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ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville

Degree__Doctor of Philosophy College/Department Engineering / Civil and
Environmental Engineering

Name of Candidate_ Shigeyuki Ueno

Title Introduction of Critical Stress State Criterion to Predict Bond Strength between FRP
and Concrete Substrate

The technique of externally bonded FRP to existing concrete structures has been
rapidly growing in the civil engineering field. In general, the performance of the
strengthened structures depends on the bond between FRP and concrete. The
development of conceptual predicting expression for the bond strength capturing the
debonding initiation and behavior is needed. Prediction models are developed as a
function of material properties of structures with empirical and mathematical coefficients
and parameters. Analyzing and understanding the debonding mechanism enables the FRP
strengthening technique more wide-use and application. Study of debonding behavior is
the main focus of this research. |

A simple criterion for the FRP debonding initiation is proposed. Using the
elasticity theory, the critical stress state on a finite element in the vicinity of the bond
interface is considered to develop an analytical solution. The shear-slip behavior at the
bond interface is described with the developed analytical solution based on mechanics of
materials. The adhesive material properties are successfully implemented as well as the
properties of FRP and concrete substrate. The fracture depth and the strength factor are

established from a single pull-off test. The proposed criterion and the analytical solution

v



are then applied to the experiment conducted in this study and existing experimental data
from literature (totally 342 data points), to predict the bond strength. The comparison
between predicted values and experimental data shows good agreement providing a
relatively high correlation factor. In addition, comparison between the existing models
and the proposed model verifies the validity of the proposed criterion and the predicting

expressions.
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CHAPTERII

INTRODUCTION

1.1 FRP Background

For existing deficient concrete infrastructures such as beams, decks, slabs, walls,
and columns strengthening methods have been the common practice by using various
conventional materials instead of replacing them by completely new structures. One of
the increasingly used materials for strengthening purpose is fiber reinforced polymers
(FRP) composites consisting of fiber (carbon, aramid, or glass) and adhesive epoxy resin
matrix. FRP sheets or plates are externally bonded to surfaces, especially tension faces, of
concrete structures with adhesive materials. Fibers are anisotropic and fabricated into
various forms, such as unidirectional, plain weave, chopped mat, and woven rovings to
achieve appropriate mechanical properties as strengthening materials. Epoxy resin is the
most common polymer matrix with high mechanical strength and good bonding to
materials such as metal and glass. As a retrofitting component, FRP has many advantages
over other conventional materials such as steel. It is light weight, corrosion resistant, non-
magnetic, and has a relatively high strength in tension. In addition, FRP installation saves

time and labor with the easy execution processes without using heavy equipment [1].



Historical records show that the first application of externally bonded steel plate
as reinforcement to buildings and bridges was 50 years ago. The development of FRP
application technique to infrastructures such as reinforced concrete started in Europe in
the 1980’s [2]. As structural engineers began to study design criteria and various FRP
applications, more research on FRP reinforcement was conducted in the 1990’s. During
that period, the international symposium contributed the development of retrofitting
concrete structures with FRP [3].

In general, the effectiveness of FRP reinforced concrete structures depends on the
bond strength between FRP and concrete substrate. The bond interface is commonly
considered as the critical part of the FRP bond system where debonding initiates before
the ultimate strength of FRP is reached. Therefore, understanding the bond behavior and
the mechanics of stress transfer with the corresponding deformation under a certain
loading level is essential for engineers to predict the structural performance. Many
experimental studies have been carried out to study such bond behavior and to develop
bond strength prediction models. A single pull-off test (or a single shear test) is widely
used to characterize the bond strength and the maximum transferable load of the FRP
composites and the substrate. The bond strength prediction models available in literature
can be classified into three types: empirical models, theoretical models, and the
combination of the two models. Empirical prediction models have the maximum
transferable load expressions based on experimental results and usually in simple forms.
In contrast, theoretical models are derived based on the fracture mechanics theory on the
bond interface, and some models include analytical solutions describing the bond

behavior by using mechanics of materials. In those expressions, some coefficients are



added and determined with regression analysis or finite element analysis. Models
combining those empirical and theoretical approaches are mostly studied by many
authors to have fracture mechanics-based forms with empirical parameters bridging
between theory and practice.

1.2 Problem Statement

For the global application of bond strength prediction models, a theoretical and
conceptual approach for FRP debonding is needed without limitation of specific
structural setups and type of adhesive materials. In most prediction models, the bond
strength is expressed as a function of concrete and FRP material properties. The effect of
adhesive material is often ignored even though its considerable thickness and stiffness
could influence the bond strength of composite materials. The effect of adhesive
properties is considered in a few expressions predicting the FRP debonding. A large
number of experimental data with variety of material types and test setups are required to
quantify the effect of adhesive parameters in bond strength expression. In theoretical
models, these parameters tend to be implemented in complicated forms.

The bond strength expressions from most prediction models are in expanded
forms of a fundamental expression in terms of interfacial fracture energy based on non-
linear fracture mechanics. The interfacial fracture energy of FRP debonding tend to be
determined with empirical expressions, and in this study, its expression is theoretically
derived by considering the mechanism of FRP debonding initiation and the bond
interfacial behavior corresponding to the subjected load level. With such theoretical
expression, the performance of structures with externally bonded FRP reinforcement is

predictably independent on material types or structural configurations.



1.3 Objectives

Applying a theoretical approach to describe the bond behavior under a certain

load level and to predict the bond strength between FRP and concrete substrate is the

main objective of this research. The detailed objectives are as follows:

(1

)

3)

4

©)

(6)

(7)

(8)
)

Propose a simple stress state criterion for FRP debonding initiation based on
concrete tensile strength.

Determine strength coefficients to modify concrete tensile strength using
regression analysis.

Determine the expression for the stress state on a finite element in concrete
substrate at a certain position as a function of the interfacial shear stress
distribution by using the elasticity theory.

Determine a fracture depth in which FRP debonding initiates through
experimental measurements.

Obtain expressions for the interfacial shear distribution and local slip at a certain
loading level by developing an analytical solution comprising adhesive material
properties as parameters.

Obtain the numerical values for the maximum interfacial shear stress and the
corresponding local slip by applying the proposed criterion.

Perform a single pull-off test for FRP to concrete composite to predict the
maximum transferable load.

Verify the proposed criterion using existing experimental data sets.

Investigate the performance of the proposed theoretical criterion with existing

prediction models.



1.4 Outlines of the Dissertation

Chapter II provides a brief review on the use of FRP composites in civil
engineering structures, background of FRP debonding analysis, and existing models from
literature. Chapter III contains a mathematical framework for the derivation of an
analytical solution to predict the bond strength and behavior using a proposed critical
stress criterion. Chapter IV shows numerical analysis of the proposed expression using an
existing single pull-off test data set. Chapter V presents the experimental program of a
single pull-off test. Chapter VI analyzes the experimental results to determine the fracture
depth and the strength factor, and compares prediction values from the proposed
expression and existing prediction models with existing and the conducted experimental

data sets. Chapter VII summarizes and concludes the work.



CHAPTER II

LITERATURE REVIEW

2.1 FRP Implementation History

In the US, the FRP type reinforced resin matrix material was first used in the early
1940’s [4]. Before and after World War II, most of the applications of fiberglass were for
the military and aerospace fields as they are corrosive resistance and light weight. The
first commercially manufactured composite product was a boat hull in marine fields. In
the 1970’s, the composite material demand in automobile industries surpassed marine
markets. Besides glass fibers, the commercialization of aramid and carbon FRP grew
enormously [5]. Although after the Cold War the demand for carbon fiber in the military
decreased, the recreation industry expanded the carbon FRP usage into sporting goods.
Industries such as the aerospace, energy efficiency, construction, and others explored
FRP implementation.

In the civil engineering field, the first application of modern composite materials
was found in a dome structure at Benghazi in 1968. During the 1970’s to 1980’s, many
applications of FRP as reinforcing infrastructures were performed in Europe and Asia. In

1982, a FRP bridge deck was installed in China. In 1986, FRP as reinforcing bar was



used to construct a bridge in Germany. In the US, a FRP reinforced bridge deck was first
built in McKinleyville, West Virginia, followed by an all FRP vehicular bridge deck in
Russell, Kansas. For rehabilitation purposes, externally bonded steel plate was introduced
to existing infrastructures and studied first in the 1960’s [6]. Further research on practical
applications of the reinforcement method was conducted in many countries and institutes
([7]-[11]). In the mid-1980’s, FRP sheets were introduced to replace steel plates [12].
Since then, a number of studies were done on externally bonded FRP ([13]-[21]).

The composite institutes reported that the transportation industry had 31% of the
market share, and FRP were mainly used for the maintenance and rehabilitation of
existing concrete infrastructures [22]. Evaluating the capacity of reinforced structures has
been the main research topic for better design safety on practical applications.

