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Abstract

An accurate local bond–slip model is of fundamental importance in the modelling of FRP-strengthened RC structures. In this paper, a
review of existing bond strength models and bond–slip models is first presented. These models are then assessed using the results
tests on simple FRP-to-concrete bonded joints, leading to the conclusion that a more accurate model is required. In the second
paper, a set of three new bond–slip models of different levels of sophistication is proposed. A unique feature of the present work is that
new bond–slip models are not based on axial strain measurements on the FRPplate; instead, they are based on the predictions of a meso-s
finite element model, with appropriate adjustment to match their predictions with the experimental results for a few key parameters.
comparisons with the large test database, all three bond–slip models are shown to provide accurate predictions of both the bon
(i.e. ultimate load) and the strain distribution in the FRP plate.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past decade, external bonding of fibre reinfor
polymer (FRP) plates or sheets (referred to as pla
only hereafter for brevity) has emerged as a popu
method for the strengthening of reinforced concrete (R
structures [1]. An important issue in the strengthenin
of concrete structures using FRP composites is to des
against various debonding failure modes, including (a) co
separation [2–4]; (b) plate end interfacial debondin
[2,3]; (c) intermediate (flexural or flexural-shear) crac
(IC) induced interfacial debonding [5]; and (d) critical
diagonal crack (CDC) induced interfacial debonding [6].
The behaviour of the interface between the FRP and
concrete is the key factor controlling debonding failur
in FRP-strengthened RC structures. Therefore, for th
safe and economic design of externally bonded FR
systems, a sound understanding of the behaviour of FR
to-concrete interfaces needs to be developed. In particu
∗ Corresponding author. Tel.: +852 2766 6012; fax: +852 2334 6389.
E-mail address:cejgteng@polyu.edu.hk (J.G. Teng).
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a reliable local bond–slip model for the interface is o
fundamental importance to the accurate modelling and he
understanding of debonding failures in FRP-strengthen
RC structures. It should be noted that throughout this pap
the term “interface” is used to refer to the interfacial pa
of the FRP-to-concrete bonded joint, including the adhes
and a thin layer of the adjacent concrete, responsible for
relative slip between the FRP plate and the concrete pris
instead of any physical interface in the joint.

In various debonding failure modes, the stress state of
interface is similar to that in a pull test specimen in which
plate is bonded to a concrete prism and is subject to tens
(Fig. 1). Such pull tests can be realized in laboratories
a number of ways with some variations [7], but the results
obtained are not strongly dependent on the set-up as l
as the basic mechanics as illustrated inFig. 1 is closely
represented [8].

The pull test not only delivers the ultimate load (referr
to as the bond strength hereafter in this paper) of the FR
to-concrete interface, but also has been used to determ
the local bond–slip behaviour of the interface [9–16]. Local
bond–slip curves from pull tests are commonly determin

http://www.elsevier.com/locate/engstruct
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Notation

A, B parameters in the proposed precise model;
bc width of concrete prism;
bf width of FRP plate;
Ea elastic modulus of adhesive;
E f elastic modulus of FRP;
f ′
c concrete cylinder compressive strength;

ft concrete tensile strength;
Ga shear modulus of adhesive;
Gc elastic shear modulus of concrete;
G f interfacial fracture energy;
Ga

f
interfacial fracture energy for the ascending
branch;

Ka Ga/ta, shear stiffness of adhesive layer;
Kc Gc/tc, shear stiffness of concrete;
L bond length;
Le effective bond length;
Pu ultimate load or bond strength;
s local slip;
se elastic component of local slip;
sf local slip when bond stressτ reduces to zero;
s0 local slip atτmax;
ta thicknessof adhesive layer;
tc effective thickness of concrete contributing to

shear deformation;
t f thickness of FRP plate;
α1, α2, α3 coefficients in proposed bond–slip models;
βl bond length factor;
βw width ratio factor;
τ local bond stress;
τmax maximal local bond stress;
τu average bond stress.

in two ways: (a) from axial strains of the FRP plat
measured with closely spaced strain gauges (e.g. Nak
et al. [12]); (b) from load–displacement (slip at the loade
end) curves (e.g. Ueda et al. [15]). In the first method,
the shear stress of a particular location along the FRP-
concrete interface can be found using a difference formu
while the corresponding slip can be found by a numeric
integration of the measured axial strains of the plate. Th
method appears to be simple, but in reality cannot produ
accurate local bond–slip curves. This is because the ax
strains measured on the thin FRP plate generally sho
violent variations as a result of the discrete nature of concr
cracks, the heterogeneity of concrete and the roughnes
the underside of the debonded FRP plate. For example
strain gauge located above a crack will have a much great
strain than one that sits above a large aggregate parti
The shear stress deduced from such axial strains is thus
reliable although the slip is less sensitive to such variation
Consequently, bond–slip curves found from different tes
may differ substantially. The second method is an indire
a

-
,

e
l

e
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a

.
ot
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Fig. 1. Schematic of pull test.

method and has its own problem: the local bond–slip cu
is determined indirectly from the load–slip curve, but it
easy to show that rather different local bond–slip curves m
lead to similar load–displacement curves.

This paper has two principal objectives: (a) to provide
critical review and assessment of existing bond–slip mod
and (b) to present a set of three new bond–slip mod
The former part aims to clarify the differences betwe
existing bond–slip models and between these models
test results, a task that does notappear to have been proper
undertaken so far. The former part also sets the stage fo
latter part in which three new bond–slip models of differe
levels of sophistication are presented. A unique feature
the present work is that the new bond–slip models are
based on axial strain measurements on the FRP plate
instead they are based on the predictions of a meso-s
finite element model, with appropriate adjustment to ma
the experimental results of a few key parameters. As th
key parameters such as the bond strength are much m
reliable than local strain measurements on the FRP plate, th
present approach does not suffer from the random variat
associated with strain measurements nor the indirectnes
the load–slip curve approach.

2. FRP-to-concrete bond behaviour

Before presenting a review of the existing test da
and bond–slip models, some fundamental aspects
the behaviour of FRP-to-concrete interfaces should
summarized to place the present work in its proper conte
Existing pull tests have shown conclusively that in the v
majority of cases and except when a very weak adhesiv
a high strength concrete is used, the failure of an FRP-t
concrete bonded joint is by cracking in the concrete layer
adjacent to the adhesive layer. InFig. 1, the dotted lines
identify a typical fracture plane in the process of debond
failure, and this plane is generally slightly wider than th
width of the FRP plate (Fig. 1), if the plate is narrower
than the concrete prism. Thefracture plane propagate
from the loaded end to the free end of the FRP plate
loading/deformation increases. InFig. 1, the FRP plate is
shown unbonded near the loaded end (the free zone), wh
has been adopted in some tests (e.g. [17]), but in some other
tests, such a free zone was not included (e.g. [8,12]). If this
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free zone does not exist or is small, a lump of concre
near the loaded end will generally be pulled off the concre
prism, but this variation in detail does not have a significa
effect on the local bond–slip behaviour elsewhere nor t
general behaviour as long as the bond length is not ve
short. From existing theoretical and experimental studies
(e.g. [7,15,16]), the following six parameters are known to
govern the local bond–slip behaviour as well as the bo
strength of FRP-to-concrete bonded joints in pull tests: (
the concrete strength, (b) the bond lengthL (Fig. 1), (c)
the FRP plate axial stiffness,(d) the FRP-to-concrete width
ratio, (e) the adhesive stiffness, and (f) the adhesive streng
A very important aspect of the behaviour of these bond
joints is that there exists an effective bond lengthLe beyond
which an extension of the bond lengthL cannot increase the
ultimate load. This is a fundamental difference between
externally bonded plate and an internal reinforcing bar fo
which a sufficiently long anchorage length can always b
found so that the full tensile strength of the reinforceme
can be achieved.

