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Development of the Nonlinear Bond Stress–Slip Model
of Fiber Reinforced Plastics Sheet–Concrete Interfaces

with a Simple Method
Jianguo Dai1; Tamon Ueda2; and Yasuhiko Sato3

Abstract: A new analytical method for defining the nonlinear bond stress–slip models of fiber reinforced plastics(FRP) sheet–concre
interfaces through pullout bond test is proposed. With this method, it is not necessary to attach many strain gauges on the FR
obtaining the strain distributions in FRP as well as the local bond stresses and slips. Instead, the local interfacial bond stress-
can be simply derived from the relationships between the pullout forces and loaded end slips. Based on a series of pullout tes
stress–slip models of FRP sheet–concrete interfaces, in which different FRP stiffness, FRP materials(carbon FRP, aramid FRP, and gl
FRP), and adhesives are used, have been derived. Only two parameters, the interfacial fracture energy and interfacial duc
which can take into account the effects of all interfacial components, are necessary in these models. Comparisons betwee
results and experimental ones show good accordance, indicating the reliability of the proposed method and the proposed bon
models.

DOI: 10.1061/(ASCE)1090-0268(2005)9:1(52)

CE Database subject headings: Fiber reinforced plastics; Concrete, reinforced; Bonding strength; Sheets.
o

. With
s re-

ele-
terfa-
ncrete
ole in
tures
bond
n for
e bon

the
ing a
on the
ed by
diffi-

faces
hort
al
rly,
mall,
ggre-
There-

the
the

test
FRP

P
tudies
rfa-

layer

crete
. Test
l.

997,
r
s
r

ies,
e been

ter-

ical
mail:

ical
mail:

nical
mail:

must
one
itor.
sible
paper
Introduction

Bonding fiber reinforced plastic(FRP) sheets externally t
strengthen the existing deficient reinforced concrete(RC) struc-
tures has become a popular technology in the past decade
the rapid development of this new technology, many issue
lated to the structural performances of FRP strengthened RC
ments have been studied. Among them, the study on the in
cial bond between the externally bonded FRP sheets and co
may be the most fundamental one because it plays a key r
the composite performances and the durability of RC struc
after being strengthened. In order to evaluate the interfacial
mechanisms quantitatively and carry out numerical simulatio
FRP sheets strengthened RC structures, defining an accurat
stress–slipst-sd relationship has become a main task among
bond issues studied in the past. The conventional way of find
t-s relationship for FRP sheets bonded to concrete depends
strain distributions of FRP and local bond stresses measur
many strain gauges mounted on FRP sheets. However, it is
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cult for us to apply this method for FRP sheet–concrete inter
because of the difficulty in arranging many gauges in a s
effective load transfer length. The high scatter nature of loct
-s relationships is another difficulty that is faced. Particula
local bending of FRP sheets, whose bending stiffness is s
introduces significant bending strains in FRP and coarse a
gates in a concrete surface layer are causes of the scatter.
fore, the objectives of this study are as follows:
1 To develop a simple but rigorous analytical way to derive

local t-s relationship based on the relationship between
pullout loads and slips at the loaded end in a pullout
rather than the observations on the strain distributions of
sheets and local bond stress behaviors.

2 To propose the nonlinear interfacialt-s relationships for FR
sheet–concrete interfaces based on the experimental s
and the proposed method, in which the effects of all inte
cial materials including concrete, FRP, and adhesive
can be taken into account.

Literature Review

A fairly large amount of bond tests for the FRP sheet–con
interfaces under shear have been carried out in the past
methods include single lap pullout test method(Chajes et a
1996; Täljsten 1997; Bizindavyi and Neale 1999), double lap
pullout bond tests(Brosens and Gemert 1997; Sato et al. 1
Yoshizawa et al. 2000; Sato et al. 2000; Nakaba et al. 2001), shea
bending tests(Leung 2001; Lorenzis et al. 2001); and bond test
for the critical strain energy release rate(Karbhari and Enginee
1996; Fukuzawa et al. 1997). Through those experimental stud
the bond mechanisms of FRP sheet–concrete interfaces hav
clarified in the following aspects:

Bond strength: The bond strength of FRP sheet–concrete in

faces has been studied most intensively. The FRP sheet–concrete
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interface fails mostly at a thin layer beneath the concrete su
As a result, the concrete surface condition and strength are c
factors affecting the interfacial bond strength. The concrete
face treatment methods have been studied experimentally(Chajes
et al. 1996) and quantified in details by using three-dimensio
profile method to evaluate the concrete surface roughness
(Mitsui et al. 2000). At present, sandblasting is the most comm
surface treating method that is being adopted in many resea
and accepted in practical sites. Chajes et al.(1996), Horiguchi
(1997), and Sato et al.(2000) studied the effects of concre
strength fc8 and concluded that the average interface b
strengths, which are the ultimate pullout forces divided by b
areas between FRP sheets and concrete, are linearly propo
to fc8