2.2 Basics of FRP Debonding Analysis

FRP composite materials have several advantages over conventional materials.
They are used for rehabilitation and retrofitting applications due to their light weight and
high strength. In civil engineering applications, carbon fiber is commonly applied as the
external reinforcement to strengthen flexural members due to its high resistance against
tensile stress. Epoxy resins are used as adhesive to embed fibers in the matrix system and
to bond FRP to concrete substrate. Table 2.1 shows the comparison of the specific gravity,
ultimate tensile strength, and Young’s modulus of conventional metallic materials, three

types of fibers, and FRP composite materials.



Table 2.1 Properties of Typical Fibers and Metals

Specific Ultimate Young’s
Material Fr) Avit strength modulus
gravity (MPa) (GPa)
Steel 7.8 648 207
Aluminum 2.6 276 69
Graphite fiber 1.8 2067 230
Aramid fiber 1.4 1379 124
Glass fiber 2.5 1550 85
Unidirectional graphite/epoxy 1.6 1500 181
Unidirectional glass/epoxy 1.8 1062 39

Many studies on external FRP reinforcement to tension surfaces were carried out
to analyze failure types ([23]-[26]). Several failure modes were classified based on crack
propagation and crack type in concrete substrate ([25]-[27]). Figure 2.1 shows some of
the failure modes: (a) cover separation, (b) plate end interfacial debonding, (c)
intermediate flexure crack-induced interfacial debonding, and (d) intermediate flexure-
shear crack-induced interfacial debonding. Figure 2.1 (a) and (b) are more common
failures and in order to simulate and assess the stress state of such failures, various forms
of pull-off tests are widely used. A single pull-off test is a simple method conducted by
many authors and Figure 2.2 illustrates the test configuration. Material properties shown
in the figure are the transferable load Pyp,, Young’s modulus E, and E,, thickness #, and ¢,
width b,, and the bond length L where subscripts p and a correspond to FRP and adhesive,
respectively. One end of the adhesive layer close to the applied load is denoted as the

loaded end and the other as the free end.
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Figure 2.1 Failure Modes of RC Beams Reinforced Externally Bonded FRP [25]
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Figure 2.2 Sketch of Single Pull-off Test for FRP to Concrete

The transferable load Py, is the load applied to one end of the FRP sheet bonded to
concrete substrate as shown in Figure 2.2, and the maximum transferable load, which is
commonly denoted as Pp,y, is obtained through the test as the bond strength of the
composite structure. In the analysis, the shear stress in the bond interface and the FRP
relative slip to concrete substrate are determined to describe the bond behavior under
tensile stress ([28]-[35]). These shear stress and slip are commonly denoted as the
interfacial shear stress, 7, and the local slip, s (Figure 2.3). Usually, these parameters are
related to yield a shear-slip curve. Based on experimental and analytical measurements,
several types of shear-slip curves are proposed: (a) linear, (b) bi-linear, and (c) non-linear

as shown in Figure 2.4. Three parameters, the maximum interfacial shear stress zy,x, the

10



slip so at the maximum shear stress, and the ultimate slip s,, characterize the bond
behavior and the curve shape. Linear and bi-linear models are simple and easy to apply
for bond behavior analysis. Several studies implemented these models for their analysis
([36]-[38]). While linear and bi-linear models describe the simplified bond shear-slip
behavior, non-linear models capture the bond characteristics obtained from experiments
more accurately. One of the widely known non-linear models is Popovics’ expression
[39], originally developed by Popovics (1973), for the stress-strain relation of concrete.
Nakaba et al. (2001) [31] first implemented the expression to describe the shear-slip

behavior of FRP debonding, and other authors ([40]-[45]) applied it to their research.

FRP

Concrete

Local slip,

Adhesive Interfacial shear stress

y -

T L Adhesive

f
I

Concrete

Concrete

Figure 2.3 Interfacial Shear Stress and FRP Local Slip in Single Pull-off Test
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Figure 2.4 Shear-Slip Curve Models

The effective bond length denoted as L, is a parameter involved in Pp,x prediction
in some models. The effective bond length is defined as the minimum bond length where
the bond strength can reach to the maximum potential. In other words, with the bond
length less than the effective bond length, the bond strength might not reach its maximum,
and in the bond system with a longer bond length than L., the maximum bond strength
does not increase. To determine L., authors proposed empirical ([28], [37], [46], and
[47]) and theoretical expressions ([38] and [47]).

For analysis on the bond behavior and strength, the interfacial fracture energy, Gy,
is implemented and defined as the work done by the interfacial shear stress until the FRP
sheet separation. Mathematically, it is obtained by integrating the shear-slip function
from 0 to s,, which is the area under the shear-slip curve. Some researchers examined the
relation between compressive strength of concrete substrate f.” and Gy to determine the
expression for Gy ([48]-[54]). Existing research has presented the prediction models of
Prax as directly proportional to the square root of G, [50]. To obtain the expression for Gy

12



theoretically, values for the interfacial maximum shear stress max and the corresponding
slip s are assessed. Some empirical expressions for 7, and sy are derived as a function
of f.’. Instead of using these expressions, constant values were implemented in some
studies. In literature, the ultimate slip s, is less reported compared to s¢o due to the
difficulty in measuring s, accurately during the test. This difficulty is due to a relatively
low level of loading on composite specimens where the FRP sheet separation occurs
suddenly [55].
2.3 Existing Models

Existing models presented in this section have simple expressions for predicting
the maximum transferable load Pmax. In general, all of the models considered FRP and
concrete material properties and neglected adhesive material properties except one model
[51]. Some models considered the effect of width configuration of FRP and concrete
substrate which is represented as the width ratio of FRP to concrete, b,/b.. This ratio is
used as a modification factor for Ppa.x and L.. In the coming sections, these models to
predict Py are presented.
2.3.1 Holzenkdmpfer’s Model [36]

Holzenkdmpfer investigated the bond strength between steel plates and concrete,
applying non-linear fracture mechanics to derive the most widely recognized simple
expression for Pnay as the function of the interfacial fracture energy G, and FRP tensile

stiffness E,t,. This expression is given by

P.=b,\2GEt, (2.1)

where b,, E, and t, are the width, Young’s modulus, and the thickness of FRP,

respectively. Many prediction models are based on Equation (2.1). Also, the maximum
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interfacial shear stress 7m.x was expressed by adopting stress transformation based on

Mohr-Coulomb as following;

1 =
T inax _E j;ﬁ (22)

where f.” and f; are the concrete compressive strength and tensile strength, respectively.
2.3.2 Neubauer and Rostasy’s Model [37]

Holzenkdmpfer’s model was expanded to predict the strength of composite
materials with thin carbon plates bonded to concrete structures. The coefficient k;, and the
effective bond length L., were newly introduced into Equation (2.1), considering
interlaminar bond failure in addition to concrete failure. The interfacial fracture energy

was expressed as
G, =Crf, (2.3)
where Cris reported as 0.202 mm based on his experiment and f; is found in the CEB-FIP

Model Code [56] as

) = 2/3
/= 1.4(—10 j (2.4)

where .’ is in units of MPa. The Py,.x prediction is expressed as

0.64k,b,\|E 1, f, when L > L,

P =
max L L
0.64k,b,\|E t,f, T (2——L j when L < L,

e e

2.5)

where k; is the width effect coefficient given by

k, :\/1.125 2-1b,/b.) (2.6)

1+(b, /400)°

The effective bond length was determined as the following expression;
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E ¢
Le = 2p_f‘p . (27)
t

2.3.3 Brosens’ Model [52]
Microscopic analysis was carried out as the extension of the previous work [48] to
yield the interfacial fracture energy in terms of concrete tensile strength f; with

coefficients &, and k. as
G, =k'k’C,f, (2.8)

where Cris an empirically calibrated value as 0.40 through the experimental results. The

parameter k; was related to the width ratio of b,/b. and is given by

L [k(2-b,/5,) 29)
"\ 1+b,/b, '

where £ is an empirical constant determined by experimental calibration as 1.47 mm and
by 1s a parameter representing a reference thickness #.¢, which was proposed by Brosens
and Van Gemert (1999) [48] to account for the stress influence depth in substrate. The
value for #.r was determined to be 2.5 to 3 times the maximum aggregate size, usually

resulting in a depth of 40 to 50 mm. The parameter by was expressed as
—ref (2.10)

where t.f = 40 mm. The parameter k. is used to represent the level of concrete surface
preparation condition depending on environmental effect and workmanship in the range
of 0.65 to 1.0. With those parameters and constants, the interfacial fracture energy was

expressed as
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~ 0.588(2-b, /b,)
T 1+b,/85 0