3. Existing pull tests

In this study, a database containing the results of 2
pull tests on FRP-to-concrete bonded joints was built. T
database includes tests reported by Chajes et al. [18],
Taljsten [19], Takeo et al. [20], Zhao et al. [21], Ueda
et al. [22], Nakaba et al. [12], Wu et al. [13], Tan [17],
Ren [23] and Yao et al. [8]. Both single shear tests (e.g. Yao
et al. [8]) and double shear tests (e.g. Tan [17]) are included
in the database. Details of these tests, except those already
included in the easily accessible databases assembled
Chen and Teng [7], Nakaba et al. [12] and those from
the recent study of Yao et al. [8], are given inTable A.1
of Appendix A, wherebf , t f , E f and f f are the width,
thickness, elastic modulus and tensile strength of the FR
plate respectively,bc is the width of the concrete prism,
fcu is the cube compressive strength of concrete (converted
from cylinder compressive strength by a factor of 0.78 whe
applicable), ft is the tensile strength of concrete (ft =
0.395f 0.55

cu according to the Chinese code for the design
concrete structures [24] if not available from the original
source), L is the total bond length, andPu is the bond
strength. For some of these specimens, strains measured
the FRP plate are also available.

The distributions of the test data in terms of the followin
four key parameters are shown inFig. 2: (a) the concrete
cube compressive strength (Fig. 2(a)); (b) the axial stiffness
of the plate per unit width (Fig. 2(b)); (c) the bond length
normalized by the effective bond length predicted by Che
and Teng’s model [7]; (d) the FRP plate-to-concrete prism
width ratio. It is clear that the test data cover a wide rang
of each parameter and can be expected to provide a relia
benchmark for theoretical models. It is desirable for futu
tests to be conducted in regions where current data ar
scarce.
y

h.

by

n

le

(a) Range of concrete strength.

(b) Range of plate stiffness.

(c) Range of bond length.

(d) Range of FRP-to-concrete width ratio.

Fig. 2. Distributions of test data in terms of key parameters.

Dai and Ueda [14] and Ueda et al. [15] recently reported
that the bond strength of FRP-to-concrete interfaces
be enhanced through the use of a very soft adhesive l
with a shear stiffnessKa (=Ga/ta) being between 0.14
and 1.0 GPa/mm, whereta is the adhesive layer thickness
and Ga is the elastic shear modulus of the adhesive.
is clear that a small shear stiffness of the adhesive la
can be achieved by the use of a soft adhesive or a th
adhesive layer. While the properties of the adhesives use
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the specimensof the present test database were not alwa
reported, none of the relevant studies was focussed on
issue of very soft adhesive layers. At least outside Japan, th
application of adhesives commonly available in the mark
in a procedure complying with the recommendations o
the manufacturers is unlikely to lead to an adhesive lay
which can be classified as being very soft (i.e. with a she
stiffness in therange studied by Dai and Ueda [14] andUeda
et al. [15]). Furthermore, relatively soft adhesives ar
normally used only in wet lay-up applications wher
the definition of the thickness of the adhesive layer
problematic but affects the value of the shear stiffness
the adhesive layer significantly. Indeed, since the same re
is commonly used to saturate the fibre sheet to form t
FRP plate as well as to bond the FRP plate to the concre
which is often already covered with a thin layer of prime
the thickness of the adhesive layer which deforms primari
in shear cannot be easily defined and is believed to be v
small by the present authors in debonding failures unle
debonding occurs in the adhesive layer. Finally, in practic
the thickness of the adhesive layer cannot be precis
controlled and measured as reported in the studies of Dai
Ueda [14] and Ueda et al. [15]. Therefore, it is reasonable
to assume that the bonded joints of the present datab
have Ka values much greater than those studied by Da
and Ueda [14] and Ueda et al. [15] and are referred to
as normal-adhesive joints hereafter. A separate study
the authors to be reported in a future paper has show
that for values ofKa ranging from 2.5 to 10 GPa/mm the
bond–slip curve is littledependent on the shear stiffnes
of the adhesive layer. A shear stiffness of 5 GPa/mm for
the shear-deformed adhesive layer is used in this study to
represent a normal-adhesive bonded joint when it is need
As the bond–slip models of Dai and Ueda [14] and Ueda
et al. [15] arefor very soft adhesive layers and consider th
adhesive layer shear stiffness as a significant parameter,
are not included in the comparisons and discussions in t
paper. The test data from their studies are also not includ
in the present database. The scope of the present study
therefore limited to FRP-to-concrete bonded joints who
shear-deformed adhesive layer has a shear stiffness of no
than 2.5 GPa/mm. The present work nevertheless is believ
to cover at least all commercially available FRP systems
external bonding applications outside Japan.

4. Existing theoretical models for bond behaviour

4.1. Bond strength models

Many theoretical models have been developed fro
1996 onwards to predict the bond strengths of FRP-
concrete bonded joints, generally on the basis of pull t
results. These are commonly referred to as bond stren
models. Altogether 12 bond strength models have be
found in the existing literature, and eight of them hav
been examined in detail by Chen and Teng [7]. These eight
e
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models have been developed by Tanaka [25], Hiroyuki and
Wu [26], van Gemert [27,28], Maeda et al. [9], Neubauer
and Rostasy [29], Khalifa et al. [30], Chaallal et al. [31] and
Chenand Teng [7]. The four models not covered by Che
and Teng [7] include three models (Izumo, Sato, and Is
developed in Japan and described in a recent JCI report32]
and one developed by Yang et al. [33]. These four models
are detailed inAppendix B. Table 1provides a summary of
the key parameters considered by these 12 models, while
assessment of their accuracy is given later in the paper.