1/2, fc8
2/3, and fc8

1/5 respectively.
Besides the concrete property, the FRP and adhesive prop

affect the interface bond strength as well. In general, using h
FRP stiffness(Brosens and Gemert 1997; Bizindavyi et al. 19
Yoshizawa et al. 2000; Lorenzis et al. 2001; Nakaba et al. 2)
and softer adhesives(Nishida et al. 1999; Dai et al. 2002) can
increase the average bond strength. Chen and Teng(2001) re-
viewed the current models for predicting the bond strengt
FRP sheet–concrete interface with different bond lengths.
classified all the models into three categories: empirical mo
based directly on the regression of test data, models bas
fracture mechanics, and models meant directly for design
poses, which generally make use of some simple assumptio

Interfacial fracture energy: The interfacial fracture energyGf,
which is the area underneath the interfacial bond stress
curve, is an important parameter for the bond characteri
Based on different types of interfacial bond stress–slip rela
ships, Yuan et al.(2001) proved that the maximum interfac
bond force can be expressed as a function of theGf and FRP
stiffness(elastic modulus3 thickness). Due to the clear physic
meaning of theGf, it is very useful to apply it in numeric
analysis for deriving bond strength and anchorage length m
as well as for clarifying the debonding failure mechanism
FRP sheet–concrete interfaces in more comprehensive way(Yin
and Wu 1999, Wu and Yin 2002). TheGf is usually expressed
a function of concrete tensile strength(Brosens and Geme
1999). However, the effects of adhesive layer on theGf have bee
hardly reported.

Effective bond length: There exists an active bonding zo
named as the effective bond lengthLe, along which most of th
interfacial load is transferred between FRP sheets and con
When the bond length of FRP sheet–concrete interfaces ex
the Le, the bond strength will not increase significantly a
longer. With a few exceptions(Maeda et al. 1997), it was reported
that the effective bond length increases with the stiffness of
sheets. Nevertheless, due to the different definitions given b
ferent researchers and the different materials used in their
the effective bond length was reported in a fairly big range,
as 45 mm(Sato et al. 1997), 75 mm (Miller and Nanni 1999),
93 mm (Lorenzis et al. 2001), 100 mm (Ueda et al. 1999),
63.5–134.5 mm(Nakaba et al. 2001), and 275 mm(Brosens an
Gemert 1997). Yuan et al.(2001) gave a theoretical expression
the effective bond length(defined as the bond length undertak
the 97% of whole interfacial load) based on the assumed inter
cial fracture energy and interfacial bilineart-s relationship.

Bond stress–slipst-sd relationship: As the most fundament
constitutive laws that characterize the bond of FRP sh
concrete interfaces, several empiricalt-s relationships have bee

proposed as follows:
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1. Elastoplastic model by Sato et al.(1997) and Lorenzis et a
(2001);

2. Bilinear model based on the interfacial fracture energGf

(Yoshizawa et al. 2000);
3. Model based on Popovic’s expression by Nakaba e

(2001); and
4. Shear softening model by Sato et al.(2000).

The above-mentioned models configure the shapes of tht-s
relationships in different ways(see the comparison in Fig. 1). The
concrete strength is assumed as a constant value 35 MPa
models shown in Fig. 1 for the comparing purpose. Although
elastic modulus of the adhesives in those studies for model d
oping are similar, it can be seen that fairly big differences e
among those models. Those differences may be due to th
similar interfacial material properties(e.g., FRP stiffness) or the
bonding skills(the deviations of concrete surface conditions
the adhesive’s thickness) applied in different studies. Besides th
the fairly big scattering among the experimentally observed
stress–slip relationships at different interfacial locations(to be
shown in the next section) may be another factor, which affe
the decisions on the shapes of thet-s relationships and the ca
bration of the needed empirical parameters. The FRP s
concrete interface is composed of FRP sheets, adhesive laye
concrete, each one of which affects the interfacial mecha
properties. To consider these effects, calibrating many emp
parameters in an unknownt-s relationship without consideratio
of their corresponding physical meanings is a very complex
Up to now it can be said that the interfacial bond mechan
between FRP sheets and concrete have been clarified qualit
in some extent. However, in order to carry out accurate qua
tive simulation for the FRP sheet-concrete interfaces, the w
determining at-s relationship should be further improved.

Experimental Outline

A single-lap pullout test setup(see Fig. 2) including: a thick stee
basement fixed to strong floor through four prestressed
strength bolts, a steel box connected to the steel basement th
two lines of steel bolts, concrete block with the size of
32003400 mm, FRP sheets externally bonded to the con
block, and connectors between the end of the FRP sheet
actuator, was applied in the study. In the concrete block,
plastic pipes with diameter of 30 mm were pre-set vertically
that the concrete block could be fixed on the steel box symm

Fig. 1. Previous bond stress-slip relationships of fiber reinfo
plastic sheet–concrete interfaces
cally and stably through four steel bolts. The connectors between
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the FRP sheets and the actuator contain two directional hi
ensuring that the end of the FRP sheets can be rotated fre
avoid bending or torsion effect.