(2.11)
The expression for P,y is the same as Equation (2.1).
2.3.4 Chen and Teng’s Model [45]

In order to obtain a simple and practical model, Chen and Teng used constant
values for sy and s, as 0.02 mm and 0.2 mm, respectively. This model includes the width

ratio effect of FRP and concrete substrate with the coefficient £, as shown in the

following;

2-(b, /b,

B, = m- (2.12)

Applying a linear shear-slip model for their analysis, the expression for Pp.x was

obtained as

P..=0428 B,b L\f (2.13)
where
1 when L>L,
B = L (2.14)

sin— when L<L,
L

L= |—+=. (2.15)

2.3.5 Daietal.’s Model [51]
Based on Equation (2.1), the bond width effect was introduced into the expression
as Ab,, which was originally proposed by Sato et al. (2000) [46]. The expression for Ppax

was obtained as
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P, =(b, +20b,)2G E 1, (2.16)

where Ab, can be taken as 3.7 mm when the bond width exceeds 100 mm. Considering
adhesive effect on bond strength, the interfacial fracture energy was determined
implementing adhesive material properties as parameters. From the experimental results

and regression analysis, the expression for Grwas obtained as

-0.352
G, 10.236 0.023
G, = 0.446( ; ] P2 ) 2.17)

where G, and #, are shear modulus (GPa) and the thickness (mm) of the adhesive material,
respectively.
2.3.6 Luetal.’s Model [50]

Lu et al.’s model was based on meso-scale finite element analysis simulating FRP

debonding to determine values for different coefficients. The expression for Pp,y is given
by

P..=pb,\2GE (2.18)

where f; was originally implemented in Chen and Teng’s model [45]. The interfacial

fracture energy was determined with the simplified expression as

G, =0.3088,>\/f, (2.19)

225 b, /b,
B, = m (2.20)

where £, is determined according to the Chinese code for the design of concrete structures
as [57]

f,=0.395f % (2.21)
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_ S
Jou= 0.76 (2.22)

where f., is the cube compressive strength of concrete. For the bond behavior, an
analytical solution was developed and the effective bond length was determined as

L, A+ tan(aA, )

b=t M T4, an(an, ) (223)
a= iarcsin[o.99 SuS_SO J (2.24)

\ ;
A = Sofg;p (2.25a)

T
A = (S;‘—O)Eptp (2.25b)
where
Toax =1.508,.1, (2.26)
5, =0.01958, f 2.27)
26,

5= (2.28)

2.3.7 Karbhari et al.’s Model [54]
Karbhari et al. extended Nakaba et al.’s model [31] to provide the expression for
Grin a simple form as a function of concrete compressive strength f.”. The expression is
given by
G, =0.644 1" (2.29)

The expression for Py 1s the same as Equation (2.1).
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CHAPTER 11

THEORETICAL DERIVATION FOR FRP BOND STRENGTH

3.1 Critical Stress State Criterion for Debonding in a Single Pull-off Test

In this study, to predict the bond behavior and strength, the debonding mechanism
of FRP to concrete structure is examined based on a single pull-off test configuration.
The FRP debonding is considered as a fracture process in concrete substrate due to the
critical local stress at a certain depth. The applied load P, at the end of the FRP strip is
transmitted into concrete substrate through an adhesive layer as the interfacial shear stress
represented by a distribution function of 7(x). As the level of the applied load increases,
the interfacial shear stress increases to eventually reach its maximum value of 7y,x. This
Tmax iInduces the critical stress state in substrate and initiates concrete failure.

In general, concrete substrate failure at a few millimeters below the
adhesive—concrete interface is agreed as the major factor for debonding. An experiment
by Yao et al. (2005) confirmed that a thin concrete layer with 1 to 5 mm thickness was
observed on the most debonded FRP strips [58]. Brosens and Van Gemert (1999) and
Brosens (2001) considered this layer in substrate as the reference distance or the

epoxy—mortar layer. In addition to the thickness of the adhesive layer, the thickness of
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the layer in substrate affects the FRP local slip and the bond strength. This fracture depth
was denoted as #.r in the expression for the maximum transferable load. They mentioned
to a fracture depth of 2.5 to 3 times the maximum aggregate size in concrete ([48] and
[52]). Assuming such concrete failure, a criterion for debonding initiation can be related
to concrete tensile strength. Considering a point at a depth 7 and at a distance d away from
the loading bond end, the stress state in concrete substrate o, should not exceed a limit
bond stress as shown below;

O.45 1, 3.1
where f}, is the limit bond stress in concrete substrate for FRP debonding. Direct pull-out
test on concrete shown in Figure 3.1 illustrates Equation (3.1). An illustrative sketch of a
direct pull-out test and the sample of experimental result are shown in Figure 3.1 (a) and
Figure 3.1 (b), respectively. Thus, the limit bond stress f, can be assumed as concrete

tensile strength f; expressed as 0.56 %2 in units of MPa [59].

Aluminum T
cylinder

Adhesive — | | |

/
Concrete l
substrate

Force

(a) Sketch of Pull-out Test (b) Cylinder and Substrate of Pull-out Test

Figure 3.1 Direct Pull-Out Test
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From the observation on cylinders during the pull-out test, not only cement but aggregate
particles are pulled out of concrete substrate. The amount of concrete attached to
cylinders indicates concrete fracture initiates much deeper in the direct pull-out test than
that of a single pull-off test where a thin concrete layer is attached to FRP. This infers
that concrete tensile strength is not fully utilized in a single pull-off test. Also, the effects
of surface condition of concrete substrate, such as roughness and exposed aggregate
amount, can be factors for the bond strength. Considering these factors, modified
concrete tensile strength for FRP debonding is to be introduced in this study. This
modification is implemented as the strength factor a in units of %. Applying the strength

factor, Equation (3.1) can be revised as

o,, <dof, =al0.56,1). (3.2)
3.2 Stress State in Concrete Substrate Induced by Interfacial Shear Stress

From the elasticity theory, the stress state o., on an element in the material

subjected to a horizontal surface load can be expressed as [60]

o =2—Hsin0 (3.3)

‘o
where H is the horizontal force on the material surface; r is the radial distance from the
loading point; 6 is the angle measured from the vertical line at the loading point to the

radial line in clockwise positive as shown in Figure 3.2.
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Figure 3.2 Stress State in Finite Element Induced by Horizontal Surface Load

For the validity of the application of 2-D mechanics of materials and the elasticity theory,
it is assumed that the FRP sheet is subjected to only axial forces and the shear stress in a
plane strain condition. During a single pull-off test, the expedient concentrated horizontal
load at a point is expressed as 7(x)dx. This leads to a differential stress state do, acting
perpendicularly to the plane of a square finite element. The differential stress on the
element, do,, induced by the load at any point along the bond length can be given by

do, = T(x—ﬂ}dxshﬁ@ (3.4)

where ¢ is the depth of the considered element embedded in concrete. It is also denoted as

the fracture depth. In this study, if the differential stress is tensile, it is considered positive
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in Equation (3.4). Since consecutive horizontal loads at each loading point along the bond
length are considered, infinite numbers of differential stresses are superimposed on the
same element. For the critical stress state in tension, all differential stresses are
transformed to a single plane using the Mohr’s circle, denoted as the critical plane [61].
On an element at a distance d from the loaded end and at a depth ¢, the critical normal

stress o, 4 1s expressed as

L .
Coy = IO 2—;)(1 +c0s 26, )sin 26, dx (3.5)

where 6, and 6, are the transformation angle and the position angle, respectively. The
expression for 6 is as tan' {x — (L — d)}/t. The integrand in Equation (3.5) represents the
differential stress state transformed onto the critical plane which is at the angle 0 = n/4
from Equation (3.4) or at the angle 6; = tan '(d/f) when the plane with 8 = /4 is not

defined (Figure 3.3). The transformation angle 6, is given by

0,-0, d<i
0 = . 3.6
: 92—%, d>t (3-6)

If d < t, where the considered element is relatively close to the loaded end, the critical
plane is at the angle 65 (Figure 3.3(a)). If the considered element is in the range of d > ¢,
each differential stress is transformed on the plane with the angle 7/4 (Figure 3.3(b)).
Equation (3.5) is substituted into Equation (3.2) to relate the critical stress criterion to the

interfacial shear stress distribution, and the criterion is expressed as

j ”2(_;1)(1 +c0s 26, )sin 20, dx < a(0.56 1. ) (3.7)

0
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Figure 3.3 Transformed Stress on Critical Plane of Concrete Element

3.3 Non-linear Bond Shear-Slip Model: Popovics’ Expression

The importance of non-linear shear-slip models for the FRP bond joint is to
capture the softening characteristics after the shear stress peak. The Popovics’ expression
[39] was implemented as the bond shear-slip curve model as a function of the maximum
interfacial shear stress, Tmax, the corresponding local slip, sy, and a parameter n. The curve

is expressed as follows:

With different values of the parameter n, corresponding curves appear almost linear until
the peak value followed by softening branches at each descent degree dependent on 7 as

illustrated in Figure 3.4. The interfacial fracture energy Gy can be determined by
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following the definition integrating Equation (3.8) from 0 to oo [54]. The expression for

Gris given by

Toax [* n
G, === ) S{(n_1)+(s/s0)" }d& (3.9)

However, the local slip s never reaches infinity in reality, and the upper limit in Equation
(3.9) can be replaced by the ultimate local slip s, with the experimentally calibrated value
of 0.42 mm ([55] and [62]). For simplification and compatibility, the value for n is

considered as 3 [31], and Equation (3.9) becomes

32-max 042 1

S/So

Figure 3.4 Interfacial Shear Stress vs. FRP Local Slip by Popovics’ Expression
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3.4 Development of Analytical Solution

The expression for the interfacial shear stress distribution z(x) needs to be derived
for the application of the critical stress criterion (Equation (3.7)) for predicting the bond
strength. Also, values for the maximum interfacial shear stress 7y, and the corresponding
local slip s¢ are required for predicting the interfacial fracture energy (Equation (3.10)).
For determining these expressions and values, the fundamental mechanics of materials
and the elasticity theory are used to develop an analytical solution describing the bond
behavior. For a simple mechanical constitutive equation, elastic behavior and perfect
bond are assumed on the FRP to concrete bond joint until the interfacial shear stress ¢
reached its peak Tyax.

The local slip of the FRP strip is simply considered as the axial elongation due to
the tensile stress in the strip. At the interface to the FRP strip, the adhesive layer deforms
due to the interfacial shear stress (Figure 3.5). Considering a small segment at the bond
interface, the axial elongation due to the axial stress in the adhesive layer contributes the
adhesive displacement to match the FRP local slip as shown in Figure 3.5. The concrete
substrate deformation is neglected since it is relatively small. Considering the
deformation of the adhesive layer, the FRP local slip is expressed as

ds dl do
=—+

—= — 3.11
dx dx dx ( )

where s is the local slip; / is the shear deformation; o is the axial elongation due to the
axial stress in the adhesive layer at the interface to FRP. Based on mechanics of materials,

stress-strain relations for FRP and adhesive are defined as
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ds _0,(x)

0 £ (3.12)
!

=Gy, =Gat— (3.13)

@ _a.x) 3.14

dx E (3.14)

where o, is the axial tensile stress in the FRP strip expressed as 0,(x) = Papp(x)/byt, and o,
is the interfacial axial stress in the adhesive layer. From the axial force equilibrium state,
the interfacial shear stress can be related to the axial tensile stress o, in FRP. The

equilibrium expression is shown below [63]:

lx)=1¢ L, 3.15
0p(x) 0,(x) + do,(x)

-

, | = TRP —
7(x) ) dl . ‘dé
X — - a
‘L'(X) .r';.

t, Adhesive dya:;

7(x)

w

Concrete substrate

»
W

dx

Figure 3.5 Deformation in Small Segment of FRP Bond Joint
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It is assumed that the stress state on a finite element in the adhesive layer is induced by
the interfacial shear stress subjected to the interface of the adhesive layer to the FRP strip.
For simplification, the differential stress state is obtained on the boundary line between
two small consecutive segments in the adhesive layer by superimposing two differential
stress states. At the middle points 1 and 2 on each adhesive segment surface, the
corresponding horizontal surface loads are defined as wdx and (z + d7) dx (Figure 3.6).
Each differential stress state induced by horizontal surface loads is denoted as do; and do»,
respectively, and expressed as the function of angle 6 by applying the elasticity theory as
shown earlier in this chapter. By superimposing these two differential stresses at the
middle point between 1 and 2 on the interface to the FRP strip, the expression for the

differential stress do, 1s obtained as

do, == (3.16)

The fundamental assumption on the interfacial shear stress is made that the first peak
stress occurs at the loaded end and it shifts towards adjacent points. Substituting
Equations (3.12) to (3.16) into Equation (3.11) and differentiating it, the governing

equation in terms of the variable 7 is yielded as following with coefficients 4 and B:

2
1§+A45—Br=0 (3.17)
dx dx
where
4G
A=—Ta
) (3.18)
G
B = .,
E i1, (3.19)
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Figure 3.6 Stress State in Small Segment of Adhesive Layer at Interface to FRP

For the solution of the second order differential equation (Equation (3.17)), the boundary

conditions at x = 0 and L are applied. The free end experiences no slip or stress yielding

7(0) = 0. With the assumption that no stress dissipation or loss arises through the

unbounded part of the FRP strip, the loading end condition is obtained as o,(L) =

Papp/(byty), where Py, 1s the actual load level applied at the end of the FRP strip. The

applied load level corresponding to 7max 1S denoted as Papp max. With these boundary

conditions, solving Equation (3.17) yields the expression for the interfacial shear stress

distribution along the bond length as
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where

P (" =1 ™t -1 -
c(p,,)= b""( R (3.21)
P 2
D(x) =M — P (3.22)

where 4; and 4, are positive and negative roots of the characteristic equation, respectively.
From Equation (3.11) with the substitution of Equations (3.20) to (3.22), the local slip

expression can be derived as

s(x)=C(Papp% 2 D(x)+ﬂEiE(x)} (3.23)

where

E(x)= ~ : (3.24)

The maximum interfacial shear stress zmax at the loaded end x = L is expressed by using

Equations (3.20) to (3.22) with the load level of P,pp tmax as
Tmax = T(L) = C(])app_zmax )D(L) : (325)
From Equation (3.25), Papp max 1S expressed in terms of 7max and substituted into

Equations (3.20) and Equations (3.23) at x = L to derive the expressions for the interfacial

shear distribution 7(x) and the corresponding slip s¢ as followings:

r()=r l:flf) (3.26)
t, 4
= rmax(G + At J (3.27)



CHAPTER IV

NUMERICAL COMPARISONS

4.1 Numerical Analysis with Proposed Criterion and Analytical Solution

The proposed criterion and expression were applied for a given set of material
properties of the FRP bond system to predict the maximum transferable load in a single
pull-off test. A MATLAB program was written to perform the necessary calculations for
the prediction. An experimental data set provided by Dai et al. (2005) [51] were used as
input parameters including adhesive properties for analysis. Thicknesses of the FRP strip
and the adhesive layer are shown in Table 4.1. Other necessary material properties are
given by Ga = 873.19 MPa, Eu = 2410 MPa, f.” = 35 MPa, E, = 230,000 MPa, L = 330
mm, and bp = 100 mm. By applying the expression for 7(x) from Equations (3.26), the
distribution of the ratio of ged/Tmax along the bond length for each specimen with the
maximum values of the ratio is obtained. From the proposed criterion (Equation (3.2)),
tmax 18 simply determined by dividing afi by the maximum value of ged/Tmax. The Prax

prediction procedure proposed in this study is illustrated as a flowchart in Figure 4.1.
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Table 4.1 Thickness of the Adhesives and FRP from Dai et al. (2005) [51]

Thickness

Specimen ID Adhesive, t, FRP, 1,

mm mm
CRIL1-a 0.9002 0.11
CRILI1-b 0.7660 0.11
CRI1L2-a 0.9002 0.22
CRI1L2-b 0.7660 0.22
CRI1L3-a 0.9002 0.33
CRIL3-b 0.7660 0.33

C = carbon fiber; R1 = epoxy type; L1-L3 = number of FRP plies; -a & -b = different
adhesive thickness.

Puax = b\2G/E 1,

A

Gf:f(fmam SO)

Tmax > S0 :ﬂTmax)
Oea<a(0.56\f,) / T =17 (X, Tmax)
O = fi1(x)} Boundary Condition &
Tmax OCCUITING
% | I
Elasticity Governing Equation
Theory (Ordinary Differential Equation)

Figure 4.1 Flowchart of Process for Predicting Maximum Transferable Load
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4.2 Parameter Study

Parametric study on the effect of the fracture depth ¢ was performed for specimen
CRI1LI-a from Dai et al.’s experiment (2005) [51]. The strength factor a was set as 125%
to emphasize the effect of ¢. The relation between the predicted Pmax and the depth # was
plotted as shown in Figure 4.2. The minimum value for predicted Pmax was obtained with
the fracture depth # = 0.13 mm. The predicted Pmax increased linearly with ¢ deeper than
0.13 mm, whereas the curve was asymptotically increasing to infinity with # < 0.13 mm.
The fracture depth ¢ as 0.0552 mm or 1.08 mm was obtained matching the predicted Pmax
to the experimental result Pn.x = 23.4 kN for specimen CRILI1-a. Since fracture in
substrate occurs at a few millimeters below the adhesivellconcrete interface, = 1.08 mm

was more realistic and consistent with the experimental results.

