conventional beam design using a strength

approach. With the newly developed tri-layer interface fracture model, the five possible

debonding scenarios can be more precisely and accurately described and quantified for

the first time.

While material decohesion has been observed in dry specimens, epoxy/concrete

interface separation has been observed in wet specimens consistently for the first time.

This phenomenon is observed for both peel and shear fracture specimens and is

accompanied by a moisture concentration threshold that can be as low as half of the

moisture saturation level. Identical observation of failure modes is attributed to the fact

both fracture processes consist of a similar mixed-mode stress states, although with

different magnitudes for each mode. Within 2 weeks, the degradation asymptote can be

reached for peel fracture to occur while in roughly 8 weeks, shear fracture degradation

can be maximized. Interface fracture analysis has suggested the possible existence of an

interfacial toughening or weakening mechanism as a consequence of moisture diffusion.

Interphase formation is found to be possible and warrants further in-depth investigation
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for verifications. Using a similar interface fracture analysis, an explanation has been

offered the first time to the concrete delamination mechanics behavior.

Before further understanding has been developed regarding how moisture

degradation can be mitigated in a FRP bonded concrete system, moisture is to be avoided

at all cost in such retrofitted structures that have been designed in accordance to

specifications developed based on short-term tests.

7.4 Contributions

As one of the early attempts to characterize the moisture affected debonding

behavior of FRP-bonded concrete system under peel and shear fracture loading, the

following contributions have been made:

. Devised a robust fracture-based research methodology for quantifying the

debonding behavior in a multi-layer retrofitted system

. Developed a new set of fracture energy solutions that can precisely quantify

debonding as a tri-layer problem

. Developed new knowledge and data on material deterioration due to moisture and

temperature

. Developed new fracture toughness data on debonding due to moisture and

temperature

. Discovered a new debonding mode of epoxy/concrete interface separation that

can be observed consistently

. Developed new mechanistic understanding of FRP bonded concrete regarding

how they fail as a function of moisture uptake by means of interface fracture

analysis

. Discovered the physical phenomenon of moisture concentration threshold that

would lead to asymptotic degradation of the bond

It is also believed that this thesis research will directly impact professional practice, as

the findings have formed the basis for future analysis directions and development of

design guidelines.
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7.5 Future Work

This research work has developed the foundation, based on interface fracture

mechanics, to investigate moisture affected debonding in FRP retrofitted concrete

systems with respect to the materials and mechanics understanding of the problem. Now

that interface fracture analysis has suggested the possible existence of an interfacial

toughening or weakening mechanism as a result of moisture ingress, the first step would

be to verify the existence of interphase using several different epoxy systems. To verify

the formation of interphase, one might conduct a series of reversibility tests after the

specimens are moisture conditioned continuously at selected durations. By recovering the

dryness at the interface, any deviation from the initial fracture toughness values would

indicate permanent damages done to the interfacial region as a result of new interphase

formation due to moisture ingress. However, a full recovery of fracture toughness should

not preclude the existence of interphase formation due to the fact that epoxy properties

are sometimes reversible upon drying. This, nevertheless, could be studied by performing

a scanning electron microscopy analysis by looking at the fracture surface to examine the

possible interphase formation.

After understanding has been gained upon the interfacial material changes,

moisture cyclic (wet-dry cycles) tests can be performed to examine the accumulative

effects of moisture ingress and egress on the debonding mode and resistance of the

retrofitted system. The cyclic threshold proximity that would produce the most damage,

beyond which the interface fracture toughness values do not further reduce, could also be

determined. A cyclic model analogous to the Paris' law in case of fatigue characterization

can be developed using fracture toughness in place of crack length. The cyclic moisture

conditioning tests represents an extension of the continuous moisture conditioning and

subsequent drying beyond one cycle. Duration of each moisture ingress and egress cycle

can be determined based on three-dimensional moisture diffusion along with the

observation of moisture concentration threshold that produces maximum toughness

degradation.

These aforementioned studies could also be coupled with the effect of sustained

load to simulate real-life service conditions. Various levels of load that are in the

proximity of the asymptotic values determined from the previous tests can be used. Any
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crack propagation activity and possible viscoelastic behavior (due to the elevated

temperature conditioning) during the coupling can be closely monitored. Intact specimens

will then be taken out to test for residual debonding resistance. To model the possible

viscoelastic effects, the tri-layer fracture energy model can be extended to cater to

viscoelasticity description of the bond line. Viscoelastic fracture consideration could be

very critical in the case of FRP retrofitted concrete systems due to the fact that the glass

transition temperature of such ambient-cured epoxies is in close proximity of the real-life

service temperature. With the viscoelastic fracture model in hand, time-dependence of the

debonding process can then be estimated.

Having developed understanding and quantification of the debonding problem

under various moisture effects, a correlation study by means of fracture mechanics

principles, finite element parametric simulation, and physical validation tests, can be

performed to draw links between the debonding observed in fracture tests at the meso-

level to the debonding in large-scale FRP retrofitted RC beams under common loading

configurations. The thrust of this study is based upon the fact that interface fracture in the

form of debonding is a local phenomenon. With identical or similar interfacial stress

states in the crack proximity, the debonding response to external load should remain

similar regardless of the specimen geometry and size, be it at the mesoscale or the

structural scale. By proper modeling of a pre-crack in the finite element retrofitted beam

model, the interfacial stress states can be directly correlated with the externally applied

load at a range of magnitudes for different loading cases. By determining the interface

fracture toughness of a given retrofit bond as a bond property, the debonding initiation

load of the retrofitted beam may be estimated from the correlation curves. One might

therefore make use of experimentally determined bond properties to design a FRP retrofit

beam system against debonding, analogous to making use of material properties to design

a beam against ultimate failure strength.
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APPENDIX 1

Finite Element (ABAQUS) Input File for 3-D Moisture Diffusion Simulation

*Heading
** Job name: DiffusionModeling Model name: 3DFRPBondedConcrete
*Preprint, echo=NO, model=NO, history=NO, contact=NO

** PARTS

*Part, name=Concrete
*End Part
*Part, name=EPOXY
*End Part
*Part, name=FRP
*End Part
**

** ASSEMBLY
**

*Assembly, name=Assembly

*Instance, name=FRP-1, part=FRP
198., 0.,

*Node
1,
2,

3,
4,
5,

-50.,
-50.,

-100.,
-100.,

-50.,

38.5

-12.5,
-12.5,
-12 .5,
-12.5,
12.5,

0.
1.28
1.28

0.
1.28

488, 75.,
489, 80.,
490, 85.,
491, 90.,
492, 95.,

*Element, type=DC3D8
1, 56, 61, 225, 189,
2, 189, 225, 226, 190,

7.5,
7.5,
7.5,
7.5,
7.5,

0.
0.
0.
0.
0.