The width of FRP sheets is 100 mm. In order to exert unif
tensile forces to the FRP sheets, two steel plates were adhe
both sides of FRP sheets. Two additional bolts were used t
hance the bond between FRP sheets and steel plates to av
bond failure in FRP sheet–steel plate interfaces ahead of th
FRP sheet–concrete interfaces. The attached area of FRP sh
steel plates is 1003100 mm. In order to avoid local damage
the concrete block, an unbonded lengths50 mmd was set by usin
vinylon tape to separate the concrete surface from the FRP s
It is very important to keep the midline of the FRP sheets v
cally, on which the center of actuator is located. To achieve
purpose, the location of the concrete block was carefully adju
on the steel box.

During the pullout test procedures, the displacement co
loading system was applied. LVDT transducers were set at
the loaded and free ends of the bond area to obtain the re
slips between the FRP sheets and concrete. The load cell a
transducers were connected to the data logger then the loa
slip signals were recorded simultaneously by a computer.

Four types of adhesives(including one type of primer) and
three types of FRP sheets were applied in the study. The mec
cal properties of adhesives and FRP sheets and the informat
manufacturers are shown in Tables 1 and 2 respectively. D
the obvious nonlinearity when the adhesive becomes softe(see
the tensile stress–strain relationships of adhesives in Fig. 3), the
initial elastic modulus adhesives is defined as the average s
modulus while the strain lies between 0.0005 and 0.0025(JIS
1995). Both the elasticity modulus and thickness of bond la
affect the interfacial bond properties(Lee et al. 1999; Tripi et a
2000; Dai et al. 2002). Therefore, the property of bond layer c
be quantified using its shear stiffness(shear modulus/thickness) as
follows:

Table 1. Mechanical Properties of Fiber Rein Forced Plastics Mate

Fiber Type
r

sg/m3d
f t

(MPa)
Ef

(GPa)
tf

(mm)
«u

(%)

Carbon FTS-C1-20 200 3,550 230 0.11 1

Aramid AT-90 530 3,030 84 0.38 2.4

Glass FTS-GE-30 300 1,500 74 0.12 2

Note: r=fiber density; f t=tensile strength;Ef =elastic modulus;tf

=thickness;«u=fiber fracturing strain; FTS-C1-20 and FTS-GE-30 sh
were offered by Nippon Steel Composite Co. Ltd; AT-90 was offere

Fig. 2. Pullout test setup
Nippon Aramid Co. Ltd.
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Ga

ta
=

GpGad

Gptad+ Gadtp
, Gp =

Ep

2s1 + gpd
, Gad=

Ead

2s1 + gadd
s1d

whereGa=shear modulus of adhesive layer;ta=thickness of ad
hesive layer;Ep, Ead, tp, tad, andgp,gad=elasticity modulii, thick
nesses and Poisson ratios of the primer and the adhesive
respectively. As indicated in Eq.(1), the shear stiffness of bo
layer is that of a combined layer of primer and adhesive.

To obtain the accurate geometrical information about the
hesive layer, the FRP sheets attached with failed concrete
processed after the pullout tests. Then the thickness of
bonding layer(primer and adhesive layer) was measured unde
microscope(see Fig. 4). After that the shear stiffness of adhesi
could be calculated through Eq.(1) (see the values in Table 3).
Ready-mixed concrete with the tested compressive streng
35 MPa was prepared in order to keep a same strength f
specimens. Moreover, in order to observe the whole peelin
procedures, the bond length of 330 mm was applied.

A wet-lay-up bonding system was applied in the study. H
ever, to avoid a decreasing of the tensile strength of FRP s
induced by the resin matrix with low elasticity modulus(e.g.
CN-100), the resins used in FRP layers and the adhesive l
were different(see Fig. 4). Adhesive FR-E3P, which is comm
cially used as the resin matrix and the bonding adhesive of c
fiber sheets, was applied as the resin matrix of FRP in all s
mens. The primer FP-NS was used in the bonding procedu
all specimens. After the adhesive bond layer was cured for
resin FR-E3P was used to form FRP layers as shown in F
The details of the specimens can be found in Table 3.

Analysis on Test Results

Description of the Methodology

Generally, in order to obtain the local bond stress–slip rela
ships of FRP sheet–concrete interfaces from the direct pu
bond test, many strain gauges should be attached with a
interval s10–20 mmd on the surfaces of FRP sheets(JCI 1998).
As a result, the strain distribution of FRP sheets along the
faces corresponding to every step load can be obtained. F
shows the sketch of a single lap pullout bond test setup. Su
that the interval of gauges is a constant valueDx, the local bond
stress can be obtained using the following expression:

ti =
Eftfs«i − «i−1d

Dx
s2d

whereti =average interfacial bond stress in the sectioni; «i and
«i−1=strain values of theith andi −1th gauges arranged on a F
sheets respectively;Ef and tf =elastic modulus and thickness
the FRP sheets, respectively.

The local slip is caused by the strain difference between
sheets and concrete. The strain of concrete can be neglect
the free end slip can be regarded approximately as zero i
case of using a long bond length. So the local slip can be
pressed as

si =
Dx

2
S«0 + 2o

j=1

i−1

« j + «iD s3d

wheresi =local slip between FRP sheets and concrete at the

tion i; «0=strain of FRP sheets at the free end of bond area.
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« js j=1,id is the strain value of thej th gauge arranged on the F
sheets.