35
' | Specimen CRILI-a
\
230"
<
|
g || ;
Q~q25*\‘ -
I‘i:‘ —
2% 0.5 1 15 2

{ (mm)

Figure 4.2 Predicted Ppax vs. Fracture Depth for Specimen CR1L1-a
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The distribution of the ratio ged/Tmax shown in Figure 4.3 indicates that the stress state on
a concrete element reaches the maximum value at a few millimeters away from the
loaded end and linearly descends to nearly zero at the free end. This captures the bond
characteristics claimed in literature based on experimental observations. The predicted
values for specimen CR1L1-a with the different fracture depth ¢ are shown in Table 4.2.
These values are obtained from the plot (Figure 4.2). For predicting the bond strength of
other specimens from the experiment carried out by Dai et al. (2005) [51], the fracture
depth # = 1.0 mm was applied, and the result is shown in Table 4.3. The predicted and the
experimental values are in good agreement for a single ply and double plies of FRP
specimens. However, for three-ply FRP specimens, the prediction overestimates the bond
strength. This might be due to experimental uncertainties. With the increase in the
number of FRP plies, more thickness is to be pinched and pulled by the testing machine.

A slip is more likely to happen between FRP and the grips or between plies.

Table 4.2 Predicted Values with Different ¢ for Specimen CR1L1-a

t Max Ge,d/Tmax d Tiax S0 Prax
mm mm MPa mm kN

0.0552 0.5885 8.3 7.037 0.063 23.40
0.5 0.6400 8.4 6.471 0.05 21.68
1.08 0.5881 9.8 7.042 0.063 23.42
1.5 0.5578 10.8 7.424 0.067 24.56
2.0 0.5257 11.8 7.878 0.071 2591
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Table 4.3 Predicted Values with # = 1.0 mm for Specimens from Dai et al. (2005) [51]

Specimen Predicted load  Experiment load Ratio
ID P pred P exp P exp /P, pred
Dai et al [51]
kN kN
CR1L1-a 23.16 234 1.010
CRI1L1-b 22.86 23.1 1.010
CRI1L1-b 22.86 24.9 1.089
CRI1L2-a 38.65 33.5 0.867
CRI1L2-b 38.37 39.3 1.024
CRI1L3-a 53.71 429 0.799
CRI1L3-b 53.48 38.4 0.718
CRI1L3-b 53.48 36.9 0.690
FRP Ef_| Papp
Ew | l
[ . — 1
t Adhesive ) _jg - L. l e,
I ]
i Concrete substrate / i
! Finite element at d :
0.6 » i
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Figure 4.3 Distribution of 6, 4/7max along Bond Length for Specimen CR1L1-a
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4.3 Interfacial Fracture Energy Prediction

Using the experimental data from Dai et al. (2005) [51], the prediction for G, from
the proposed expression was compared with Gy obtained experimentally and with the
prediction from existing empirical models. The model by Ueda et al. (2003) [34]
considered adhesive material properties and thickness as parameters and derived the
expression for Gy as 0.446(G,/t,) **f. *#%(E,t,)" > in Equation (2.17). Karbhari et al.
(2006) [54] implemented the non-linear Popovics’ expression for the shear-slip relation
with n as 3, and obtained the expression for Gy in a simple form as Gy = 0.1847, =
0.644f. 19 4n Equation (2.29). Lu et al. (2005) [50] considered the width ratio b,/b. in the
expression for Gy as 0.3084, /> where B, = {(2.25- b,/b.)/(1.25+ bp/bc)}o'5 (Equation
(2.19) and (2.20)). The comparison result is shown in Table 4.4. In the result, G values
from existing models ([50] and [54]) were constant for all the specimens since those
expressions are simply proportional to concrete compressive strength. In contrast, Ueda
et al.’s model [34] showed a variation in Gy value corresponding to different adhesive
properties. By predicting corresponding values for each specimen, the proposed

prediction showed good agreement with experimental G
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Table 4.4 Predicted G, from Proposed Expression and Existing Models

Gy
Specimen DI proposed SeteUaL oy Karbharictal
(2006) [51] [50]
N/mm N/mm N/mm N/mm N/mm
CRIL1-a 1.082 1.060 0.116 1.265 0.730
CRIL1-b 1.139 1.033 0.109 1.265 0.730
CR1L2-a 1.109 1.476 0.118 1.265 0.730
CRI1L2-b 1.526 1.455 0.111 1.265 0.730
CRI1L3-a 1.561 1.900 0.119 1.265 0.730
CRI1L3-b 1.662 1.884 0.112 1.265 0.730
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CHAPTER IV

EXPERIMENTAL PROGRAM

5.1 Test Method

A single pull-off test was conducted for externally bonded FRP reinforced
concrete. The load was applied to the bonded FRP strip under displacement controlled
until failure. The composite material consisted of concrete substrate with a dimension of
80 mm width x 350 mm length X 100 mm thickness and a FRP strip of 40 mm width x
340 mm length. The thickness of the adhesive layer varied for each specimen. For
analyzing the effect of material properties, different compressive strength concrete and
two types of adhesive materials were used.
5.2 Material Properties
5.2.1 Concrete Substrate

The concrete substrate dimension was 100x80%350 mm, and a surface of 80x350
mm was treated to bond FRP. To investigate the effect of substrate strength on the bond
strength, five different concrete mix designs were used aiming at compressive strength £’
=20, 40, 70 MPa as the first set. For the second set, 20 and 40 MPa compressive strength

were prepared. The concrete mix contained Type I Portland cement, water, coarse
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aggregate (gravel) with maximum nominal size of % in., and fine aggregate (beach sand).
Each mix was designed by following concrete mix design texts ([64] and [65]).
Considering the water content and the absorption of aggregates, the water adjustment was
done on the original amount determined by the water cement ratio in manuals. The
concrete mixes were poured into plywood forms. Mixes were adequately consolidated by
using the vibrator and a tapping rod. Three cylinders (3x6 in.) from the same concrete
mix batch were used to test concrete compressive strength. After pouring, the top of
forms and cylinders with fresh concrete were covered with a polyethylene sheet and caps
for about 3 days before demolding. Concrete blocks and cylinders were demolded and
submerged into water at room temperature for 28 days for curing. After curing, they were

taken out to dry until testing. Each concrete mix proportions are provided in Table 5.1.

Table 5.1 Concrete Mix Proportions

Designed strength 20 MPa 40 MPa 70 MPa 20 MPa 40 MPa
1™ Set 1™ Set 1™ Set 2" Set 2™ Set
Kg/m’ Kg/m’ Kg/m’ Kg/m’ Kg/m’
Cement 347 435 639 347 435
Water 216 182 178 216 182
Coarse Aggregate 986 1001 1001 986 1001
Fine Aggregate 739 739 589 739 739

To evaluate concrete strength for each mix, a cylinder compressive test was conducted

following the standard test method. The test set-up and the machinery are shown in
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Figure 5.1. The average compressive strength for each mix was determined as shown in
Table 5.2. It is noted that compressive strength values obtained from the test were
adjusted with division by 1.08 since compressive strength of 3x6 in. test cylinders are

usually higher than those for 6x12 in. standard cylinders by 8% [66].

Figure 5.1 Cylinder Compressive Test Setup

Table 5.2 Compressive Strength of Concrete Mix

Designed strength 20 MPa 40 MPa 70 MPa 20 MPa 40 MPa
1™ Set 1™ Set 1"Set  2™Set 2" Set

Compressive
Strength 23.0 30.8 74.5 28.2 39.1

1.’ (MPa)
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5.2.2 Carbon Fiber Sheet
The unidirectional carbon fiber sheet used in this study was commercially
available, SikaWrap Hex 103C (Sika) and material properties of the fiber are provided by

the company as shown in Table 5.3.

Table 5.3 Carbon Fiber Properties of SikaWrap Hex 103C

Carbon fiber SikaWrap

Hex 103C Metric English
Tensile strength 3,793 MPa 550 ksi
Tensile modulus 234.5 GPa 34 Msi
Elongation 1.5 % 1.5%
Density 1.8 g/em’ 0.065 Ibs/in.?