4.2. Bond–slip models

Despite the difficulty in obtaining local bond–slip curves
from pull tests directly, local bond–slip models for FRP
to-concrete interfaces have been developed, based on s
measurements or load–slip curves. Six local bond–s
models available in the existing literature are summarize
in Table 2, whereτ (MPa) is the local bond (shear) stres
s (mm) is the local slip,τmax (MPa) is the local bond
strength (i.e. the maximum bond/shear stress experien
by the interface),s0 (mm) is the slip when the bond stres
reachesτmax, sf (mm) is the slip when the bond stres
reduces to zero,βw is the width ratio factor,f ′

c (MPa) is
the cylinder compressive strength of concrete. In additio
Sato [32] proposed a model which was modified from a
existing bond–slip model for rebar-concrete interfaces
replacing the yield strain of steel with the ultimate tensi
strain of FRP,based on strain measurements on FR
strengthened RC tension members. As a result, the mo
has included the effect of tensile cracking and is not
true local bond–slip model. This model is therefore n
further discussed in this paper. Of the six models, the t
models recently proposed by Dai and Ueda [14] and Ueda et
al. [15] were based on test data for specimens with very so
adhesive layers and are not further discussed in this pape

5. Accuracy of existing theoretical models

5.1. Bond strength models

The predictions of all 12 bond strength models a
compared with the 253 test results of the present t
database inTable 3 and Fig. 3. The average value and
coefficient of variation of the predicted-to-test bond streng
ratios and the correlation coefficient of each model are giv
in Table 3. It can be seen that the bond strength mod
of Maeda et al. [9], Neubauer and Rostasy [29], Khalifa
et al. [30], Iso [32], Yang et al. [33] and Chenand Teng [7]
are the better models, with a reasonably small coefficien
variation and a large correlation coefficient. The test resu
are shown against the predictions of these better-perform
models in Fig. 3. Based onTables 1and3 as well asFig. 3,
Chen and Teng’s model is clearly the most accurate mo
among the 12 existing bond strength models. IfTable 3is
examined together withTable 1, it can be found that the



924 X.Z. Lu et al. / Engineering Structures 27 (2005) 920–937
Table 1
Factors considered by existing bond strength models

Bond strength model Concrete strength FRP plate stiffness Effective bond length Width ratio

1 Tanaka [25] No No No No
2 Hiroyuki and Wu [26] No No No No
3 van Gemert [27] Yes No No No
4 Maeda et al. [9] Yes Yes Yes No
5 Neubauer and Rostasy [29] Yes Yes Yes Yes
6 Khalifa et al. [30] Yes Yes Yes No
7 Chaallal et al. [31] No Yes No No
8 Chen and Teng [7] Yes Yes Yes Yes
9 Izumo [32] Yes Yes No No

10 Sato [32] Yes Yes Yes No
11 Iso [32] Yes Yes Yes No
12 Yang et al. [33] Yes Yes Yes No
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accuracy of a model improves as more significant parameters
are considered, with the effective bond length being the m
influential parameter. All the six better-performing mode
include a definition of the effective bond length. Of the oth
six models, only Sato’s model [32] takes the effective bond
length into consideration.

5.2. Shapes of bond–slip models

For a bond–slip model to provide accurate prediction
it needs to have an appropriate shape as well as a cor
value forthe interfacial fracture energy which is equal to th
area under the bond–slip curve. The shape of the bond–
model determines the predicted distribution of axial strains
in the plate. The predictions of the four existing bond–slip
models for normal-adhesive interfaces are shown inFig. 4
for an FRP-to-concrete bonded joint with the followin
properties: f ′

c = 32 MPa, ft = 3.0 MPa,b f = 50 mm,
bc = 100 mm, E f t f = 16.2 GPa mm. An FRP-to-
concrete width ratio of 0.5 was chosen for this comparis
joint as some of the bond–slip models were based on te
results of joints with similar width ratios and do not accoun
for the effect of varying this ratio. It can be seen that th
shapes of the predicted bond–slip curves differ substantia
(Fig. 4). In particular, the linear-brittle model of Neubaue
and Rostasy [34] is very different from the other three
models. The fact that the bond stress reduces to zero
the ultimate slip dictates that there exists an effective bo
length beyond which an increase in the bond length will n
increase the ultimate load.

Existing studies (e.g. [12,36]) have shown that the
bond–slip curve should have an ascending branch an
descending branch, similar to the curve from Nakaba et a
model [12] or Savioa et al.’s model [36] shown in Fig. 4.
The bilinear model can be used as an approximation [16],
but the linear-brittle model by Neubauer and Rostasy [34]
is unrealistic. Apart from thegeneral shape, three key
parameters, including the maximum bond stress, the slip
maximum stress and the ultimate slip at zero bond stre
t

ct

p

t

t

a

t
,

determine the accuracy of the model. It is interesting to n
that the models byNakaba et al. [12], Monti et al. [35]
and Savioa et al. [36] are in reasonably close agreemen
and the linear-brittle model of Neubauer and Rostasy [34]
predicts a similar maximum bond stress. It should be no
that Savioa et al.’s model [36] was obtained by some very
minor modifications of Nakaba et al.’s model (Table 2).

5.3. Interfacial fracture energy of bond–slip models

Existing research has shown that the bond strengthPu

of an FRP-to-concrete bonded joint is directly proportion
to the square root of the interfacial fracture energy

√
G f

regardless of the shape of the bond–slip curve [16,29,37,
38], so a comparison of the bond strength is equivalent
a comparison of the interfacial fracture energy. As mo
bond–slip models do not provide an explicit formula fo
the ultimate load, the bond strengths of bond–slip mod
need to be obtained numerically. In the present stu
they were obtained by numerical nonlinear analyses us
MSC.Marc [39] with a simple model consisting of 1 mm
long truss elements representing the FRP plate conne
to a series of shear springs on a rigid base represen
the bond–slip law of the interface. The nonlinear analys
were carried out with a tight convergence tolerance to ens
accurate predictions. The theoretical predictions of the bo
strengths are compared with the 253 test results of t
present test database. The average value and coeffic
of variation of the predicted-to-test bond strength rati
together with the correlation coefficient for each model a
given in Table 4. The correlation coefficients for all four
bond–slip models are larger than 0.8, which demonstra
that the trends of the test data are reasonably well descr
by the bond–slip models. The coefficients of variation
these models are nevertheless still larger than that of C
and Teng’s model (Table 3). The test results are shown
against the theoretical predictions inFig. 5, where it is
clearly seen that all four bond–slip models are too optimist
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Table 2
Existing bond–slip models

Bond–slip model As s0 sf βw Remarks

Neubauer and Rostasy [34] τma βw × 0.202

√
1.125

2−b f /bc
1+b f /400 A linear

ascending
branch and a
sudden drop

Nakaba et al. [12] 0.065 A single curve

Monti et al. [35] τma 2.5τmax

(
ta
Ea

+ 50
Ec

)
0.33βw

√
1.5(2−b f /bc)

1+b f /100

Savioa et al. [36] 0.051 A single curve

α = 0.028(E f t f /1000)0.254,

Dai and Ueda [14]a τma
.3αβ2KaG f

τmax/(αKa) β = 0.0035Ka(E f t f /1000)0.34, Ka = Ga/ta,

G f = 7.554K−0.449
a ( f ′

c)
0.343

Ueda etal. [15]a 2UG 46(E f t f /1000)0.023(Ga/ta/1000)−0.352 f ′0.236
c ] A single curve

a Regressed from specimens wi
cending branchs ≤ s0 Descending branchs > s0 τmax

x

(
s
s0

)
0 1.8βw ft

τmax

(
s
s0

) [
3/

(
2 +

(
s
s0

)3
)]

3.5 f ′0.19
c

x
s
s0

τmax
sf −s
sf −s0

1.8βw ft

τmax

(
s
s0

)[
2.86/

(
1.86+

(
s
s0

)2.86
)]

3.5 f ′0.19
c

x

(
s
s0

)0.575
τmaxe−β(s−s0)

−1.575αKa+
√

2.481α2K 2
a+6

2β

f (e−Us − e−2Us)[U = 6.846(E f t f /1000)0.108(Ga/ta/1000)0.833, G f = 0.4

th very soft adhesive layers.
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(a) Maeda et al.’s model. (b) Iso’s model.