Fig. 6 is a paradigm of obtained strain distributions of sp
men CR1L1(with adhesive FR-E3P and one layer of FRP sh)
in a previous study(Dai et al. 2002). Using Eqs.(2) and (3), the
local t-s relationships at different locations from the loaded p
in a pullout test can be derived as shown in Fig. 7. Obvio
fairly big irregular differences among thoset-s relationships ar
observed at different interfacial locations. The similar experim
tal observations can be found in other literatures(Yoshizawa et a
2000; Sato et al. 2000; Nakaba et al. 2001). This fairly big varia-
tion probably is the main reason why different shapes of b
stress–slip relationships were proposed or why researchers
a simplified bilinear bond stress–slip model even though nu
ous pullout bond tests for FRP sheet–concrete interfaces
indicated that more reasonable configurations are needed. A
factors such as the distribution of fine and coarse aggre
along the concrete surface, the concrete volume attached to
sheets after the initial damage of concrete, and the local be
of FRP sheets or the local mixed-mode failure of concrete
contribute to the final scattering. It is not convincing to pick
one of these localt-s relationships to represent the overall one
order to clarify the local interfacial bond mechanisms exa
simulating the bonding among coarse aggregates, mortars,
sives, and FRP sheets at a microscopic level may be a
precise way. However, it is much more difficult to get
microscopic-level constitutive model of the interface. Dai
Ueda (2003) proposed a backcalculation method, which tried
minimize the differences between the experimentally obse
strain distributions and the analytical ones, to calibrate the
known parameters needed for an assumed bond-stress slip
optimally. Nevertheless, the analytical results on the unkn
parameters rely much on the selected shape of thet-s relation-
ships. In the following, an improved method on how to ob

Fig. 3. Tensile stress-strain relations of adhesives

Table 2. Material Properties of Adhesives

Types of
adhesives

Density
sg/cm3d

Resins/hardener
by weight

Elastic modulus
(GPa)

P

CN-100 1.13 1:1 0.39

SX-325 1.15 2:1 1.0

FR-E3P 1.17 2:1 2.41

FP-NS(primer) 1.16 2:1 2.45

Note: Tests for adhesives were carried out by Sho-bond Co. Ltd., J
was offered by Nippon Toho Earth-Tech. Co. Ltd; and CN-100 was
JOURNAL OF COMPOSITE
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interfacial t-s relationships without the necessity to record
strain distributions of FRP sheets is to be discussed.

At any location of a FRP sheet–concrete bond interface u
the boundary condition of zero free end slip, which can be
proximately attained using a longer bond length, there exi
unique t-s relationship and a unique relationship between
strain of FRP sheets and interfacial slip(Shima et al. 1987). The
latter can be expressed as follows:

« = fssd s4d

where «=strain of FRP sheets at any location ands
=corresponding slip at that location.

A first-order differential calculus of« to x yields the following
equation:

d«

dx
=

dfssd
ds

ds

dx
=

dfssd
ds

« =
dfssd

ds
fssd s5d

Therefore, for FRP sheet–concrete interfaces, the interfacial
stress can be expressed as

t = Eftf

d«

dx
= Eftf

dfssd
ds

fssd s6d

whereEftf =stiffness of FRP sheets(elastic modulus3 thickness).
It can be seen from Eqs.(4)–(6) that the bond stress–slip

lationship can be determined if the relationship between
strain of FRP sheets and local slip is defined. During the pu
test, the pullout forces and the slips at the loaded end ca
measured accurately through load cell and displacement
ducer. As a result, the relationship between the strains of
sheets and the slips at the loaded end, in other word, the fun
of fssd can be obtained directly from the simple pullout tests

Figs. 8(a–e) are the experimentally observed relationships
tween the strains of FRP sheets and the interfacial slips a
loaded ends of FRP sheet–concrete interfaces, which in

Fig. 4. Microscopic observation of fiber reinforced plastic sh
after pullout test(CR3L1)

n’s
Tensile
strength
(MPa)

Flexural
strength
(MPa)

Gel
time
(min)

Viscosity
smPa·s/25°Cd

Setting time
sh/20°Cd

5 11.8 3.7 50 1,800 7.5

8 15.9 29.6 48 32,000 12

8 44.7 39.0 20 40,000 18

8 48.1 39.0 .20 ,3,000 28

FR-E3P and FP-NS were offered by Nippon Steel Composite Co.
d by Nippon Toho Resin Chemical Co. Ltd.
oisso
ratio

0.4

0.3

0.3

0.3
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cases of different FRP stiffnesses, different adhesive type
different types of FRP materials. It is found that the expone
expression(see the following equation) can fit the experiment
results very well(the values of correlative factorsR2 between th
strains in FRP sheets and the slips at loaded ends lie be
0.975 and 0.997 for all specimens as shown in Table 3):

Table 3. Details of Specimens and Pullout Bond Test Results

Specimen
codesa

Ga/ ta
(GPa/mm)