1, 2, 13, 30
30, 13, 14, 29

199, 179, 124, 123, 180, 375, 491, 492, 376
200, 180, 123, 11, 12, 376, 492, 185, 184
*Nset, nset=FRPinterface

1, 8, 9, 11, 53, 54, 55, 56, 65,
73, 74, 75, 76, 77, 78, 79, 80, 81,

467, 468, 469, 470, 471, 472, 473, 474,
483, 484, 485, 486, 487, 488, 489, 490,

*Elset, elset=FRPinterface, generate
51, 200, 1

*Nset, nset=FRPtop
2, 3, 5, 6, 10, 12, 13, 14,

32, 33, 34, 35, 36, 37, 38, 39,

355, 356, 357, 358, 359, 360, 361, 362,
371, 372, 373, 374, 375, 376
*Elset, elset=FRPtop, generate

1, 200, 1
*Nset, nset=CantileverBottom

66, 67, 68, 69, 70, 71, 72
82, 83, 84, 85, 86, 87, 88

475, 476,
491, 492

477, 478, 479, 480, 481, 482

15, 16, 17, 18, 19, 20, 21, 31
57, 58, 59, 60, 61, 62, 63, 64

363, 364, 365, 366, 367, 368, 369, 370
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1, 4, 7, 8, 22, 23, 24, 25, 26, 27, 28, 29, 30, 40, 41, 42
43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 189, 190

207, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222
223, 224
*Elset, elset=CantileverBottom, generate

1, 50, 1
*Nset, nset=FRPsides

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32

169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184
185, 186, 187, 188

*Elset, elset=FRPsides
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, 41, 42, 43

44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59

179, 180, 181, 182, 183, 184, 185, 186, 187, 188, 189, 190, 191, 192, 193, 194
195, 196, 197, 198, 199, 200

** Region: (FRP:Picked)
*Elset, elset=_PickedSet9, internal, generate

1, 200, 1
** Section: FRP
*Solid Section, elset=_PickedSet9, material=FRP
1.,
*End Instance

*Instance, name=EPOXY-1, part=EPOXY
223., 0., 37.5

*Node
1, 75., -12.5, 1.
2, 70., -12.5, 1.

371, -70., 12.5, 0.
372, -75., 12.5, 0.

*Element, type=DC3D8
1, 63, 64, 95, 94, 1, 2, 33, 32
2, 64, 65, 96, 95, 2, 3, 34, 33

149, 339, 340, 371, 370, 277, 278, 309, 308
150, 340, 341, 372, 371, 278, 279, 310, 309
*Nset, nset=FRPEpoxyInterface

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 63

316, 317, 318, 319, 320, 321, 322, 323, 324, 325, 326, 327, 328, 329, 330, 331
332, 333, 334, 335, 336, 337, 338, 339, 340, 341

*Elset, elset=FRPEpoxyInterface, generate
1, 150, 1

*Nset, nset=EpoxyConcreteInterface
32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47
48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 94

347, 348, 349, 350, 351, 352, 353, 354, 355, 356, 357, 358, 359, 360, 361, 362
363, 364, 365, 366, 367, 368, 369, 370, 371, 372
*Elset, elset=EpoxyConcreteInterface, generate

1, 150, 1
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*Nset, nset=EpoxySides
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16

17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32

345, 346, 347, 348, 349, 350, 351, 352, 353, 354,
361, 362, 363, 364, 365, 366, 367, 368, 369, 370,

*Elset, elset=EpoxySides
1, 2, 3, 4, 5, 6, 7, 8, 9, 10,

17, 18, 19, 20, 21, 22, 23, 24, 25, 26,

133, 134, 135, 136, 137, 138, 139, 140, 141, 142,
149, 150

** Region: (Epoxy:Picked)
*Elset, elset=_PickedSet5, internal, generate

1, 150, 1
** Section: Epoxy
*Solid Section, elset=_PickedSet5, material=Epoxy
1.,
*End Instance

*Instance, name=Concrete-1, part=Concrete
298., 0., 0.

*Node
1,
2,

-150.,
0.,

12.5,
12.5,

355, 356,
371, 372

357, 358, 359, 360

11, 12, 13, 14, 15, 16
27, 28, 29, 30, 31, 60

143, 144, 145, 146, 147, 148

37.5
37.5

7199, 3245, 3246, 477, 476, 8783, 8784, 3506, 3505
7200, 3246, 442, 19, 477,
*Nset, nset=ConcreteBottom

5, 6, 7, 8, 11,
91, 92

93, 94, 95, 96, 97,
107, 108

3447, 3448, 3449, 3450, 3451,
3461, 3462
3463, 3464, 3465, 3466, 3467,
3477, 3478
*Elset, elset=ConcreteBottom
1051, 1052, 1053, 1054, 1055,