(c) Neubauer and Rostasy’s model. (d) Khalifa et al.’s model.

(e) Yang et al.’s model. (f) Chen and Teng’s model.

Fig. 3. Test bond strengths versus predictions of existing bond strength models.
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6. Meso-scale finite element model

Since it is difficult to obtain accurate bond–slip curve
directly from strain measurements in a pull test, L
et al. [40] recently explored a numerical approach fro
which the bond–slip curve of any point along the interfac
can be obtained. The approach is based on the observa
that debonding in a pull test occurs in the concrete,
if the failure of concrete can be accurately modelled, t
interfacial shear stress and slip at a given location alo
the interface can be obtained from the finite element mod
It should be noted that this numerical modelling approa
on

g
l.

relies on the accurate modelling of concrete failure near
adhesive layer. Tests have shown that debonding of F
from concrete in a pull test generally occurs within a thin
layer of concrete of 2 to 5 mm thick adjacent to the adhes
layer. To simulate concrete failure within such a thin laye
with the shapes andpaths of the cracks properly captured
Lu et al. [40] proposed a meso-scale finite element approa
in which very small elements(with element sizes being
one order smaller than the thickness of the facture zone
concrete) are used in conjunction with a fixed angle cra
model (FACM) [41]. The size effect of elements is duly
accounted for through fracture energy considerations. T
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Table 3
Predicted-to-test bond strength ratios: bond strength models

Bond strength model Average Predicted-to-test bond strength ratio Coefficientof variation Correlation coefficient

1 Tanaka [25] 4.470 0.975 0.481
2 Hiroyuki and Wu [26] 4.290 0.611 −0.028
3 Sato [32] 1.954 0.788 0.494
4 Chaallal et al. [31] 1.683 0.749 0.240
5 Khalifa et al. [30] 0.680 0.293 0.794
6 Neubauer and Rostasy [29] 1.316 0.168 0.885
7 Izumo [32] 1.266 0.506 0.656
8 van Gemert [27] 1.224 0.863 0.328
9 Maeda et al. [9] 1.094 0.202 0.773

10 Iso [32] 1.087 0.282 0.830
11 Yang et al. [33] 0.996 0.263 0.766
12 Chen and Teng [7] 1.001 0.163 0.903
13 Proposed strength formula (Eq. (4e)) 1.001 0.156 0.908

Table 4
Predicted-to-test bond strength ratios: bond–slip models

Bond–slip model Average predicted-to-test bond strength ratio Coefficient of variation Correlation coefficient

1 Neubauer and Rostasy [34] 1.330 0.209 0.887
2 Nakaba et al. [12] 1.326 0.231 0.846
3 Savioa et al. [36] 1.209 0.199 0.847
4 Monti et al. [35] 1.575 0.164 0.888
5 Proposed, precise model 1.001 0.155 0.910
6 Proposed, simplified model 1.001 0.155 0.910
7 Proposed, bilinear model 1.001 0.156 0.908
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Fig. 4. Bond–slip curves from existing bond–slip models.

approach has the simplicity of the FACM for which th
relevant material parameters have clear physical mean
and can be found from well established standard te
but in the meantime retains the capability of tracing th
paths of cracks as deformations increase through the
of very small elements. To reduce the computational effo
the three-dimensional FRP-to-concrete bonded joint (Fig. 1)
was modelled as a plane stress problem using four-no
isoparametric elements, with the effect of FRP-to-concr
width ratio being separately considered using a width ratio
factor devised by Chen and Teng [7].

Lu et al. [40] implemented their finite element model int
the general purpose finite element package MSC.Marc [39]
gs
ts,

se
t,

e
te

as a user subroutine. The finiteelement model was verified
by detailed comparisons with the results of 10 pull tes
taken from studies by Wu et al. [13], Ueda et al. [22],
Tan [17], and Yuan et al. [16]. A close agreement was
achieved for all 10 specimens. A Fast Fourier Transfo
smoothing procedure was proposed in Lu et al. [40] to
process the raw finite element interfacial shear stres
before the results are used to obtain local bond–slip curv
Lu et al. [40] showed that a smoothing length of 10 mm is
suitable and this length was used in the present study. An
unbonded zone of 25 mm was included in the finite elem
model in all numerical simulations of the present stud
Further details of the finite element model can be found
Lu et al. [40].

7. Proposed bond–slip models

7.1. Precise model

Using the meso-scale finite element model of L
et al. [40], a parametric study was undertaken to stu
the local bond–slip behaviour of the interface, consideri
the effects of a number of key parameters. The bond
joint modelled in this parametric study has the following
properties: the axial stiffness of the FRP plateE f t f is
26 GPa mm, which is similar to that provided by one th
layer of CFRP and is within the most popular range of FR
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(a) Neubauer and Rostasy’s model.

(b) Nakaba et al.’s model.

(c) Monti et al.’s model.

(d) Savioa et al.’s model.

Fig. 5. Test bond strengths versus predictions of existing bond–slip mod
 ls.

Fig. 6. Bond–slip curves from meso-scale finite element simulation a
proposed bond–slip models.

plate axial stiffness in pull tests (Fig. 2(b)). In the finite
element analysis, the elastic modulusEc, tensile strength
ft and compressive strengthfc of concrete were related
to the cube compressive strength of concrete according
the Chinese code for the design of concrete structures [24]:
Ec = 100 000

2.2+34.74/ fcu
, ft = 0.395( fcu)

0.55 and fc = 0.76 fcu,
all in MPa. The Poisson ratio was assumed to be 0.2. Th
shear stiffness of the adhesive layer is 5 GPa/mm. The bond
length of the FRP plate is 200 mm, which is much long
than the effective bond length. A typical bond–slip curv
obtained from the finite element model is shown inFig. 6.
From these finite element results, the following observations
can be made:

(a) The bond–slip curve is made up of an ascending bran
and a descending branch, with the bond stress reduc
to zero when the slip is sufficiently large.

(b) The initial stiffness of the bond–slip curve is muc
larger than the secant stiffness at the peak stress po
This initial high stiffness, representing the stiffnes
of the completely linear elastic state of the interfac
decreases quickly with the appearance of micro-
cracking in the concrete as the bond stress increases

(c) The maximum bond stressτmax and the corresponding
slip s0 increase almost linearly withft , while the
interfacial fracture energyG f increases almost linearly
with

√
ft , as shown inFig. 7.