Eftf

(kN/mm)
A

s«d
B

mm−1
Gf

(N/mm)

CR1L1 0.97 25.3 0.00904 10.79 1.034

CR1L1 1.14 25.3 0.01046 10.44 1.384

CR1L1 1.14 25.3 0.00908 10.38 1.043

CR1L2 0.97 50.6 0.00664 10.01 1.115

CR1L2 1.14 50.6 0.00682 11.34 1.177

CR1L2 1.14 50.6 0.00732 9.04 1.356

CR1L3 0.97 75.9 0.00509 10.91 0.983

CR1L3 1.14 75.9 0.00554 11.13 1.165

CR1L3 1.14 75.9 0.00525 12.25 1.042

CR1L3 1.14 75.9 0.00496 11.69 0.930

AR1L1 0.99 18.6 0.01260 9.83 1.476

AR1L2 0.97 31.8 0.00955 9.47 1.450

AR1L3 0.97 73.6 0.00606 10.18 1.351

GR1L1 0.97 8.7 0.01443 9.66 NA

GR1L3 0.97 32.0 0.00848 8.12 1.444

GR1L5 0.97 43.7 0.00732 11.13 1.171

CR2L1 0.49 25.3 0.01124 6.24 1.598

CR2L2 0.49 50.6 0.00809 5.66 1.656

CR2L3 0.49 75.6 0.00596 6.71 1.343

AR2L3 0.49 73.6 0.00668 6.26 1.642

GR2L3 0.49 32.0 0.00869 7.70 1.208

CR3L1 0.20 25.3 0.01791 2.07 NA

CR3L2 0.20 50.6 0.00980 2.39 2.430

CR3L3 0.20 75.6 0.00732 3.06 2.205

AR3L3 0.20 73.6 0.00923 2.24 3.135

GR3L3 0.20 26.2 0.01820 1.70 NA

Note:Ga=shear modulus of adhesive;ta=thickness of adhesive layer;Ef =
used for the relations between the strain of FRP sheet and slip at lo
smax=slip corresponding to the maximum bond stress; NA=data is
FRP sheets.
axRyL1=piles of fiber reinforced plastic(FRP) sheets where x=C: CF
and CN-100, respectively.
bCF=concrete failure and FF=FRP fracture.

Fig. 5. Single lap pullout test
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« = fssd = As1 − exps− Bsdd s7d

where A and B=experimental parameters(the values for eac
specimen are given in Table 3). Therefore

dfssd/ds= ABexps− Bsd s8d

Once Eqs.(7) and(8) are substituted into Eq.(6), the bond stress
slip relationship can be obtained as follows:

t = A2BEftf exps− Bsds1 − exps− Bsdd s9d

The interfacial fracture energyGf is defined as

Gf =E
0

`

t ds s10d

By substituting Eq.(9) into Eq. (10), the following equations ca
be obtained:

Gf = 1
2A2Eftf s11d

tmax

(MPa)
smax

(mm)
Pmax

kN (Expt.)
Pmax

kN (Anal.)
Pmax

(Anal./Expt.)
Failure
modeb

5 5.58 0.064 23.4 22.9 0.98

6 7.22 0.066 23.1 26.5 1.15

2 6.80 0.053 24.9 22.3 0.92

1 5.58 0.069 33.5 33.6 1.00

2 6.67 0.061 39.3 34.5 0.88

1 6.13 0.077 39.3 37.0 0.94

5 5.36 0.064 42.9 38.6 0.90

7 6.47 0.057 38.4 42.1 1.10

7 6.40 0.062 38.4 39.7 1.03

4 5.45 0.059 36.9 37.5 1.02

6 7.26 0.070 25.5 23.4 0.92

9 6.87 0.073 33.6 30.4 0.90

0 6.88 0.068 39.9 44.6 1.12

NA 0.072 13.5 NA NA F

5 4.88 0.062 28.6 27.1 0.95

0 6.52 0.062 33.4 32.0 0.96

3 4.99 0.111 28.1 28.4 1.01

7 4.68 0.123 43.2 40.9 0.95

3 4.51 0.103 47.4 45.1 0.95

9 5.14 0.111 47.1 49.2 1.04

6 4.65 0.090 31.0 27.8 0.90

4 NA 0.335 31.8 NA NA F

6 2.91 0.290 47.7 49.6 1.04

3 2.81 0.227 57.6 55.3 0.96

1 3.52 0.309 60.9 67.9 1.12

6 NA 0.408 33.4 NA NA F

c modulus of FRP;tf =thickness of FRP;A, B=two regressing paramete
end of bond area;R2=regressing correlative factor;tmax=maximum bond stres
ocessed because the failure is caused not by the peeling but by th