1065, 1066
1067, 1068, 1069, 1070, 1071,

1081, 1082

7048, 7056, 7064, 7072, 7080,
7160, 7168
7176, 7184, 7192, 7200

*Nset, nset=ConcreteSides
1, 3, 4, 6, 7,

19, 20
54, 55, 56, 57, 58,

68, 69

3485, 3486, 3487, 3488, 3489,
3499, 3500
3501, 3502, 3503, 3504, 3505,

*Elset, elset=ConcreteSides
1, 31, 61, 91, 121,

131, 132

8784, 3478, 511, 3506

12, 14, 15, 17,

98, 99, 100, 101,

19, 87, 88, 89, 90,

102, 103, 104, 105, 106,

3452, 3453, 3454, 3455, 3456, 3457, 3458, 3459, 3460,

3468, 3469, 3470, 3471, 3472, 3473, 3474, 3475, 3476,

1056, 1057, 1058, 1059, 1060, 1061, 1062, 1063, 1064,

1072, 1073, 1074, 1075, 1076, 1077, 1078, 1079, 1080,

7088, 7096, 7104, 7112, 7120, 7128, 7136, 7144, 7152,

8, 9, 11, 13, 14,

59, 60, 61, 62, 63,

15, 16, 17, 18,

64, 65, 66, 67,

3490, 3491, 3492, 3493, 3494, 3495, 3496, 3497, 3498,

3506

122, 123, 124, 125, 126, 127, 128, 129, 130,
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133, 134, 135, 136, 137, 138, 139,
147, 148

7169, 7170, 7171, 7172, 7173, 7174, 7175,
7183, 7184
7185, 7186, 7187, 7188, 7189, 7190, 7191,

7199, 7200
*Nset, nset=ConcreteInterface

1, 2, 9, 10, 21, 22, 23,
31, 32

33, 34, 35, 36, 37, 38, 39,
47, 48

1299, 1300, 1301, 1302, 1303, 1304, 1305,
1313, 1314
1315, 1316, 1317, 1318, 1319, 1320, 1321,

*Elset, elset=ConcreteInterface, generate
1201, 1350, 1
*Nset, nset=ConcreteTop

1, 2,
25, 26

27, 28,
41, 42

3, 4, 9,

29, 30, 31,

10, 13,

32, 33,

140, 141, 142, 143, 144, 145, 146,

7176, 7177,

7192, 7193,

24, 25,

40, 41,

1306,

1322,

16,

34,

1307,

1323,

18,

35,

7178,

7194,

26,

42,

1308,

1324

20,

36,

7179,

7195,

27,

43,

7180,

7196,

28,

44,

7181,

7197,

29,

45,

7182,

7198,

30,

46,

1309, 1310, 1311, 1312,

21,

37,

22,

38,

23,

39,

24,

40,

3339, 3340, 3341, 3342, 3343,
3353, 3354
3355, 3356, 3357, 3358, 3359,

*Elset, elset=ConcreteTop
1, 2, 3, 4, 5,

15, 16
17, 18, 19, 20, 21,

31, 32

6961, 6969, 6977, 6985, 6993,
7073, 7081
7089, 7097, 7105, 7113, 7121,

** Region: (Concrete:Picked)

3344,

3360,

6,

22,

3345,

3361,

7,

23,

3346,

3362

8,

24,

3347, 3348, 3349, 3350, 3351, 3352,

9,

25,

7001, 7009, 7017, 7025,

7129, 7137, 7145, 7153,

10,

26,

11,

27,

12,

28,

13, 14,

29, 30,

7033, 7041, 7049, 7057, 7065,

7161, 7169, 7177, 7185, 7193

*Elset, elset=_PickedSetl2, internal, generate
1, 7200, 1

** Section: Concrete
*Solid Section, elset=_PickedSetl2, material=Concrete
1.,
*End Instance
*Nset, nset=EpoxyLayer, instance=EPOXY-1, generate

1, 372, 1
*Elset, elset=EpoxyLayer, instance=EPOXY-1, generate

1, 150, 1
*Nset, nset=_PickedSetl7, internal, instance=FRP-1, generate

1, 376, 1
*Nset, nset=_PickedSetl7, internal, instance=EPOXY-1

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32

353, 354, 355, 356, 357, 358, 359, 360, 361, 362, 363, 364, 365, 366, 367, 368
369, 370, 371, 372
*Nset, nset=_PickedSet17, internal, instance=Concrete-1

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,
15, 16

17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,
31, 32
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3485, 3486, 3487, 3488, 3489, 3490, 3491, 3492, 3493, 3494, 3495, 3496, 3497, 3498,
3499, 3500
3501, 3502, 3503, 3504, 3505, 3506

*Elset, elset=_PickedSetl7, internal, instance=FRP-1, generate
1, 200, 1

*Elset, elset=_PickedSetl7, internal, instance=EPOXY-1
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16

17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 61

91, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134, 135
136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150

*Elset, elset= PickedSetl7, internal, instance=Concrete-1
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,

15, 16
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,

31, 32

7182, 7183, 7184, 7185, 7186, 7187, 7188, 7189, 7190, 7191, 7192, 7193, 7194, 7195,
7196, 7197
7198, 7199, 7200

*Elset, elset=__PickedSurf11_S4, internal, instance=FRP-1, generate
51, 200, 1

*Surface, type=ELEMENT, name=_PickedSurf11, internal
PickedSurf 11 S4, S4

*Elset, elset=__PickedSurfl2_S3, internal, instance=EPOXY-1, generate
1, 150, 1

*Surface, type=ELEMENT, name=_PickedSurfl2, internal
PickedSurfl2_S3, S3

*Elset, elset=__PickedSurfl3_S5, internal, instance=EPOXY-1, generate
1, 150, 1

*Surface, type=ELEMENT, name=_PickedSurfl3, internal
PickedSurf3 3S5, S5

*Elset, elset=__PickedSurf14_S2, internal, instance=Concrete-1, generate
1201, 1350, 1

*Surface, type=ELEMENT, name=_PickedSurfl4, internal
PickedSurfl4_S2, S2

** Constraint: EpoxyConcreteInterface
*Tie, name=EpoxyConcreteInterface, adjust=yes

_PickedSurf14, _PickedSurf13
** Constraint: FRPEpoxyInterface
*Tie, name=FRPEpoxyInterface, adjust=yes
PickedSurfl2, _PickedSurf11

*End Assembly

*PHYSICAL CONSTANTS, ABSOLUTE ZERO=0
** MATERIALS

*Material, name=Concrete
*Diffusivity
3e-05,0.