Based on the aboveobservations, the following equa
tions, referred to hereafter as the precise bond–slip mo
are proposed to describe the local bond–slip relationship

τ = τmax

(√
s

s0A
+ B2 − B

)
if s ≤ s0 (1a)

τ = τmaxexp[−α(s/s0 − 1)] if s > s0, (1b)

where A = (s0 − se)/s0, B = se/[2(s0 − se)]. To closely
capture the finite element bond–slip curves, a variety
equation forms were tested and Eqs. (1a) and (1b) were
found to predict the finite element bond–slip curves mo
closely without undue complexity. The maximum bon
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(a) Maximum bond stress.

(b) Slip at maximum bond stress.

(c) Interfacial fracture energy.

Fig. 7. Relationships between keybond–slip parameters and concre
tensile strength.

stressτmax and the corresponding slips0 are given by

τmax = α1βw ft (1c)

s0 = α2βw ft + se (1d)

wherese = τmax/K0 is the elastic component ofs0 andβw

is the FRP-to-concrete width ratio factor. The initial stiffne
of the bond–slip model is defined by

K0 = KaKc/(Ka + Kc) (1e)

where Ka = Ga/ta and Kc = Gc/tc. Gc is the elastic
shear modulus of concrete andtc is the effective thickness of
the concretewhose deformation forms part of the interfaci
slip, which can be deduced from the initial stiffness
the bond–slip curve from a meso-scale FE analysis [40].
The initial part of the bond–slip curve from meso-sca
FE analysis given inFig. 6 is shown inFig. 8. It can be
seen thattc = 5 mm leads to a close prediction of th
bond–slip curve. While a precise definition oftc requires
Fig. 8. Initial stiffness of bond–slip curve.

more deliberation, the overall effect of such precision on t
bond–slip curve is very small and insignificant for practic
purposes. Furthermore, it may be noted that the simplifi
model introduced below does not includetc as a parameter
but still leads to a bond–slip curve which is very closel
similar to that of the precise model.

The parameterα in Eq. (1b) controls the shape of the
descending branch and is given by

α = τmaxs0/(G f − Ga
f ) (1f)

where the interfacial fracture energy can be expressed as

G f = α3β
2
w

√
ft f (Ka) (1g)

while the fracture energy of the ascending branchGa
f can be

calculated as:

Ga
f =

∫ s0

0
τds = τmaxs0

×

2A

3

(
1 + B2A

A

)3/2

− B − 2

3
B3A


 . (1h)

It should be noted that Eqs. (1c), (1d) and (1g) were found as
linear best-fit lines to the finite element predictions, exce
for the introduction of the width effect ratioβw and the
elastic slip componentse. The width effect is introduced
based on existing knowledge of how it affects the thre
bond–slip parameters defined by Eqs. (1c), (1d) and (1g),
while the elastic slip component is introduced to ensur
that the slope of the bond–slip model is equal to th
given by Eq. (1e). The elastic slip component is generall
very small and its inclusion in Eq. (1d) has little effect
on its predictions. The functionf (Ka) is included to cater
for the future extension of the model to interfaces wit
very soft adhesive layers but for normal adhesive laye
with Ka ≥ 2.5 GPa/mm, f (Ka) = 1 as finite element
results not presented here have shown that the effect of
adhesive layer stiffness onG f is very small for such normal
adhesives.

Because of some inevitable differences between the fin
element predictions and the test results, the three coefficie
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Fig. 9. Evaluation of the FRP-to-concrete width ratio effect.

in the proposed bond–slip modelα1, α2 and α3 were
determined through an iterative procedure, making use
both the finite element and the test results. Theplanar nature
of the finite element model also means that the effect of
FRP-to-concrete width ratio needs to be accounted for ba
on the test results. This iterative procedure is as follows:

(1) Take Ka = 5 GPa/mm for a normal adhesive laye
and start the process withα1 = 1.5, α2 = 0.02 and
α3 = 0.3, which were determined from regressions
the finite element results.

(2) Assuming thatβw = 1, use the precise bond–slip mod
with the coefficients from step (1) to calculate the bon
strength.

(3) Compare the predicted bond strengths with the t
results to evaluate the width ratio effect and to determi
a best-fit expression for the width ratio factorβw. Fig. 9
shows the deduced values of the width ratio factor at
end of the iterative process.

(4) Using the current expression forβw, fine-tune the values
for α1, α2 and α3 to reach an improved agreemen
between the predicted and the test bond strengths.

(5) Compare the predicted bond strengths to the test res
again to refine the expression forβw.

(6) Repeat steps (4) and (5) until changes inα1, α2 andα3
fall below 0.1%.

The final values obtained from this process for these th
coefficients are:α1 = 1.50,α2 = 0.0195, andα3 = 0.308,
while the width ratio factor is given by

βw =
√

2.25− bf /bc

1.25+ bf /bc
. (1i)

The bond–slip curve from the precise model for one
the bonded joints analysed by the finite element method
shown inFig. 6. It is clear that there is a close agreeme
between this precise model andthe finite element curve.

In terms of the present test database, Eq. (1i) represents
a slight improvement to the following expression original
f

e
d

t

e

lts

e

s

proposed by Chen and Teng [7]:

βw =
√

2 − bf /bc

1 + bf /bc
. (2)

The difference between the two expressions is howe
very small (Fig. 9) and both equations are satisfactory fo
practical applications.

7.2. Simplified model

The precise model is accurate but somewhat complicat
A simplified model without a significant loss of accuracy ca
be easily obtained by noting that the initial stiffness of th
bond–slip curve is much larger than the secant stiffness
the peak point. Based on this observation, the initial stiffne
can be approximated as infinity and the following simplifie
bond–slip model can be obtained:

τ = τmax

√
s

s0
if s ≤ s0 (3a)

τ = τmaxe
−α

(
s
s0

−1
)

if s > s0 (3b)

where

s0 = 0.0195βw ft (3c)

G f = 0.308β2
w

√
ft (3d)

α = 1
G f

τmaxs0
− 2

3

. (3e)

τmax andβw can be calculated with Eqs. (1c) and (1i). The
bond–slip curve predicted by the simplified model is als
shown in Fig. 6, where it can be seen that there is little
difference between this model and the precise model. F
all practical purposes, the simplified model is sufficient fo
normal-adhesive joints with f (Ka) = 1 but muchsimpler
than the precise model.

7.3. Bilinear model

Further simplification can be made to the simplifie
model by adopting a bilinear bond–slip curve which ca
be used to derive a simple explicit design equation for t
bond strength. This bilinear model has the same local bo
strength and total interfacial fracture energy, so the bo
strength is unaffected by this simplification if the bon
length is longer than the effective bond length. This biline
model is described by the following equations:

τ = τmax
s

s0
if s ≤ s0 (4a)

τ = τmax
sf − s

sf − s0
if s0 < s ≤ sf (4b)

τ = 0 if s > sf (4c)

where

sf = 2G f /τmax. (4d)
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Fig. 10. Bond length factor versus bond length.