AFRP; G: GFRP and y=adhesive type; 1, 2 and 3 means FR-E3P
R2

0.98

0.99

0.98

0.99

0.99

0.99

0.97

0.98

0.98

0.99

0.98

0.97

0.99

0.989

0.99

0.98

0.99

0.99

0.99

0.98

0.98

0.98

0.97

0.99

0.99

0.99

elasti
aded
not pr

RP; A:
Then the following expression for A is obtained:
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ong rent
Fig. 6. Strain distribution of fiber reinforced plastic sheets al
bond interface(CR1L1)
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Fig. 7. Calculated local bond stress-slip relationships at diffe
locations from loaded end(CR1L1)
Fig. 8. Experimental and regressed strain-slip curves at loaded ends(a) CFRP, stiffness: 25.3 kN/mm;(b) CFRP, stiffness: 50.6 kN/mm;(c)
CFRP, stiffness: 75.9 kN/mm;(d) AFRP, stiffness: 18.6–73.6 kN/mm; and(e) GFRP, stiffness: 8.7–43.7 kN/mm
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A =Î2Gf

Eftf
s12d

For FRP sheets bonded to concrete under pullout load
theoretical maximum interfacial pullout force can be expresse
follows:

Pmax= bfEftf«max= bfEftf lim
s→`

As1 − exps− Bsdd = bfEftfA

s13d

where bf =bond width of FRP sheets with concrete; and«max

=maximum strain of FRP sheets corresponding to the maxi
pullout force.

The comparisons between the calculated maximum pu
forces based on the regressedA [see Eq.(13)] and the experimen
tal ones are shown in Fig. 9. It can be seen that good agree
can be reached. The agreement implies that the theoretical
mum interfacial pullout force predicted based on the assum
of zero end slip boundary condition can be reached through
the bond length of 330 mm in the experiment

With the substitution of Eq.(12), Eq. (13) can become

Pmax= bfEftfA = bf
Î2EftfGf s14d

Based on energy method or force equilibrium method, Eq.(14)
was derived by many researchers(Täljsten et al. 1997; Yuan et a
2001) and now is applied widely in predicting the ultimate bo
forces of FRP sheet–concrete interfaces. And also, throug
perimental study, the writers found that Eq.(14) is applicable fo
all types of FRP materials regardless of the differences in
elastic modulus(Dai et al. 2002; Dai and Ueda 2003).

The shear stress flows can spread to the concrete in the v
of both sides of FRP sheets if the FRP sheets are attach
concrete whose width is wider than theirs. That makes the e
tive interfacial contact areas wider than the real ones. The w
observed the effects of bond width of FRP sheets(from 1–20 cm)
on the average bond strength in the previous studies(Sato et al
2000). The experimentally obtained bond force per unit width
FRP sheetssPmax/bfd is generally high when the width of FR
sheets used in the tests is narrow. When the bond width ex
10 cm, the value ofPmax/bf becomes almost constant. An ad
tional width 2Dbf (Dbf is taken as 3.7 mm) can be added to th
original bond widthbf for calculating the interfacial bond streng
and quantifying the bond width’s effects(Sato et al. 2000). Here a

Fig. 9. Comparison between analytical and experimental maxim
pullout loads
same 2Dbf is introduced into Eq.(14). Through that the backcal-

58 / JOURNAL OF COMPOSITES FOR CONSTRUCTION © ASCE / JANUAR

Downloaded 02 Jan 2010 to 58.240.39.115. Redistribution subject to ASC
t

culatedGf from obtainedPmax will not depend on the FRP she
width used in the test. Therefore, Eq.(14) can be modified a
follows:

Pmax= sbf + 2DbfdÎ2EftfGf s15d

From Eq.(15) it can be known that the interfacial load carry
capacity is determined by the interfacial fracture energy and
stiffness. Increasing both the fracture energy and FRP stif
(by increasing either the amount or elastic modulus of FRP
terials) can improve the ultimate interfacial load carrying cap
ity. Similarly, the usable strain(strength) of FRP sheets is dete
mined by the interfacial fracture energy and the FRP stiffne
well [see Eq.(12)]. High interfacial fracture energy can incre
the usable strength or strength efficiency of FRP sheets; how
high FRP stiffness cannot. Therefore, in order to utilize the
materials more efficiently in consideration of their decreasing
still higher costs, besides ensuring the concrete surface q
more effects should be put on to find optimum adhesive lay
improve the interfacial fracture energy.

Discussion on the Interfacial Fracture Energy
and the Bond Stress–slip Relationships

With Eqs. (9) and (12), the interfacialt-s relationship can b
rewritten as

t = 2BGfsexps− Bsd − exps− 2Bsdd s16d

in which only two parameters, the interfacial fracture energGf

and another interfacial material constantB are needed for definin
the bond stress–slip relationship.