*Solubility
0.0001633,

*Material, name=Epoxy
*Diffusivity
5e-07,0.
*Solubility
4.562e-05,

*Material, name=FRP
*Diffusivity, law=FICK
8e-07,0.

*Solubility
1.622e-05,

**----------------------------------------------------------------

** STEP: Diffusion
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**

*Step, name=Diffusion, inc=2500
3Dmoisturediffusion
*Mass Diffusion, end=SS, dcmax=0.3
1., ,1.0, 7200., le-10

** BOUNDARY CONDITIONS

** Name: MoistureConditioning Type: Mass concentration
*Boundary

_PickedSetl7, 11, 11, 1.
**

** OUTPUT REQUESTS

***Restart, write, frequency=1

** FIELD OUTPUT: Data

*Output, field, frequency=1
*Node Output
NNC,
*Element Output
CONC,
*Element Output, elset=EpoxyLayer
ESOL
**

** HISTORY OUTPUT: H-Output-1

*Output, history, variable=PRESELECT
*El Print, ELSET=EPOXYLAYER, freq=20, TOTALS=YES
ESOL
*Node Print, freq=999999
*End Step
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APPENDIX 2A

Finite Element (ABAQUS) Input File for Global Peel Modeling

This file is used to simulate the global behavior of a Case 2 model under peel load.

** INPUT FILE WRITTEN BY CHING AU **

** LAST UPDATE: 6.24.2004 **
** FILE NAME: J-INTEGRALGLOBALMODELPEELCASE2.INP **

*HEADING
J-INTEGRAL COMPUTATION OF FRP BONDED CONCRETE
CASE2: INTERFACE CRACK BETWEEN EPOXY AND CONCRETE
**PREPRINT, ECHO=NO, MODEL=NO, HISTORY=NO

** NODE GENERATION **

**--------------

** CONCRETE BLOCK
**--------------

*NODE, NSET=CONCRETELOWERLEFT
1, -12.5, -37.5
*NODE, NSET=OFFSET1LOWER
41, 12.5, -37.5
*NODE, NSET=CONCRETELOWERRIGHT
241, 137.5, -37.5
*NODE, NSET=REACTIONPLATEEDGE
9641, -12.5, -12.5
*NODE, NSET=OFFSET1UPPER
9681, 12.5, -12.5
*NODE, NSET=PROJECTION1
9881, 137.5, -12.5
*NFILL, NSET=CONCRETELEFT1
**, BIAS=1.5
CONCRETELOWERLEFT, REACTIONPLATEEDGE, 40, 241
*NFILL, NSET=OFFSET1
**, BIAS=1.5
OFFSET1LOWER, OFFSET1UPPER, 40, 241
*NFILL, NSET=CONCRETERIGHT1
**, BIAS=1.5
CONCRETELOWERRIGHT, PROJECTION1, 40, 241
*NFILL, NSET=CONCRETEAREA-I
CONCRETELEFT1, OFFSET1, 40, 1
*NFILL, NSET=CONCRETEAREA-II
**, BIAS=0.9
OFFSET1, CONCRETERIGHT1, 200, 1

*NODE, NSET=DUMMY1
14461, -12.5, -1.0
*NODE, NSET=OFFSET2UPPER
14501, 12.5, -1.0
*NODE, NSET=PROJECTION2
14701, 137.5, -1.0
*NFILL, NSET=CONCRETELEFT2
**, BIAS=1.50
REACTIONPLATEEDGE, DUMMY1, 20, 241
*NFILL, NSET=OFFSET2
**, BIAS=1.50
OFFSET1UPPER, OFFSET2UPPER, 20, 241
*NFILL, NSET=CONCRETERIGHT2
**, BIAS=1.50
PROJECTION1, PROJECTION2, 20, 241
*NFILL, NSET=CONCRETEAREA-III
CONCRETELEFT2, OFFSET2, 40, 1
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*NFILL, NSET=CONCRETEAREA-IV
**, BIAS=0.9
OFFSET2, CONCRETERIGHT2, 200, 1
**

*NODE, NSET=CONCRETEUPPERLEFT
16389, -12.5, 0.0
*NODE, NSET=CRACKTIPLOWER
16409, 0.0, 0.0
*NODE, NSET=OFFSET3UPPER
16429, 12.5, 0.0
*NODE, NSET=CONCRETEUPPERRIGHT
16629, 137.5, 0.0

*NFILL, NSET=CONCRETELEFT3
DUMMY1, CONCRETEUPPERLEFT, 8, 241
*NFILL, NSET=OFFSET3
OFFSET2UPPER, OFFSET3UPPER, 8, 241
*NFILL, NSET=CONCRETERIGHT3
PROJECTION2, CONCRETEUPPERRIGHT, 8, 241
*NFILL, NSET=CONCRETEAREA-V
CONCRETELEFT3, OFFSET3, 40, 1
*NFILL, NSET=CONCRETEAREA-VI
**, BIAS=0.9
OFFSET3, CONCRETERIGHT3, 200, 1

*NSET, NSET=CONCRETEINTERFACE, GENERATE
16409, 16629, 1

**-----------
** EPOXY LAYER
*-----------

*NODE, NSET=EPOXYLOWERLEFT
20000, -12.5, 0.0
*NODE, NSET=EPOXYLOWERRIGHT
20240, 137.5, 0.0
*NODE, NSET=EPOXYUPPERLEFT
21928, -12.5, 1.0
*NODE, NSET=EPOXYUPPERRIGHT
22168, 137.5, 1.0
*NODE, NSET=CRACKTIPUPPER
20020, 0.0, 0.0
*NODE, NSET=EPOXYOFFSETLOWER
20040, 12.5, 0.0
*NODE, NSET=EPOXYOFFSETUPPER
21968, 12.5, 1.0
*NFILL, NSET=EPOXYLEFT
EPOXYLOWERLEFT, EPOXYUPPERLEFT, 8, 241
*NFILL, NSET=EPOXYOFFSET
EPOXYOFFSETLOWER, EPOXYOFFSETUPPER, 8, 241
*NFILL, NSET=EPOXYRIGHT
EPOXYLOWERRIGHT, EPOXYUPPERRIGHT, 8, 241
*NFILL, NSET=EPOXYAREA-I
EPOXYLEFT, EPOXYOFFSET, 40, 1
*NFILL, NSET=EPOXYAREA-II
**, BIAS=0.9
EPOXYOFFSET, EPOXYRIGHT, 200, 1