In the above equations,τmax, s0 andG f can be found using
Eqs. (1c), (3c) and (3d), respectively. The prediction of the
bilinear model is also shown inFig. 6.

Regardless of the bond–slip model, the bond strength
an FRP-to-concrete bonded joint in terms of the interfac
fracture energy is given by Eq. (4e) [16]

Pu = βl b f
√

2E f t f G f (4e)

whereβl is the bond length factor. WhenL > Le, βl = 1,
but when L < Le, βl is smaller than 1. The analytical
solution forLe with a bilinear bond–slip model is given by
Yuanet al. [16]:

Le = a + 1

2λ1
ln

λ1 + λ2 tan(λ2a)

λ1 − λ2 tan(λ2a)
(4f)

where

λ1 =
√

τmax

s0E f t f
(4g)

λ2 =
√

τmax

(sf − s0)E f t f
(4h)

a = 1

λ2
arcsin

[
0.99

√
sf − s0

sf

]
. (4i)

In Eq. (4i), a factor of 0.99 is used instead of 0.97 originall
adopted in Yuan et al. [16]. The former implies that the
effective bond length is one at which 99% of the bon
strength of an infinitely long bonded joint is achieved whil
the latter requires only 97%. The former is thus a more
stringent definition and leads to effective bond lengths
closer agreement with those given by Chen and Teng’s bo
strength model [7]. The effective bond length factorβl in
Eq. (4e) has been defined by Chen and Teng [7] to be

βl = sin

(
π L

2Le

)
if L ≤ Le. (4j)

The use of a sine function has its basis in the analytic
solution [16]. The following alternative expression for
βl proposed by Neubauer et al. [29] provides similar
predictions (Fig. 10):

βl = L

Le

(
2 − L

Le

)
if L ≤ Le. (4k)
-

l

(a) Precise model.

(b) Bilinear model.

Fig. 11. Bond strengths: test results versus predictions of propo
bond–slip models.

Whencompared with the presentfinite element results,
Eq. (4k) is slightly more accurate (Fig. 10) but this small
difference is insignificant and does mean that it provide
more accurate predictions of test results. The use of ei
expression is thus satisfactory for design purposes, altho
Eq. (4k) was used with Eq. (4e) in thepresent study to obtain
the results shown inTable 3.

Two of the three bond–slip models proposed in th
study are compared with the four existing bond–slip mod
developed for normal-adhesive bonded joints inFig. 4. It can
be seen that Nakaba et al.’s model [12] and Savioa et al.’s
model [36] are closer to the proposed models than the ot
two models. The maximum bond stress and the interfac
fracture energy of Nakaba et al.’s model and those of Sav
et al.’s model are however much larger than those of
proposed models.

8. Accuracy of the proposed models

8.1. Bond strength

In Fig. 11, the bond strengths predicted using th
proposed bond–slip models are compared with the res
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(a) Specimen PG1-22 of Tan [17]. (b) Specimen of PC1-1C2 of Tan [17].

(c) Specimen S-CFS-400-25 of Wu et al. [13]. (d) Specimen B2 of Ueda et al. [22].

Fig. 12. Axial strains in FRP plate: test results versus predictions of proposed bond–slip models.
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of the 253 pull tests listed inTable A.1. It can be found
that the proposed bond–slip models give results in clo
agreement with the test results and perform better than
existing bond–slip models. The results of the precise mod
and the simplified model arealmost the same, with the
precise model performing very slightly better. The avera
value and coefficient of variation of the predicted-to-tes
bond strength ratios together with the correlation coefficie
for the bond strength formula (Eq. (4e)) are given inTable 3.
It can be seen that Eq. (4e) performs significantly better than
all existing bond strength models except Chen and Ten
model [7]. The new bond strength model is only slightly
better than Chen and Teng’s model [7], so Chen and Teng’s
model [7] is still recommended for use in design due to it
simpleform.

8.2. Strain distributions in the FRP plate

The strain distributions in the FRP plate can b
numerically calculated from the bond–slip models. Th
comparison of strain distributions between tests a
predictions for specimens PG1-22 and PC1-1C2 tested
Tan [17], specimen S-CFS-400-25 tested by Wu et al. [13],
and specimen B2, tested by Ueda et al. [22], are shown
in Fig. 12(a)–(d). Comparisons are made for the sam
l

t

s

y

applied load (except for insignificant differences as th
test load levels are not identical to the load levels in t
numerical analysis which was conducted by displacem
control) before debonding and for the same effective stre
transfer length in the stage of debonding propagation. T
load levels and slip values indicated here are those fr
numerical analysis. It can be found that both the prec
model andthe bilinear model are in close agreement with th
test results. The precise model does provide slightly mor
accurate predictions, which demonstrates that the cur
shape of theprecise model is closer to the real situation
Additional comparisons not reported here for a number
other specimens for which strain distributions are availab
also showed similar agreement.

Using specimen PG1-22 as an example, the str
distributions predicted with different bond–slip models a
compared with the test results inFig. 13. Comparisons
are made for the same load ofP/Pu = 0.40 (where
Pu is the finite element ultimate load) before debondin
occurs (Fig. 13(a)) and for the same effective stress transf
length of 125 mm in the stage of debonding propagati
(Fig. 13(b)). It can be seen that at a low load in the pre
debonding stage, the strain distribution does not appear to
sosensitive to the bond–slip model. However, in the stage
debonding propagation, the differences between the mod
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(a) Before debonding stage. (b) Debonding propagation stage.

Fig. 13. Axial strains in FRP plate: test results versus predictions of all bond–slip models.
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and between the model predictions and the test results
large.Fig. 13 shows that the existing models do not provide
accurate predictions of test results.

9. Conclusions

This paper has provided a critical review and assessm
of existing bond strength models and bond–slip mode
and presented a set of three new bond–slip models. T
assessment of theoretical models has been conducted u
the test results of 253 pull specimens collected from th
existing literature. The development of the new bond–sl
models employed a new approach in which meso-scale fin
element results with appropriate numerical smoothing a
exploited together with test results. Based on the result
and discussions presented in this paper, the followin
conclusions may be drawn.

1. Among the 12 existing bond strength models, the mod
proposed by Chen and Teng [7] is the most accurate.
The bond strength model based on the proposed biline
bond–slip model is as accurate as Chen and Ten
model [7] but is more complicated. Chen and Teng’s
model therefore remains the model of choice for use
design.

2. Typical bond–slip curves should consist of an ascendi
branch with continuous stiffness degradation to th
maximum bond stress and a curved descending bran
reaching a zero bond stress at a finite value of slip.

3. While a precise bond–slip model should consist o
a curved ascending branch and a curved descendin
branch, other shapes such as a bilinear model can be u
as a good approximation. An accurate bond–slip mod
should provide close predictions of both the shape an
fracture energy (area under the bond–slip curve) of t
bond–slip curve. None of the existing bond–slip mode
provides accurate predictions of both the shape and
interfacial fracture energy as found from tests.