Carbon fiber is fabricated unidirectional with thin string woven in transverse direction
bundling carbon fibers together (Figure 5.2). The thickness of the sheet was measured as

0.55 mm.
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Figure 5.2 Carbon Fiber Sheet (SikaWrap Hex 103C)

5.2.3 Epoxy Resin

Two types of commercially available epoxy resins, Sikadur 301 (Sika) and
Quakebond J300SR (QuakeWrap) (Figure 5.3 and 5.4), were used as impregnation and
adhesive material embedding carbon fiber in matrix and bonding the FRP strip to
concrete substrate. Both epoxy resins are provided in forms of two components: A and B.
They were prepared by mixing components at a certain ratio according to user
instructions provided by the manufactures. For Sikadur 301, the mix ratio A:B = 3:1 by
volume is specified, and the ratio of 2:1 is for Quakebond J300SR. Material mechanical

properties are shown in Table 5.4 provided by the manufactures.
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Figure 5.3 Sikadur 301 (Adhesive Material)

Figure 5.4 Quakebond J300SR (Adhesive Material)
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Table 5.4 Epoxy Resin Properties of Sikadur 301 and Quakebond J300SR

Epoxy properties Sikadur 301 Quakebond J300SR
Tensile strength . .
(ASTM D-638) 7 days 52.0 MPa (8,000 psi) 49.3 MPa (7,150 psi)
Tensile modulus 2,000 MPa (290 ksi) 1,995 MPa (289.3 ksi)
Elongation 3.5% NA

Compressive strength
(ASTM D-695) 7 days

Compressive modulus 1,725 MPa (250 ksi) 3,250 MPa (472 ksi)

96.0 MPa (13,900 psi) 65.4 MPa (9,490 psi)

5.2.4 CFRP Lamina

As the composite material consisting of a unidirectional carbon fiber sheet and
epoxy resin, properties of FRP were obtained with a simple tensile coupon test. The
carbon fiber sheet (SikaWrap Hex 103C) was cut into a piece of 20%250 mm stripe with
the fiber direction along longer sides, impregnated with epoxy resin, and cured for 7 days
at room temperature before specimens were tested. Two types of epoxy resins were used,
and for each type of FRP, 3 stripes were assembled. During the impregnating process,
steel plates were attached at both ends of the stripe for the proper grip during the tensile
test. After curing for 7 days, a strain gauge was attached at the center of each FRP stripe
with the specific bond, M-Bond 200 (Vishay Micro-Measurements). The illustrative

coupon specimen and its dimensions are schematically shown in Figure 5.5.
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Figure 5.5 FRP Strip for Coupon Test with Side and Plan Views

For the tensile coupon test, an electrical MTS tensile machine was used equipped with
manual grips at both actuator and base. The FRP coupon specimen was set on grips as
shown in Figure 5.6. As applying tensile load changed, the corresponding strains at the
center of the strips in the fiber direction were acquainted and recorded with the data
acquisition software. The head speed was set as displacement controlled at the rate of 1
mm/min following the strain measurement standard. The tensile Young’s modulus £, for
each FRP was obtained from the data of stress-strain relation. Average values of Young’s

moduli are shown in Table 5.5 as well as the thickness of the original carbon fiber sheet.
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Figure 5.6 FRP Coupon Strip Set on MTS Tensile Machine

Table 5.5 Young’s Modulus of FRP and Thickness of Carbon Fiber Sheet

oo . Quakebond
FRP (Fiber: SikaWrap Hex 103C) Sikadur 301 1300SR
Tensile modulus 42657 MPa 43537 MPa
Thickness of carbon fiber sheet 0.55 mm/layer
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5.2.5 Production Process of Composite Specimen

The unidirectional carbon fiber sheet was cut into 40 mm-wide x340 mm-long for
impregnation with the epoxy resin. The bond area of 40x230 or 40%210 mm was selected
to satisfy the effective bond length expression by Chen and Teng (2001) [45]. The fiber
direction of the strip matched the longitudinal direction of 340 mm side of the concrete
substrate.

To obtain good bond strength between FRP and concrete substrate, the concrete
surface treatment is an important factor considered as the parameter of roughness in some
specifications. In this study, the effect of different surface preparation was not the main
focus, therefore, one of the standard methods, grinding, was used for the surface of the
bond area on concrete substrate. Using a portable hand-angled grinder with a diamond
grinding cup wheel shown in Figure 5.7, the substrate surface was grinded until the parts
of coarse aggregate in concrete were exposed. For investigating two distinguished cases
of surface condition, substrates of the 1% set were grinded to have much more coarse
aggregate exposed on the substrate surface than those of the 2™ set. Figure 5.8 shows the
difference of the substrate surface after the FRP debonding test. Figure 5.8(a) and (b)
represent the concrete surface of the 1% set and the 2™ set, respectively. After grinding,
the surface was cleaned to remove dust and small concrete particles with a water jet and

dried until the bonding process at room temperature (Figure 5.9).
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Figure 5.7 Angled Portable Grinder with Diamond Wheel Cup

(a) 1 Set of Substrate Surface (More (b) 2* Set of Substrate Surface (Less
Exposed Aggregate Exposed Aggregate

Figure 5.8 Difference of Substrate Surface Preparation for 1% and 2™ Set
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Figure 5.9 Grinded Bond Area of Concrete Substrate (1% Set)

Epoxy resin Sikadur 301 and Quakebond J300SR were prepared for priming the
bond area of the substrate surfaces and impregnating the carbon fiber strips. Two
components of Sikadur 301, A and B, were mixed prior the process as well as two
components of Quakebond J300SR as shown in Figure 5.10. As a primer, the epoxy resin
was applied in a thin and uniform layer to the bond area of concrete surface with a trim
roller, and voids were stippled with a brush. The primer was cured at least 24 hours at
room temperature and sanded lightly before FRP sheet application (Figure 5.11). In a flat
square pan or on a flat surface of working table covered with a plastic sheet, the carbon
fiber strips were fully impregnated with the epoxy resin (Sikadur 301 or Quakebond
J300SR) and prepared in accordance with the manufacture’s instruction. With a plastic

spatula, a brush, or a roller, the epoxy resin was applied onto and was spread evenly until
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the fabric was fully saturated as shown in Figure 5.12. The epoxy resin was also applied
on the other side of the strips. After allowing the sheets to saturate thoroughly, excess
resin was squeegeed off the sheets with a spatula before mounting the FRP sheets onto
concrete substrate. Then, the FRP sheet was placed without wrinkles onto substrate and
with a roller, pressed in longitudinal direction to remove trapped air. It is noted that the
bond free zone by 50 mm from the edge of substrate was set by using masking tape on
the concrete surface. After assembly, the specimens should not be moved or touched at
least 45 minutes of workable time to harden. During this time, the sheet alignment or
lifting can be corrected. The epoxy FRP bonded substrate was cured for 7 days at room

temperature for the full bond strength before the pull-off test (Figure 5.13).

Quakebond

Sikadur 301 J300SR

Figure 5.10 Mixed Epoxy Resin
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Figure 5.11 Primer on Bonded Area of Concrete Substrate

Figure 5.12 Impregnation Process of Carbon Fiber Strip with Epoxy Resin
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Figure 5.13 Curing Composite Material of FRP Strip Bonded to Substrate

5.3 FRP Pull-off Test

Using the MTS hydraulic powered tensile machine equipped with grip ends, a
single pull-off test was performed on specimens. A metal frame was securely fixed to a
metal plate, which was gripped at its bottom edge by the machine. On the plate and frame,
composite concrete substrate was also fixed with one end of the FRP strip grabbed by the
upper grip of the machine (Figure 5.14). The tensile machine with a load cell and the data
acquisition system was connected to the computer to acquire and record the applied load
level. The load was applied to the composite as the bottom actuator of the machine was
moving downward in displacement controlled at the rate of 0.5mm/min until it resulted in
failure as shown in Figure 5.15. All the data and the material properties used in the test

are shown in Table 5.6.
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Figure 5.14 Single Pull-off Test Setup

53



Figure 5.15 Debonded FRP Strip and Bond Area of Concrete Substrate
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Table 5.6 Experimental Data with Maximum Transferable Loads