*NSET, NSET=EPOXYINTERFACELOWER, GENERATE
20020, 20240, 1
*NSET, NSET=EPOXYINTERFACEUPPER, GENERATE
21928, 22168, 1

** ------

** FRP LAYER
** ------

*NODE, NSET=FRPLOWERLEFT
30000, -62.5, 1.0
*NODE, NSET=FRPLOWERRIGHT
30320, 137.5, 1.0
*NODE, NSET=FRPUPPERLEFT
33210, -62.5, 2.28
*NODE, NSET=FRPUPPERRIGHT
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33530, 137.5, 2.28
*NODE, NSET=FRPINTERFACESTARTLOWER
30080, -12.5, 1.0
*NODE, NSET=FRPINTERFACESTARTUPPER
33290, -12.5, 2.28
*NODE, NSET=FRPOFFSET1LOWER
30120, 12.5, 1.0
*NODE, NSET=FRPOFFSET1UPPER
33330, 12.5, 2.28
*NFILL, NSET=FRPLEFT
FRPLOWERLEFT, FRPUPPERLEFT, 10, 321
*NFILL, NSET=FRPINTERFACESTART
FRPINTERFACESTARTLOWER, FRPINTERFACESTARTUPPER, 10, 321
*NFILL, NSET=FRPOFFSET1
FRPOFFSETlLOWER, FRPOFFSETlUPPER, 10, 321
*NFILL, NSET=FRPRIGHT
FRPLOWERRIGHT, FRPUPPERRIGHT, 10, 321
*NFILL, NSET=CANTILEVER
FRPLEFT, FRPINTERFACESTART, 80, 1
*NFILL, NSET=FRPAREA-I
FRPINTERFACESTART, FRPOFFSET1, 40, 1
*NFILL, NSET=FRPAREA-II
**, BIAS=0.9
FRPOFFSET1, FRPRIGHT, 200, 1

*NSET, NSET=FRPINTERFACE, GENERATE
30080, 30320, 1

** INTERFACE NODE CONNECTION **
*** ****************************

*MPC
TIE, FRPINTERFACE, EPOXYINTERFACEUPPER
*MPC
TIE, EPOXYINTERFACELOWER, CONCRETEINTERFACE

** ELEMENT GENERATION **

**------------------------------------------

** CONCRETE BLOCKS - A TOTAL OF 4080 ELEMENTS
**------------------------------------------

*ELEMENT, TYPE=CPE8, ELSET=CONCRETEELEMENT
1, 1,3,485,483, 2,244,484,242
*ELGEN, ELSET=CONCRETEELEMENT
1, 120, 2, 1, 34, 482, 120

**-------------------------------------
** EPOXY LAYER - A TOTAL OF 480 ELEMENTS
**-------------------------------------
*ELEMENT, TYPE=CPE8, ELSET=EPOXYELEMENT
20000, 20000,20002,20484,20482, 20001,20243,20483,20241
*ELGEN, ELSET=EPOXYELEMENT
20000, 120, 2, 1, 4, 482, 120

**------------------------------------
** FRP LAYER - A TOTAL OF 1600 ELEMENTS
**------------------------------------

*ELEMENT, TYPE=CPE8, ELSET=FRPELEMENT
30000, 30000,30002,30644,30642, 30001,30323,30643,30321
*ELGEN, ELSET=FRPELEMENT
30000, 160, 2, 1, 5, 642, 160

** MATERIAL ASSIGNMENT **

**---
** CONCRETE
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** -

*SOLID SECTION, MATERIAL=CONCRETE, ELSET=CONCRETEELEMENT
*MATERIAL, NAME=CONCRETE
*ELASTIC
21.8E3, 0.19
**

** EPOXY
** --

*SOLID SECTION, MATERIAL=EPOXY, ELSET=EPOXYELEMENT
*MATERIAL, NAME=EPOXY
*ELASTIC
1.5E3, 0.35
**

** ---

** FRP
** --

*SOLID SECTION, MATERIAL=FRP, ELSET=FRPELEMENT
*MATERIAL, NAME=FRP
*ELASTIC
148.0E3, 0.27

** BOUNDARY CONDITIONS **

*NSET, NSET=CONCRETEBOTTOM, GENERATE
1, 241, 1
*NSET, NSET=REACTIONPLATE, GENERATE
1, 9641, 241
*NSET, NSET=CONCRETERIGHTWALL, GENERATE
241, 16629, 241
*NSET, NSET=SHEARINGROLLERS, GENERATE
30000, 30080, 1
33210, 33330, 1
*NSET, NSET=FRPPEELPOINT
33210
*ELSET, ELSET=FRPSHEARINGEDGE, GENERATE
30000, 30644, 161
**

*BOUNDARY
CONCRETEBOTTOM, ENCASTRE
REACTIONPLATE, ENCASTRE
CONCRETERIGHTWALL, ENCASTRE
**

** ROLLER CONDITION SHALL BE REMOVED IN PEEL FRACTURE MODELING **
** SHEARINGROLLERS, 2, 2, 0.0
**

** STEP - LOADING **

*STEP
*STATIC
**

** FOR SHEAR LOAD OF 20KN
**DLOAD

**FRPSHEARINGEDGE, P4, -625.0

** FOR PEEL LOAD OF 70N
*CLOAD
FRPPEELPOINT, 2, 2.8
*EL PRINT
S,E
*NODE PRINT
U
*EL FILE
S,E
*NODE FILE
U
*END STEP
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APPENDIX 2B

Finite Element (ABAQUS) Input File for Global Shear Modeling

This file is used to simulate the global behavior of a Case 2 model under shear load.