4. The three new bond–slip models, based on a combinat
of finite element results and the test results predict both
e

t
,
e
ng

e

l

r
s

h

d
l

e

n

the bond strength and strain distribution in the FRP pla
accurately. These models are therefore recommen
for future use in the numerical modelling of FRP
strengthened RC structures.

It should be noted that the scope of the present study
been limited to FRP-to-concrete bonded joints whose she
deformed adhesive layer has a shear stiffness of no less
2.5 GPa/mm. The studies by Dai and Ueda [14] andUeda
et al. [15] should be consulted for information on FRP-to
concrete bonded joints with a very soft adhesive layer. T
present work nevertheless is believed to be applicable to a
least all commercially available FRP systems for extern
bonding applications outside Japan.
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Appendix A. Database of pull tests

SeeTable A.1.

Appendix B. Bond strength models

This appendix provides a summary of four bond streng
models which are believed to be not widely accessible
the convenience of readers. Three of them are described in a
recent JCI report [32] while the fourth one was developed in
China. The following units are used: N for forces, MPa for
stresses and elastic moduli, and mm forlengths.
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Table A.1
Database of pull tests

Source Specimen FRP plate Concrete prismb Ultimate
load Pu (kN)

Thickness
t f (mm)

Width
b f
(mm)

Bond
length L
(mm)

Elastic
modulus
E f
(GPa)

Tensile
strength
f f
(MPa)

Cube
strength
fcu
(MPa)

Tensile
strength
ft
(MPa)

Width
bc
(mm)

Tan [17] PG1-11 0.169 50 130 97 2777 37.60 2.90 100 7.78a

PG1-12 0.169 50 130 97 2777 37.60 2.90 100 9.19a

PG1-1W1 0.169 75 130 97 2777 37.60 2.90 100 10.11a

PG1-1W2 0.169 75 130 97 2777 37.60 2.90 100 13.95a

PG1-1L11 0.169 50 100 97 2777 37.60 2.90 100 6.87a

PG1-1L12 0.169 50 100 97 2777 37.60 2.90 100 9.20a

PG1-1L21 0.169 50 70 97 2777 37.60 2.90 100 6.46a

PG1-1L22 0.169 50 70 97 2777 37.60 2.90 100 6.66a

PG1-21 0.338 50 130 97 2777 37.60 2.90 100 10.49a

PG1-22 0.338 50 130 97 2777 37.60 2.90 100 11.43a

PC1-1C1 0.111 50 130 235 3500 37.60 2.90 100 7.97a

PC1-1C2 0.111 50 130 235 3500 37.60 2.90 100 9.19a

Zhaoet al. [21] NJ2 0.083 100 100 240 3550 20.50 2.08 150 11.00
NJ3 0.083 100 150 240 3550 20.50 2.08 150 11.25
NJ4 0.083 100 100 240 3550 36.70 2.87 150 12.50
NJ5 0.083 100 150 240 3550 36.70 2.87 150 12.25
NJ6 0.083 100 150 240 3550 36.70 2.87 150 12.75

Takeo et al. [20] 1-11 0.167 40 100 230 3481 36.56 2.86 100 8.75
1-12 0.167 40 100 230 3481 33.75 2.74 100 8.85
1-21 0.167 40 200 230 3481 36.56 2.86 100 9.30
1-22 0.167 40 200 230 3481 33.75 2.74 100 8.50
1-31 0.167 40 300 230 3481 36.56 2.86 100 9.30
1-32 0.167 40 300 230 3481 33.75 2.74 100 8.30
1-41 0.167 40 500 230 3481 36.56 2.86 100 8.05
1-42 0.167 40 500 230 3481 36.56 2.86 100 8.05
1-51 0.167 40 500 230 3481 33.50 2.73 100 8.45
1-52 0.167 40 500 230 3481 33.50 2.73 100 7.30
2-11 0.167 40 100 230 3481 31.63 2.64 100 8.75
2-12 0.167 40 100 230 3481 31.63 2.64 100 8.85
2-13 0.167 40 100 230 3481 33.13 2.71 100 7.75
2-14 0.167 40 100 230 3481 33.13 2.71 100 7.65
2-15 0.167 40 100 230 3481 30.88 2.61 100 9.00
2-21 0.334 40 100 230 3481 31.63 2.64 100 12.00
2-22 0.334 40 100 230 3481 31.63 2.64 100 10.80
2-31 0.501 40 100 230 3481 31.63 2.64 100 12.65
2-32 0.501 40 100 230 3481 31.63 2.64 100 14.35
2-41 0.165 40 100 373 2942 30.88 2.61 100 11.55
2-42 0.165 40 100 373 2942 30.88 2.61 100 11.00
2-51 0.167 40 100 230 3481 33.13 2.71 100 9.85
2-52 0.167 40 100 230 3481 33.13 2.71 100 9.50
2-61 0.167 40 100 230 3481 33.13 2.71 100 8.80
2-62 0.167 40 100 230 3481 33.13 2.71 100 9.25
2-71 0.167 40 100 230 3481 33.13 2.71 100 7.65
2-72 0.167 40 100 230 3481 33.13 2.71 100 6.80
2-81 0.167 40 100 230 3481 63.25 3.87 100 7.75
2-82 0.167 40 100 230 3481 63.25 3.87 100 8.05
2-91 0.167 40 100 230 3481 30.88 2.61 100 6.75
2-92 0.167 40 100 230 3481 30.88 2.61 100 6.80
2-101 0.111 40 100 230 3481 31.63 2.64 100 7.70
2-102 0.111 40 100 230 3481 33.13 2.71 100 6.95

Ren [23] DLUT15-2G 0.507 20 150 83.03 3271 28.70 2.50 150 5.81
DLUT15-5G 0.507 50 150 83.03 3271 28.70 2.50 150 10.60
DLUT15-7G 0.507 80 150 83.03 3271 28.70 2.50 150 18.23
DLUT30-1G 0.507 20 100 83.03 3271 45.30 3.22 150 4.63
DLUT30-2G 0.507 20 150 83.03 3271 45.30 3.22 150 5.77
DLUT30-3G 0.507 50 60 83.03 3271 45.30 3.22 150 9.42
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Table A.1(continued)

Source Specimen FRP plate Concrete prismb Ultimate
load Pu (kN)

Thickness
t f (mm)

Width
b f
(mm)

Bond
length L
(mm)

Elastic
modulus
E f
(GPa)

Tensile
strength
f f
(MPa)

Cube
strength
fcu
(MPa)

Tensile
strength
ft
(MPa)

Width
bc
(mm)