Specimen Concrete cor’npressive strength CFRP thickness Adhesive thickness Bond length Failure load
f.’ (MPa) t, (mm) t, (mm) L (mm) Prax (KN)
20-A-sika 23.0 1.12 0.388 230 13.66
20-B-sika 23.0 1.12 0.350 230 16.90
20-C-sika 23.0 1.12 0.228 230 14.62
30-A-sika 30.8 1.12 0.422 230 14.64
30-B-sika 30.8 1.12 0.273 230 9.86
30-C-sika 30.8 1.12 0.485 230 15.88
70-A-sika 74.5 1.12 0.510 230 16.33
70-B-sika 74.5 1.12 0.202 230 18.09
70-C-sika 74.5 1.12 0.418 230 18.29
20-1-sika 23.0 1.12 0.547 200 13.16
20-2-sika 23.0 1.12 0.352 200 13.64
20-3-sika 23.0 1.12 0.305 200 12.86
30-1-sika 30.8 1.12 0.457 200 16.29
30-2-sika 30.8 1.12 0.647 200 16.94
30-3-sika 30.8 1.12 0.285 200 16.57
70-1-sika 74.5 1.12 0.693 200 15.22
70-2-sika 74.5 1.12 0.363 200 15.99
70-3-sika 74.5 1.12 0.528 200 15.88
25-1-sika 28.2 1.55 0.353 200 10.95
25-2-sika 28.2 1.65 0.403 200 11.92
25-3-sika 28.2 1.5 0.450 200 11.01
25-1-QW 28.2 1.7 0.215 200 12.79
25-2-QW 28.2 1.65 0.244 200 11.84
25-3-QW 28.2 1.65 0.187 200 11.05
40-1-sika 39.1 1.45 0.290 200 11.38
40-2-sika 39.1 1.4 0.186 200 11.14
40-3-sika 39.1 1.5 0.272 200 11.64
40-1-QW 39.1 1.7 0.220 200 12.90
40-2-QW 39.1 1.65 0.278 200 13.55
40-3-QW 39.1 1.7 0.162 200 13.53
25-a-sika 28.2 1.03 0.460 200 9.52
25-b-sika 28.2 1.12 0.120 200 11.17
25-c-sika 28.2 1.12 0.070 200 12.45
25-a-QW 28.2 1.8 0.420 200 13.50
25-b-QW 28.2 1.5 0.193 200 12.16
25-c-QW 28.2 1.65 0.446 200 12.82
40-a-sika 39.1 1.12 0.292 200 11.68
40-b-sika 39.1 1.12 0.208 200 11.47
40-c-sika 39.1 1.12 0.260 200 11.03
40-a-QW 39.1 1.7 0.438 200 13.05
40-b-QW 39.1 1.65 0.242 200 14.04
40-c-QW 39.1 1.7 0.365 200 15.03

b, = 40 mm; Concrete substrate size is 100x80x350 mm; E, = 42657 MPa and 43537 MPa for specimen sika and QW,
respectively; E, = 2000 MPa and 1995 MPa for specimen sika and QW, respectively; v, = 0.4 for both adhesives; G, =
EJ/2(1 +v,).
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CHAPTER V

ANALYSIS AND COMPARISON

6.1 Parameter Analysis

To apply the proposed criterion and the developed analytical solution, the fracture
depth and strength factor was determined in this section. The fracture depth was
determined from experimental measurements, and the strength factor was assessed
performing regression analysis on the experimental results.

The fracture depth is the parameter with physical meaning in the bond strength
expression derived in Chapter III. As a similar concept, several studies tried to correlate
the bond strength to the microscopic configuration of the FRP bond system ([67]1[70]).
For quantifying the fracture depth which is the crack initiation point at a certain depth in
concrete substrate, the experimental work shown in Chapter V was utilized. The
thickness of the concrete layer attached to the debonded FRP strips was obtained at ten
points along the bond length for each specimen. It was observed that the amount of
concrete attached to the FRP strips peeled less concrete off substrate for relatively high
compressive strength. From this inference, the fracture depth was related to concrete

compressive strength. The relation between the fracture depth and concrete compressive
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strength was examined by plotting the measurement results. Figure 6.1 shows a trend line

for the fracture depth expressed as

=" (6.1)
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Figure 6.1 Plot of Fracture Depth vs. Square Root of Concrete Compressive Strength

The strength factor is a coefficient applied for concrete tensile strength to yield
the limit bond stress between FRP and concrete, which is the tensile strength of a
concrete finite element just below the bond interface. For determining the strength factor,

regression analysis was carried out on the experimental results by applying the obtained
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fracture depth (Equation (6.1)). Similar to the fracture depth, the strength factor was also
related to concrete compressive strength. With a MATLAB program, adequate strength
factors for each specimen were obtained for the first and the second data set. These
values were plotted to obtain the strength factor as a function of the square root of
concrete compressive strength. The result from regression analysis is shown in Figure 6.2.

From analysis, strength factors for each data set are expressed as follows;

D (©-2)
b 30 .
T 55

where o, and a, are strength factors for the first and the second data set, respectively. The
strength factor for the first data set achieved relatively higher values as compared to the
second data set. Considering determined expressions for strength factors, the potential
bond strength, which is concrete tensile strength, tends to be maximized in the first data
set. In contrast, the strength factor for the second data set actually reduces the possible
maximum bond strength. This analysis indicated that the bond strength between FRP and
concrete with much coarse aggregate exposed on the surface was more resilient against
shear and/or tensile stress than that of FRP and concrete exposing less coarse aggregate.
Obtaining two distinguishable expressions, the strength factor for the average surface
condition would be determined and applied for predicting the bond strength. The trend
line for the strength factor for general application is shown in Figure 6.2 as a function of

the square root of concrete compressive strength and expressed as
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Figure 6.2 Plot of Strength Factor vs. Square Root of Concrete Compressive Strength

6.2 Comparison with Experimental Values

For comparison, the existing experimental data from different studies (Chajes et al.
(1996) [71], Maeda et al. (1997) [28], Téljsten (1997) [72], Ueda et al. (1999) [73], Zhao
et al. (2000) [74], Adhikary (2001) [75], Xu et al. (2001) [76], Nakaba et al. (2001) [31],
Wau et al. (2001) [77], Tan (2002) [78], Ren (2003) [79], Dai et al. (2005) [51], Yao et al.

(2005) [58], Sharma et al. (2006) [80], and Toutanji et al. (2007) [81]) and those
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conducted in this study were used (totally 342 data points). In the collected data, FRP
specimens consisted of carbon fiber or glass fiber and various types of adhesive materials.
In most cases, adhesive material properties were ignored and not provided in literature.
For these cases, the adhesive thickness, Young’s modulus, and Poisson’s ratio were
reasonably assumed as #, = 1 mm, E, = 1995 MPa (Quakebond J300SR), and v, = 0.4.
The comparisons of the prediction with experimental results were performed using each
strength factor a;, a», and a,, to understand the effect of different strength factors. The
predicted values and experimental values were plotted and analyzed with statistical
indicators. The average ratio of the experimental value to the predicted value and the
correlation factor were obtained for each comparison. The plots of the comparison results
are shown in Figure 6.3 to 6.5. With the strength factor «;, the average ratio of 0.726
indicated that the prediction value tends to be higher than the corresponding experimental
value (Figure 6.3). Applying the strength factor a,, the prediction became relatively low
compared to the experimental results with the average ratio of 1.402 (Figure 6.4). The
prediction with the strength factor a,., seemed more suitable (Figure 6.5). By recognizing
the substrate surface condition, it is possible to choose either strength factor a; or a, for
each specimen to predict more reasonable bond strength. In such an ideal case, the
predictions are shown in Figure 6.6. The only limitation in the application of the

proposed criterion and expression is the adhesive property data.
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6.3 Comparison with Existing Models

In order to verify the applicability of the proposed criterion, the proposed model
was compared with conventional models. The bond strength for collected 300 data points
from literature and those collected in this study (42 points) were predicted by using six
existing prediction models (Neubauer & Rostasy (1997) [37], Brosens (2001) [52], Chen
& Teng (2001) [45], Dai et al. (2005) [51], Lu et al. (2005) [50], and Karbhari et al.
(2006) [54]). From the prediction and the experimental value, statistical indicators were
obtained for each model. The results of the comparison are shown in Table 6.1. Also,
plots of the predicted maximum transferable load versus the experimental value are

shown in Figure 6.7 to 6.12.

Table 6.1 Comparison between Existing Models and Proposed Expression

Average ratio of

Prediction Models for P,y Pmax(Exper'im.ent)/ Cfc; rcrteolf‘;i;z/e
P ax(Prediction)
Neubauer & Rostasy (1997) [37] 0.980 0.790
Brosens (2001) [52] 0.568 0.797
Chen & Teng (2001) [45] 1.163 0.826
Dai et al. (2005) [51] 1.599 0.416
Lu et al. (2005) [50] 1.152 0.836
Karbhari et al. (2006) [54] 0.778 0.753
Proposed expression with o 0.726 0.656
Proposed expression with a, 1.402 0.716
Proposed expression with o, 1.016 0.711

Prediction values were obtained for the collected 342 data points.
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The proposed expression with the strength factor a.,, showed good agreement with the
experimental results in terms of the average ratio of 1.016. Among the six existing
models, this average ratio was the most reasonable value. Neubauer & Rostasy’s model
(1997) [37] also showed the reliable average ratio of 0.980 with the empirical expression
for the interfacial fracture energy as Gy = 0.202f,. Models by Chen & Teng (2001) [45]
and Lu et al. (2005) [50] provided a relatively good average ratio although they
underestimated the bond strength. In terms of the correlation factor R*, the predictions by
these two models were in consistency with R* of 0.836 and 0.826, respectively. The
proposed expression with a,,, showed a relatively good consistency with the correlation
factor of 0.711. In six existing models, Karbhari et al.’s (2006) [54] was the only model
considering the adhesive properties as parameters in the expression for Gy except for the
proposed expression. However, the prediction result provided a relatively low correlative
factor of 0.416 with the average ratio of 1.599. Compared with other models, the
proposed expression could predict the bond strength with various material properties and

geometric configurations based on the criterion for the debonding initiation mechanism.
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CHAPTER VI

CONCLUSIONS

A criterion on debonding initiation was proposed to determine the critical stress
state in substrate by implementing concrete tensile strength. Introducing the strength
factor, concrete tensile strength was modified to be considered as the limit bond stress for
the FRP to concrete bond interface. The strength factor was determined capturing the
effect of the substrate surface condition. For applying the proposed criterion, the stress
state on a finite element in concrete substrate was expressed by using the elasticity theory.
The expression for the stress state was given as a function of the interfacial shear
distribution and the fracture depth presenting the microscopic failure depth. The fracture
was defined that the concrete failure initiates due to the local critical stress state. The
strength factor and the fracture depth were determined as a function of the square root of
concrete compressive strength from an in-house experimental result.