** INPUT FILE WRITTEN BY CHING AU **
** LAST UPDATE: 6.24.2004 **
** FILE NAME: J-INTEGRALGLOBALMODELSHEARCASE2.INP **

**

*HEADING
J-INTEGRAL COMPUTATION OF FRP BONDED CONCRETE
CASE2: INTERFACE CRACK BETWEEN EPOXY AND CONCRETE
**PREPRINT, ECHO=NO, MODEL=NO, HISTORY=NO

** NODE GENERATION **

**--------------

** CONCRETE BLOCK
**--------------
*NODE, NSET=CONCRETELOWERLEFT
1, -12.5, -37.5
*NODE, NSET=OFFSET1LOWER
41, 12.5, -37.5
*NODE, NSET=CONCRETELOWERRIGHT
241, 137.5, -37.5
*NODE, NSET=REACTIONPLATEEDGE
9641, -12.5, -12.5
*NODE, NSET=OFFSET1UPPER
9681, 12.5, -12.5
*NODE, NSET=PROJECTION1
9881, 137.5, -12.5
*NFILL, NSET=CONCRETELEFT1

**, BIAS=1.5
CONCRETELOWERLEFT, REACTIONPLATEEDGE, 40, 241
*NFILL, NSET=OFFSET1
**, BIAS=1.5
OFFSET1LOWER, OFFSET1UPPER, 40, 241
*NFILL, NSET=CONCRETERIGHT1

**, BIAS=1.5
CONCRETELOWERRIGHT, PROJECTION1, 40, 241
*NFILL, NSET=CONCRETEAREA-I
CONCRETELEFT1, OFFSET1, 40, 1
*NFILL, NSET=CONCRETEAREA-II
**, BIAS=0.9
OFFSET1, CONCRETERIGHT1, 200, 1
**

*NODE, NSET=DUMMY1
14461, -12.5, -1.0
*NODE, NSET=OFFSET2UPPER
14501, 12.5, -1.0
*NODE, NSET=PROJECTION2
14701, 137.5, -1.0
*NFILL, NSET=CONCRETELEFT2
**, BIAS=1.50
REACTIONPLATEEDGE, DUMMY1, 20, 241
*NFILL, NSET=OFFSET2
**, BIAS=1.50
OFFSET1UPPER, OFFSET2UPPER, 20, 241
*NFILL, NSET=CONCRETERIGHT2
**, BIAS=1.50
PROJECTION1, PROJECTION2, 20, 241
*NFILL, NSET=CONCRETEAREA-III
CONCRETELEFT2, OFFSET2, 40, 1
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*NFILL, NSET=CONCRETEAREA-IV
**, BIAS=0.9
OFFSET2, CONCRETERIGHT2, 200, 1

*NODE, NSET=CONCRETEUPPERLEFT
16389, -12.5, 0.0
*NODE, NSET=CRACKTIPLOWER
16409, 0.0, 0.0
*NODE, NSET=OFFSET3UPPER
16429, 12.5, 0.0
*NODE, NSET=CONCRETEUPPERRIGHT
16629, 137.5, 0.0
*NFILL, NSET=CONCRETELEFT3
DUMMY1, CONCRETEUPPERLEFT, 8, 241
*NFILL, NSET=OFFSET3
OFFSET2UPPER, OFFSET3UPPER, 8, 241
*NFILL, NSET=CONCRETERIGHT3
PROJECTION2, CONCRETEUPPERRIGHT, 8, 241
*NFILL, NSET=CONCRETEAREA-V
CONCRETELEFT3, OFFSET3, 40, 1
*NFILL, NSET=CONCRETEAREA-VI
**, BIAS=0.9
OFFSET3, CONCRETERIGHT3, 200, 1

*NSET, NSET=CONCRETEINTERFACE, GENERATE
16409, 16629, 1

**-----------
** EPOXY LAYER
**-----------

*NODE, NSET=EPOXYLOWERLEFT
20000, -12.5, 0.0
*NODE, NSET=EPOXYLOWERRIGHT
20240, 137.5, 0.0
*NODE, NSET=EPOXYUPPERLEFT
21928, -12.5, 1.0
*NODE, NSET=EPOXYUPPERRIGHT
22168, 137.5, 1.0
*NODE, NSET=CRACKTIPUPPER
20020, 0.0, 0.0
*NODE, NSET=EPOXYOFFSETLOWER
20040, 12.5, 0.0
*NODE, NSET=EPOXYOFFSETUPPER
21968, 12.5, 1.0
*NFILL, NSET=EPOXYLEFT
EPOXYLOWERLEFT, EPOXYUPPERLEFT, 8, 241
*NFILL, NSET=EPOXYOFFSET
EPOXYOFFSETLOWER, EPOXYOFFSETUPPER, 8, 241
*NFILL, NSET=EPOXYRIGHT
EPOXYLOWERRIGHT, EPOXYUPPERRIGHT, 8, 241
*NFILL, NSET=EPOXYAREA-I
EPOXYLEFT, EPOXYOFFSET, 40, 1
*NFILL, NSET=EPOXYAREA-II
**, BIAS=0.9
EPOXYOFFSET, EPOXYRIGHT, 200, 1
**