Let

dt/ds= − 2B2Gfsexps− Bsd − 2 exps− 2Bsdd = 0 s17d

The slipsmax corresponding to the maximum bond stresstmax, at
which dt /ds=0, can be determined as follows:

smax= ln 2/B = 0.693/B s18d

By substituting Eq.(18) into Eq. (16), the maximum bond stre
tmax can be obtained as well:

tmax= 0.5BGf s19d

For every specimen in the present study, the material constB
and the interfacial fracture energyGf can be obtained accordi
to the processes proposed in the previous section(see the resul
in Table 3). Then the values oftmax and smax are calculated an
shown in Table 3. For the normal adhesive(FRP-E3P), Nakaba e
al. (2001) observed experimentally that the values ofsmax lie be-
tween 0.052 and 0.087 mm, with which the analytical res
s0.053–0.077 mmd based on the present method show g
agreement. Based on the above-mentioned process, all the
bond stress–slip relationships derived from pullout tests
shown in Fig. 10. When the FRP fracture failure happens
obtainedt-s relationships are excluded because the peelin
process is interrupted and the interfacial fracture energy cann
calculated correctly. To get a unifiedt-s model in consideration o
the effects of all interfacial materials, the following paragra
give results of regression analysis for the two important pa
etersGf andB based on experimental results.

The interfacial fracture energyGf is affected by the properti
of concrete, adhesives and the FRP stiffness. It has been
tioned that, in the case of long bond lengths,Gf can be calculate
based on either the value ofA obtained from the regression ana

sis of the FRP sheet strain-slip curves at loaded ends[see Eq.
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Fig. 10. Experimentally found bond stress-slip relationships(a) adhesive FR-E3P;(b) adhesive SX-325; and(c) adhesive CN-100
Fig. 11. Effects of various parameters on interfacial fracture energy(a) concrete strength;(b) fiber reinforced plastic stiffness; and(c) adhesive
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(11)] or directly from the ultimate pullout forces[see Eq.(14)].
Therefore, the writers collected more experimental data o
ultimate pullout forces published by other researchers(Nakaba e
al. 2001; Yoshizawa et al. 2000) to evaluate the effects of co
crete strength and FRP stiffness onGf based on more experime
tal databases. Only the data with bond lengths exceeding 30
have been selected. Through Eq.(15) the effects of bond width o
the Gf can be eliminated. Fig. 11(a–c), show the effects of con
crete strength, FRP stiffness and adhesive properties on thGf,
respectively. Since the other researchers did not study the e
of adhesives, Fig. 11(c) only shows the test results of the pres
study. It can be found that the shear stiffness of adhesive
affects the interfacial fracture energy most[see Fig. 11(c)]. The
effect of the concrete strength is much less than that of the
sive [see Fig. 11(a)]. but slightly greater than that of the FR
stiffness[see Fig. 11(b)]. The lower shear stiffness adhesives
improve the interfacial fracture energy significantly due to t
good toughness(Dai et al. 2002; Dai and Ueda 2003). Through
regressing, the expression for the interfacial fracture energ
be obtained as follows:

Gf = 0.446sGa/tad−0.352fc
0.236sEftfd0.023 s20d

The values of another interfacial parameterB are obtained from
the regression analysis of the FRP sheet strain-slip curves
loaded end of each specimen in the present study. The effe
FRP stiffness and adhesives onB are shown in Figs. 12(a and b),
respectively. It can be seen thatB increases insignificantly wit
the FRP stiffness[see Fig. 12(a)] whereas increases remarka
with the shear stiffness of adhesive layer[see Fig. 12(b)].
Through a similar regressing way, the expression forB can be

Fig. 12. Effects of various parameters onB (a) fiber reinforced plas
tic stiffness and(b) adhesive
obtained as follows:
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B = 6.846sEftfd0.108sGa/tad0.833 s21d

Therefore, thet-s relationships of FRP sheet–concrete interfa
with different properties of FRP, adhesives, and concrete str
can be determined through the two calibrated parametersGf [Eq.
(20)] andB [Eq. (21)]. Fig. 13(a) shows the effects of FRP sti
ness on thet-s relationships. It can be seen that both the in
stiffness of thet-s relationships and the maximum bond stre
increase slightly with the increasing of FRP stiffness. Simila
fects of FRP stiffness on the maximum bond stress were inc
in the models proposed by Sato et al.(2000) and Lorenzis et a
(2001) in different extent. Tripi et al.(2000) also found that rela
tive displacements between the FRP sheets and concre
slightly affected by the elastic modulus of the sheets in
moire interferometric analysis. The effects of FRP stiffness o
interfacial stiffness and maximum bond stress may be caus
the different strain condition in the thin concrete layer next to
adhesives. In the case of using same adhesives, higher FR
ness brings lower strain level in the concrete.

The dependency ofGf andB on the FRP stiffness exists but
rather small[see Figs. 11(b) and 12(a)]. Therefore, in the case
using common adhesives such as FR-E3P, the expressioGf

=0.514fc
0.236 andB=10.4 mm−1 can be obtained for thet-s rela-

tionship [Eq. (16)] by averaging all experimental values with
consideration of the FRP stiffness’ effects and assuming tha
shear stiffness of the adhesive is the same[see Fig. 10(a)].