An analytical solution was developed for the FRP local slip based on mechanics
of materials. By this solution, the constitutive slip-shear behavior of the bond interface
was captured corresponding to a certain loading level on the FRP strip. The expressions

for the interfacial shear stress distribution and the corresponding local slip were also
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determined. In these expressions, adhesive material properties such as thickness, Young’s
modulus, and Poisson’s ratio were considered as parameters, which are often neglected.
The values for the maximum interfacial shear stress and the corresponding local slip were
obtained by applying the proposed criterion and the analytical solution. The interfacial
fracture energy expressed as a function of these two values was successfully obtained for
each bond system.

The predicted values for the collected 342 data points showed good agreement
with experimental results for verification of the proposed criterion and expression. Also,
the comparison with other existing models verified the applicability of the proposed

criterion and expression providing a reasonably high correlation factor.
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APPENDIX

The detailed derivation process for the developed analytical solution is shown here.

Take a small segment of the bond interface of FRP to concrete substrate in Figure A.1.

0,(X) 0,(x) + doy(x)

F 3
y # FRP *
: 7(x) dldo

A B ————————— i ’

7(x s
t, Adhesive ) dYa
b
N -—T(x) a ds _
Concrete substrate

A

W

dx

Figure A.1 Small Segment of Bond Interface of FRP to Concrete Substrate
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Force equilibrium in the axial direction can be as
T(x)bdeZdO'pbptp (A.1)

and b, in both sides are canceled each other to yield

7(x)dx = dot, (A.2)
or
do, (A3)
= t .
7(x) Ll

Governing equation on the FRP local slip, denoted as s, is expressed as the sum of the
shear deformation and the axial elongation as

s=1+0 (A4)
where / = the shear deformation and 0 = the axial elongation of adhesive. Take the
differential of Equation (A.4) gives

ds_di ds (A3
dx dx dx’

Fundamental mechanics of materials based on the elasticity theory shows the stress-strain
relations for those deformations above as followings:

The stress-strain on FRP

ds _o,(x) (A.6)
dx E

P

The stress-strain on adhesive at the interface to FRP

45 o,(x) (A7)
dx E

a

The shear deformation on adhesive
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T(x)z Gr =G @ (A.8)

Consider two consecutive small segments of the adhesive layer on the bond interface to

FRP as shown in Figure A.2.

FRP
Tdx do, (t+ dr)dx
INEAAN ®=‘. A2
AN ro
N 0
PRI e _
dx/2 aral\“u\ﬂ;2 dx/2 > Adhesive
) dx ) dx
Segment 1 Segment 2
B R~ Concrete substrate

Figure A.2 Small Segment of Adhesive Layer at Interface to FRP

The stress state at any point on the interface of the two segments induced by the

differential load zdx at the point 1 is expressed as

72



2(2' . dx)

do, = sin@ (A.9)

where r = the radial distance from the loading point to the considered element and 6 = the
angle between the vertical line at the loading point toward the inside of material and the
radial line from the loading point to the considered element with clockwise positive.
Also, on the same element with the stress state doj, the stress state induced by the load (z
+ d7) dx at the point 2 is expressed as

do, =Msin9 (A.10)
w

Adding those stress states at the interface to FRP, which is the upper edge of the adhesive
layer, the axial stress state do, is determined with » = dx/2 and 6 = 7/2 for the load zdx
and 8 = /2 for the load (7 + dr) dx as following;

do,=do, +do,

2 -ddx) Sin(— nj 2 ;1 7 )dx | sin(z) (A.11)
ﬂ;x 2 ”?x ?

and it is simplified to have the expression for do, as

_adr
13

do, (A.12)

Substituting Equation (A.6)[1(A.8) into Equation (A.5) to yield

o,(x) d {ta T(x)} AS) (A.13)

E  dv|G,

P

Take the derivative of Equation (A.13) to have the following;

=ty (A.14)

Substituting Equation (A.3) and (A.12) into Equation (A.14) gives
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Ll— t“ d2T+Li£ A.15
E t G,dx* E,6 mdx (A.15)

PP a

or

d2T+iLi£_iLT—O A16
dx* t E mwdx t Et . (A.16)

a a a p°p

From Equation (A.16), the 2™ order differential equation in terms of 7 is developed as;

"+ At'-Br =0 (A.17)
4G
A=—
L (A.18)
G
B=——. (A.19)
E tt,

For solving Equation (A.17) for 7, the characteristic equation turns out to be
A +AA-B=0 (A.20)

where 4 = the roots for a solution. Solving Equation (A.20) for 4 yields the positive root
/1 and the negative root 4.
A solution for Equation (A.17) is expressed as

r(x)= Ce™ + Cre™ (A.21)
where C) and C; are constants determined with boundary conditions (B.C.).
B.C. at the free end, x = 0, is no interfacial shear stress based on experiments, and the
expression is 7(0) = 0. This condition yields C; = [1C,, and Equation (A.21) becomes

(x)=C (™ — ™) (A.22)

Substituting Equation (A.22) into Equation (A.3) gives

ddjp %(e“ ™). (A.23)



Take the integral of Equation (A.23) from 0 to x, and the expression for g,(x) is given as

o, (x)= ol Mol (A.24)
g /11 /12

Another B.C. on the stress in FRP at the loaded end x = L is expressed as 0,(L) = Pap/bpt,
where P, 1s the applied tensile load level at the end of the FRP strip. From Equation

(A.24), the coefficient C; is expressed as

Q(eu -1 _eu _lj oo (A.25)
t,\ 4 A, b,t, '
or
])app
C=—K (A.26)
bP
where
ML Ll 1\
k=t e =l (A.27)
ﬂ’l 2’2
Then, using K (Equation (A.27)), the expression for 7(x) is expressed as
P
r(x) = ﬂK(e’I‘x —e’lzx). (A.28)

b

P
Determining the expression for s(x), use Equation (A.5) with the substitution of Equation
(A.7) and (A.8) to yield

a5 _ta g, O A29
dx G E (A.29)

a a

Substituting Equation (A.12) into Equation (A.29) and taking the integral of it from 0 to x,

the expression for s(x) is obtained as
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b

P

P Ax _ Ayx _
S(x)zﬂK{f_a(em )+ 4 (e 1 e 1}} A30)

G T A A,

a

To find the expression for 7(x) at the certain load level such that the interfacial maximum
shear stress 7max Occurs, use the notation for such applied load as Papp mmax. ASSUMING Tinax
reaches at the loaded end (x = L) for the debonding initiation, the condition is expressed

as 7(L) = tmax. Then, the expression for 7. is determined in terms of Papp rmax as

Tax = —Pa""bma" Kle" —e*t). (A31)

14
From Equation (A.31), the expression for Papp max 1S solved as

bP
Py rmax =7 : (A.32)

max AL AL
Kle™ —e™

Substitute Equation (A.32) back into Equation (A.28), the expression for 7(x) when zmax

occurs is determined as

y A
et —e™"

= _ . A.33
7)) =T i (A33)

Also, the expression for the local slip corresponding to the maximum interfacial shear
stress, denoted as sy, is determined at x = L by substituting Equation (A.32) into Equation

(A.30) as the following;

7 max ZLa ! 2 4 e e -1
oo S(L)= W{G_(eiL _elL)—'— a ( /11 - ﬂvz J} (A34)

e —e

Equation (A.33) and (A.34) are simplified by considering exp(4,L) >> exp(4,L) for most

cases, and expressions are given by

r(x)=7,, —F— (A.35)
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t, 4 (A.36)
S0 = Toae| =+ .
G, A7k,
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