*NSET, NSET=EPOXYINTERFACELOWER, GENERATE
20020, 20240, 1
*NSET, NSET=EPOXYINTERFACEUPPER, GENERATE
21928, 22168, 1
**

** ------

** FRP LAYER
** ------

*NODE, NSET=FRPLOWERLEFT
30000, -62.5, 1.0
*NODE, NSET=FRPLOWERRIGHT
30320, 137.5, 1.0
*NODE, NSET=FRPUPPERLEFT
33210, -62.5, 2.28
*NODE, NSET=FRPUPPERRIGHT
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33530, 137.5, 2.28
*NODE, NSET=FRPINTERFACESTARTLOWER
30080, -12.5, 1.0
*NODE, NSET=FRPINTERFACESTARTUPPER
33290, -12.5, 2.28
*NODE, NSET=FRPOFFSETlLOWER
30120, 12.5, 1.0
*NODE, NSET=FRPOFFSET1UPPER
33330, 12.5, 2.28
*NFILL, NSET=FRPLEFT
FRPLOWERLEFT, FRPUPPERLEFT, 10, 321
*NFILL, NSET=FRPINTERFACESTART
FRPINTERFACESTARTLOWER, FRPINTERFACESTARTUPPER, 10, 321
*NFILL, NSET=FRPOFFSET1
FRPOFFSETlLOWER, FRPOFFSETlUPPER, 10, 321
*NFILL, NSET=FRPRIGHT
FRPLOWERRIGHT, FRPUPPERRIGHT, 10, 321
*NFILL, NSET=CANTILEVER
FRPLEFT, FRPINTERFACESTART, 80, 1
*NFILL, NSET=FRPAREA-I
FRPINTERFACESTART, FRPOFFSET1, 40, 1
*NFILL, NSET=FRPAREA-II
**, BIAS=0.9
FRPOFFSET1, FRPRIGHT, 200, 1

*NSET, NSET=FRPINTERFACE, GENERATE
30080, 30320, 1
**

*** ****************************

** INTERFACE NODE CONNECTION **
*** * ****** ** ***********

*MPC
TIE, FRPINTERFACE, EPOXYINTERFACEUPPER
*MPC
TIE, EPOXYINTERFACELOWER, CONCRETEINTERFACE

** ELEMENT GENERATION **

**------------------------------------------
** CONCRETE BLOCKS - A TOTAL OF 4080 ELEMENTS
**------------------------------------------

*ELEMENT, TYPE=CPE8, ELSET=CONCRETEELEMENT
1, 1,3,485,483, 2,244,484,242
*ELGEN, ELSET=CONCRETEELEMENT
1, 120, 2, 1, 34, 482, 120
**

**-------------------------------------

** EPOXY LAYER - A TOTAL OF 480 ELEMENTS
**-------------------------------------
*ELEMENT, TYPE=CPE8, ELSET=EPOXYELEMENT
20000, 20000,20002,20484,20482, 20001,20243,20483,20241
*ELGEN, ELSET=EPOXYELEMENT
20000, 120, 2, 1, 4, 482, 120
**

**------------------------------------
** FRP LAYER - A TOTAL OF 1600 ELEMENTS
**------------------------------------

*ELEMENT, TYPE=CPE8, ELSET=FRPELEMENT
30000, 30000,30002,30644,30642, 30001,30323,30643,30321
*ELGEN, ELSET=FRPELEMENT
30000, 160, 2, 1, 5, 642, 160

** MATERIAL ASSIGNMENT **

**---
** CONCRETE

249



** --- - -

*SOLID SECTION, MATERIAL=CONCRETE, ELSET=CONCRETEELEMENT
*MATERIAL, NAME=CONCRETE
*ELASTIC
21.8E3, 0.19
**

** --

** EPOXY
** --

*SOLID SECTION, MATERIAL=EPOXY, ELSET=EPOXYELEMENT
*MATERIAL, NAME=EPOXY
*ELASTIC
1.5E3, 0.35

** FRP

*SOLID SECTION, MATERIAL=FRP, ELSET=FRPELEMENT
*MATERIAL, NAME=FRP
*ELASTIC
148.0E3, 0.27

** BOUNDARY CONDITIONS **

*NSET, NSET=CONCRETEBOTTOM, GENERATE
1, 241, 1
*NSET, NSET=REACTIONPLATE, GENERATE
1, 16389, 241
*NSET, NSET=CONCRETERIGHTWALL, GENERATE
241, 16629, 241
*NSET, NSET=SHEARINGROLLERS, GENERATE
30000, 30080, 1
33210, 33330, 1
*NSET, NSET=FRPPEELPOINT
33210
*ELSET, ELSET=FRPSHEARINGEDGE, GENERATE
30000, 30644, 161

*BOUNDARY
CONCRETEBOTTOM, ENCASTRE
REACTIONPLATE, ENCASTRE
CONCRETERIGHTWALL, ENCASTRE
**

** ROLLER CONDITION SHALL BE REMOVED IN PEEL FRACTURE MODELING **
SHEARINGROLLERS, 2, 2, 0.0

** STEP - LOADING **

*STEP

*STATIC

** FOR SHEAR LOAD OF 20KN
*DLOAD
FRPSHEARINGEDGE, P4, -625.0

** FOR PEEL LOAD OF 70N
**CLOAD

** FRPPEELPOINT, 2, 2.8
*EL PRINT
SE
*NODE PRINT
U
*EL FILE
S,E
*NODE FILE
U
*END STEP
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APPENDIX 3A

Finite Element (ABAQUS) Input File for Computation of i-Integral and Mode

Separation under Peel

This file is a sub model to compute J-integral of a Case 2 model under peel load.