Fig. 13(b) gives a group oft-s relationships with differen
shear stiffness of adhesives but the same FRP stif
s50.6 kN/mmd and concrete strengths35 MPad. The comparison
between the experimentalt-s relationships and predicted ones
cases of using adhesives other than FR-E3P are shown in
10(b and c). It is obvious that the maximum interfacial bo
stress increases with the shear stiffness of adhesives. Wh

Fig. 13. Proposed bond stress-slip relationships(a) with different
fiber reinforced plastic stiffness and(b) with different adhesives
FRP stiffness is same, this increase is caused by high strain gra-
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dients in FRP sheets in the case of using high modulus adhe
(Nishida et al. 1999; Dai et al. 2002). In the present model, th
maximum bond stress decreases with the shear stiffness of
sive due to the significant decreasingB, although the interfacia
fracture energyGf can increase with the decreasing of adhesi
shear stiffness[see Eq.(19)].

In fact, the valueB can be regarded as an index of ductility
the t-s relationships, which is mainly affected by the adhe
properties. Better ductility means slower softening after the
bond stress. SmallerB means lower initial interfacial stiffness b
better interfacial ductility and vice versa. In other words, i
difficult to obtain higher interfacial stiffness and ductility sim
taneously. This shortcoming is caused by the inherent prop
of adhesives. However, it gives us a possibility to optimize
interface design according to the desirable structural pe
mances. Fig. 14 gives comparisons of the ultimate interf
loads predicted by the present proposedt-s model and the exper
mental data selected from the pullout tests of FRP sheet-con
interfaces with bond lengths exceeding 300 mm(Yoshizawa et a
2000; Nakaba et al. 2001; present study). The reasonable scatt
ing of all data around the line ofPanal/Pexpt=1.0 indicates th
good accuracy of the present models on predicting the bon
pacity of FRP sheet–concrete interfaces. As discussed previ
the ultimate interfacial load is only related to FRP stiffness
theGf (the area under thet-s relationship) regardless of the sha
of the t-s relationship. Therefore, it is a good choice to useGf,
which can be backcalculated from many published ultimate i
facial loads, as a control parameter when configuring any
known t-s relationship. The use ofGf at least can ensure t
accuracy of predicting the ultimate interface bond capacity in
case of long bond length. However, the issues of predicting
initial interfacial peeling, evaluating the interfacial loa
deformation behaviors or determining the effective ancho
length depend on not only the use ofGf, but also the accura
configuration oft-s relationship. Based on the present and o
researchers’t-s relationships as shown in Fig. 1, Fig. 15 gives
example of comparing the predicted strain–slip relationship
the loaded end of a FRP sheet–concrete interface, of whic
FRP stiffness, concrete strength and adhesive stiffness
50.6 kN/mm, 35 MPa, and 1.14 GPa/mm(FR-E3P), respec
tively. It can be seen that the present model and Nakaba’s m
give good prediction on the whole period of pullout test(before
and after initial peeling). Nakaba’s model gives slight undere
mation on the initial interfacial stiffness. Yoshizawa’s simplifi
bilinear model gives a good prediction on the initial interfa

Fig. 14. Comparisons of predicted and experimental ultimate l
of interfaces
stiffness but shows a big deviation when the strain of FRP be-
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comes higher. Sato’s model gives a good prediction on the m
mum strain but shows a big deviation during initial ascen
period. The assumption of elasto-plastic bilineart-s relationships
(Sato(Yuichi) and Lorenzis) shows comparatively less accura

Conclusions

Based on the experimental and analytical studies, the follo
conclusions can be drawn up:
1. A simple method to determine the local bond stress–sli

lationships of FRP sheet–concrete interfaces is devel
With this method, it is not necessary to put many gage
the surface of sheets as conventional ways applied in p
ous studies or recommended in the present bond test s
cations to obtain the local bond stress–slip relationships
stead, they can be simply derived from the pullout fo
loaded end slip curves, which can be measured accu
during the pullout bond tests.

2. Based on the proposed method and the experimental st
the bond stress–slip relationships for FRP sheet–concre
terfaces are proposed. Only two parameters, which ar
interfacial fracture energyGf and another constant called
interfacial ductility indexB are needed in the models. T
two parameters,Gf andB affect the ultimate interfacial loa
carrying capacity and the configuration of the bond str
slip relationship, respectively. With these two parameters
effects of all interfacial materials can be taken into acco

3. Experimental results show that the interfacial fracture en
is hardly affected by FRP stiffness, but affected by the
chanical property of adhesives most and then by the con
strength. With the decreasing of the shear stiffness of a
sive, the interfacial fracture energy and the interfacial du
ity can be improved although the maximum interfacial b
stress decreases. That leads to the improvement of the
facial load transfer capacity. The FRP stiffness has a s
effect on the bond stress–slip relationships. The maxim
bond stress increases and the interfacial ductility decr
slightly with the increasing of the FRP stiffness. Howeve
comparison with the effects of adhesives and concrete
effects of FRP stiffness on the bond stress–slip relation
are insignificant.

Recommendation for Future Study

Concrete properties affect the interfacial bond behaviors by

Fig. 15. Predicted strain–slip relationships at loading point
different models
its surface condition and strength. The dependency of interfacial
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ductility factorB on the concrete strength needs to be observ
future study. In addition, concrete surface treatment in labor
may be different from that in the field. The problem on how
concrete surface condition affects the interfacial parametersGf

andB needs to be solved quantitatively based on more solid
tabases.
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