DLUT30-4G 0.507 50 100 83.03 3271 45.30 3.22 150 11.03
DLUT30-6G 0.507 50 150 83.03 3271 45.30 3.22 150 11.80
DLUT30-7G 0.507 80 100 83.03 3271 45.30 3.22 150 14.65
DLUT30-8G 0.507 80 150 83.03 3271 45.30 3.22 150 16.44
DLUT50-1G 0.507 20 100 83.03 3271 55.50 3.60 150 5.99
DLUT50-2G 0.507 20 150 83.03 3271 55.50 3.60 150 5.90
DLUT50-4G 0.507 50 100 83.03 3271 55.50 3.60 150 9.84
DLUT50-5G 0.507 50 150 83.03 3271 55.50 3.60 150 12.28
DLUT50-6G 0.507 80 100 83.03 3271 55.50 3.60 150 14.02
DLUT50-7G 0.507 80 150 83.03 3271 55.50 3.60 150 16.71
DLUT15-2C 0.33 20 150 207 3890 28.70 2.50 150 5.48
DLUT15-5C 0.33 50 150 207 3890 28.70 2.50 150 10.02
DLUT15-7C 0.33 80 150 207 3890 28.70 2.50 150 19.27
DLUT30-1C 0.33 20 100 207 3890 45.30 3.22 150 5.54
DLUT30-2C 0.33 20 150 207 3890 45.30 3.22 150 4.61
DLUT30-4C 0.33 50 100 207 3890 45.30 3.22 150 11.08
DLUT30-5C 0.33 50 100 207 3890 45.30 3.22 150 16.10
DLUT30-6C 0.33 50 150 207 3890 45.30 3.22 150 21.71
DLUT30-7C 0.33 80 100 207 3890 45.30 3.22 150 22.64
DLUT50-1C 0.33 20 100 207 3890 55.50 3.60 150 5.78
DLUT50-4C 0.33 50 100 207 3890 55.50 3.60 150 12.95
DLUT50-5C 0.33 50 150 207 3890 55.50 3.60 150 16.72
DLUT50-6C 0.33 80 100 207 3890 55.50 3.60 150 16.24
DLUT50-7C 0.33 80 150 207 3890 55.50 3.60 150 22.80

Ueda etal. [22] Ueda_A1 0.11 50 75 230 3479 29.74 2.55 100 6.25a

Ueda_A2 0.11 50 150 230 3479 52.31 3.48 100 9.2a

Ueda_A3 0.11 50 300 230 3479 52.31 3.48 100 11.95a

Ueda_A4 0.22 50 75 230 3479 55.51 3.60 100 10.00a

Ueda_A5 0.11 50 150 230 3479 54.36 3.56 100 7.30a

Ueda_A6 0.165 50 65 372 2940 54.36 3.56 100 9.55a

Ueda_A7 0.22 50 150 230 3479 54.75 3.57 100 16.25a

Ueda_A8 0.11 50 700 230 3479 54.75 3.57 100 11.00a

Ueda_A9 0.11 50 150 230 3479 51.03 3.43 100 10.00a

Ueda_A10 0.11 10 150 230 3479 30.51 2.59 100 2.40a

Ueda_A11 0.11 20 150 230 3479 30.51 2.59 100 5.35a

Ueda_A12 0.33 20 150 230 3479 30.51 2.59 100 9.25a

Ueda_A13 0.55 20 150 230 3479 31.67 2.64 100 11.75a

Ueda_B1 0.11 100 200 230 3479 31.67 2.64 500 20.60
Ueda_B2 0.33 100 200 230 3479 52.44 3.49 500 38.00
Ueda_B3 0.33 100 200 230 3479 58.85 3.71 500 34.10

Wu etal. [13] D-CFS-150-30a 0.083 100 300 230 4200 58.85 3.71 100 12.20a

D-CFS-150-30b 0.083 100 300 230 4200 73.85 4.21 100 11.80a

D-CFS-150-30c 0.083 100 300 230 4200 73.85 4.21 100 12.25a

D-CFS-300-30a 0.167 100 300 230 4200 73.85 4.21 100 18.90a

D-CFS-300-30b 0.167 100 300 230 4200 73.85 4.21 100 16.95a

D-CFS-300-30c 0.167 100 300 230 4200 73.85 4.21 100 16.65a

D-CFS-600-30a 0.333 100 300 230 4200 73.85 4.21 100 25.65a

D-CFS-600-30b 0.333 100 300 230 4200 73.85 4.21 100 25.35a

D-CFS-600-30c 0.333 100 300 230 4200 73.85 4.21 100 27.25a

D-CFM-300-30a 0.167 100 300 390 4400 73.85 4.21 100 19.50a

D-CFM-300-30b 0.167 100 300 390 4400 73.85 4.21 100 19.50a

D-AR-280-30a 1 100 300 23.9 4400 73.85 4.21 100 12.75a

D-AR-280-30b 1 100 300 23.9 4400 73.85 4.21 100 12.85a

D-AR-280-30c 1 100 300 23.9 4400 73.85 4.21 100 11.90a

S-CFS-400-25a 0.222 40 250 230 4200 73.85 4.21 100 15.40
S-CFS-400-25b 0.222 40 250 230 4200 73.85 4.21 100 13.90
S-CFS-400-25c 0.222 40 250 230 4200 73.85 4.21 100 13.00

(continued on next page)
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Table A.1(continued)

Source Specimen FRP plate Concrete prismb Ultimate
load Pu (kN)

Thickness
t f (mm)

Width
b f
(mm)

Bond
length L
(mm)

Elastic
modulus
E f
(GPa)

Tensile
strength
f f
(MPa)

Cube
strength
fcu
(MPa)

Tensile
strength
ft
(MPa)

Width
bc
(mm)

S-CFM-300-25a 0.167 40 250 390 4400 73.85 4.21 100 12.00
S-CFM-300-25b 0.167 40 250 390 4400 73.85 4.21 100 11.90
S-CFM-900-25a 0.5 40 250 390 4400 73.85 4.21 100 25.90
S-CFM-900-25b 0.5 40 250 390 4400 73.85 4.21 100 23.40
S-CFM-900-25c 0.5 40 250 390 4400 73.85 4.21 100 23.70

a Double-shear test;Pu is equal to half of the total applied load at failure.
b If the literature provides only the cylinder strength, thenfcu = f ′

c/0.78. The tensile strength was found usingft = 0.395( fcu)
0.55 according to the

Chinese code [24]. The elastic modulus which is not listed in the table was found usingEc = 100 000
2.2+34.74/ fcu

according to the same code when needed.
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B.1. Izumo’s model

The bond strength model proposed by Izumo [32] is given
by

Pu = (3.8 f ′2/3
c + 15.2)L E f b f t f × 10−3

for carbon fibre sheets

and

Pu = (3.4 f ′2/3
c + 69)L E f b f t f × 10−3

for aramid fibre sheets.

B.2. Sato’s model

The bond strength model given by Sato [32] is described
by the following equations:

τu = 2.68 f ′0.2
c t f E f × 10−5

Le = 1.89(E f t f )
0.4

if Le > L, thenLe = L

Pu = (bf + 2�b)Leτu

�b = 3.7 mm is the working width of concrete.

B.3. Iso’s model

The bond strength model proposed by M. Iso [32] is given
by

τu = 0.93 f ′0.44
c

Le = 0.125(E f t f )
0.57

Pu = τu × bf × Le

where if Le = L if Le > L.

B.4. Yang’s model

The bond strength model proposed by Yang et al. [33] is

Pu =
(

0.5 + 0.08

√
E f t f

100ft

)
bf Leτu
where

τu = 0.5 ft
Le = 100 mm.
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