** INPUT FILE WRITTEN BY CHING AU **
** LAST UPDATE: 6.28.2004 **
** FILE NAME: J-INTEGRALSUBMODELPEELCASE2.INP **

*HEADING
J-INTEGRAL COMPUTATION OF FRP BONDED CONCRETE
SUBMODEL COMPUTATION AROUND THE CRACK TIP
CASE2: INTERFACE CRACK BETWEEN EPOXY AND CONCRETE
**PREPRINT, ECHO=NO, MODEL=NO, HISTORY=NO

*** *****************

**NODE GENERATION **
***************** ***

**----------------------------
** BOTH EPOXY & CONCRETE LAYERS
**----------------------------
*NODE, NSET=CORNERS
1, 0.0, 0.0
17, -0.8, 0.0001
153, -0.8, 0.8
425, 0.8, 0.8
561, 0.8, 0.0
697, 0.8, -0.8
969, -0.8, -0.8
1105, -0.8, -0.0001
1089, 0.0, 0.0
*NGEN, NSET=TIP
1, 1089, 17
*NGEN, NSET=OUTER
17, 153, 17
153, 425, 17
425, 561, 17
561, 697, 17
697, 969, 17
969, 1105, 17
*NFILL, SINGULAR=1
TIP, OUTER, 16, 1
**

** ELEMENT GENERATION **

*ELEMENT, TYPE=CPE8, ELSET=J-ELEMENTS
1, 3,1,35,37, 2,18,36,20
*ELGEN, ELSET=J-ELEMENTS
1, 8, 2, 1, 32, 34, 8
*ELSET, ELSET=EPOXYELEMENT, GENERATE
1, 121, 8
2, 122, 8
3, 123, 8
4, 124, 8
5, 125, 8
6, 126, 8
7, 127, 8
8, 128, 8
*ELSET, ELSET=CONCRETEELEMENT, GENERATE
129, 249, 8
130, 250, 8
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131, 251, 8
132, 252, 8
133, 253, 8
134, 254, 8
135, 255, 8
136, 256, 8
**

** MATERIAL ASSIGNMENT **

** --

** EPOXY
** --

*SOLID SECTION, MATERIAL=EPOXY, ELSET=EPOXYELEMENT
*MATERIAL, NAME=EPOXY
*ELASTIC
1.5E3, 0.35
**

** ----

** CONCRETE
** ----

*SOLID SECTION, MATERIAL=CONCRETE, ELSET=CONCRETEELEMENT
*MATERIAL, NAME=CONCRETE
*ELASTIC

21.8E3, 0.19
**

** SUBMODEL ACTIVATION **

*SUBMODEL
OUTER

*STEP

*STATIC
1.0,1.0
*BOUNDARY, SUBMODEL, STEP=1
OUTER, 1, 2

** J AND K COMPUTATION **

*CONTOUR INTEGRAL, CONTOURS=8, OUTPUT=BOTH, TYPE=J
TIP, 1.0, 0.0
*CONTOUR INTEGRAL, CONTOURS=8, OUTPUT=BOTH, TYPE=K FACTORS
TIP, 1.0, 0.0
**

** OUTPUT RESULTS OTHER THAN J & K **
****************************** *

**EL PRINT
**S, E

**EL FILE
**S, E
**NODE PRINT
**U

**NODE FILE
**U

*END STEP
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APPENDIX 3B

Finite Element (ABAQUS) Input File for Computation of i-Integral and Mode

Separation under Shear

This file is a sub model to compute J-integral of a Case 2 model under shear load.

** INPUT FILE WRITTEN BY CHING AU **

** LAST UPDATE: 6.28.2004 **
** FILE NAME: J-INTEGRALSUBMODELSHEARCASE2.INP **

**

*HEADING
J-INTEGRAL COMPUTATION OF FRP BONDED CONCRETE
SUBMODEL COMPUTATION AROUND THE CRACK TIP
CASE2: INTERFACE CRACK BETWEEN EPOXY AND CONCRETE
**PREPRINT, ECHO=NO, MODEL=NO, HISTORY=NO

**NODE GENERATION **

**----------------------------
** BOTH EPOXY & CONCRETE LAYERS
**----------------------------

*NODE, NSET=CORNERS
1, 0.0, 0.0
17, -0.8, 0.0001
153, -0.8, 0.8
425, 0.8, 0.8
561, 0.8, 0.0
697, 0.8, -0.8
969, -0.8, -0.8
1105, -0.8, -0.0001
1089, 0.0, 0.0
*NGEN, NSET=TIP
1, 1089, 17
*NGEN, NSET=OUTER
17, 153, 17
153, 425, 17
425, 561, 17
561, 697, 17
697, 969, 17
969, 1105, 17
*NFILL, SINGULAR=1, NSET=J-DOMAIN
TIP, OUTER, 16, 1

** ELEMENT GENERATION **

*ELEMENT, TYPE=CPE8, ELSET=J-ELEMENTS
1, 3,1,35,37, 2,18,36,20
*ELGEN, ELSET=J-ELEMENTS
1, 8, 2, 1, 32, 34, 8
*ELSET, ELSET=EPOXYELEMENT, GENERATE
1, 121, 8
2, 122, 8
3, 123, 8
4, 124, 8
5, 125, 8
6, 126, 8
7, 127, 8
8, 128, 8
*ELSET, ELSET=CONCRETEELEMENT, GENERATE
129, 249, 8
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130, 250, 8
131, 251, 8
132, 252, 8
133, 253, 8
134, 254, 8
135, 255, 8
136, 256, 8

** MATERIAL ASSIGNMENT **

** --

** EPOXY
** --

*SOLID SECTION, MATERIAL=EPOXY, ELSET=EPOXYELEMENT
*MATERIAL, NAME=EPOXY
*ELASTIC
1.5E3, 0.35

**--

** CONCRETE
** ----

*SOLID SECTION, MATERIAL=CONCRETE, ELSET=CONCRETEELEMENT
*MATERIAL, NAME=CONCRETE
*ELASTIC
21.8E3, 0.19

** SUBMODEL ACTIVATION **

*SUBMODEL
OUTER

*STEP
*STATIC
1.0,1.0
*BOUNDARY, SUBMODEL, STEP=1
OUTER, 1, 2
**OR NEED 1 - 6 DOF? IT IS A 2D ANALYSIS ANYWAY

** J AND K COMPUTATION **

*CONTOUR INTEGRAL, CONTOURS=8, OUTPUT=BOTH, TYPE=J
TIP, 1.0, 0.0
*CONTOUR INTEGRAL, CONTOURS=8, OUTPUT=BOTH, TYPE=K FACTORS
TIP, 1.0, 0.0
**

** OUTPUT RESULTS OTHER THAN J & K **

**EL PRINT
**S, E
**EL FILE
**S, E
**NODE PRINT
**U

**NODE FILE
**U

*END STEP
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