Development of the Nonlinear Bond Stress—Slip Model
of Fiber Reinforced Plastics Sheet—Concrete Interfaces
with a Simple Method
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Abstract: A new analytical method for defining the nonlinear bond stress—slip models of fiber reinforced pgRERiRRSheet—concrete
interfaces through pullout bond test is proposed. With this method, it is not necessary to attach many strain gauges on the FRP sheets
obtaining the strain distributions in FRP as well as the local bond stresses and slips. Instead, the local interfacial bond stress-slip mode
can be simply derived from the relationships between the pullout forces and loaded end slips. Based on a series of pullout tests, the bor
stress—slip models of FRP sheet—concrete interfaces, in which different FRP stiffness, FRP nicaebiails FRP, aramid FRP, and glass

FRP), and adhesives are used, have been derived. Only two parameters, the interfacial fracture energy and interfacial ductility index
which can take into account the effects of all interfacial components, are necessary in these models. Comparisons between analytic
results and experimental ones show good accordance, indicating the reliability of the proposed method and the proposed bond stress—s
models.
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Introduction cult for us to apply this method for FRP sheet—concrete interfaces
because of the difficulty in arranging many gauges in a short
Bonding fiber reinforced plastiqFRP) sheets externally to  effective load transfer length. The high scatter nature of lecal
strengthen the existing deficient reinforced conc(®€) struc- -S relat|ons_h|ps is another difficulty that is facec_i. Part|gu|ar|y,
tures has become a popular technology in the past decade. wit{ocal bending of FRP sheets, whose bending stiffness is small,
the rapid development of this new technology, many issues re_|ntr0du_ces significant bending strains in FRP and coarse aggre-
lated to the structural performances of FRP strengthened RC ele-9ates in a concrete surface layer are causes of the scatter. There-
ments have been studied. Among them, the study on the interfa-fore, the objectives of this study are as follows: _
cial bond between the externally bonded FRP sheets and concretd ~ T0 develop a simple but rigorous analytical way to derive the
may be the most fundamental one because it plays a key role in local 7-s relat|onsh|p_based on the relat|ons_h|p between the
the composite performances and the durability of RC structures ~ Pullout loads and slips at the loaded end in a pullout test
after being strengthened. In order to evaluate the interfacial bond  rather than the observations on the strain distributions of FRP
mechanisms quantitatively and carry out numerical simulation for sheets and local bond stress behaviors. _
FRP sheets strengthened RC structures, defining an accurate bondl 10 Propose the nonlinear interfaciak relationships for FRP
stress—slig{7-9) relationship has become a main task among the sheet—concrete interfaces k_)ased_ on the expenmenta_\I studies
bond issues studied in the past. The conventional way of findinga  @nd the proposed method, in which the effects of all interfa-
r-srelationship for FRP sheets bonded to concrete depends on the ~ cial materials including concrete, FRP, and adhesive layer
strain distributions of FRP and local bond stresses measured by ~ ¢an be taken into account.
many strain gauges mounted on FRP sheets. However, it is diffi-
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interface fails mostly at a thin layer beneath the concrete surface. 6]

As a result, the concrete surface condition and strength are critical , . - ;:Lea"bza'sef'ala:-z(gg?)‘ )
factors affecting the interfacial bond strength. The concrete sur- 6] 7\ Yoshizawa et al.(2000)
face treatment methods have been studied experime@igjes 5] ’. ) ', ~ ~ -Satoetal(2000)

et al. 1996 and quantified in details by using three-dimensional & ° 4 Bt from 25.3 to 75.9kN/mm
profile method to evaluate the concrete surface roughness index £ *1 7~ . Sato(Yuchi) et al.(1987)
(Mitsui et al. 2000. At present, sandblasting is the most common ~ >1f.. N EAFTSSkN/Imm
surface treating method that is being adopted in many researches 27 N \°:—*t E1,=50.6kN/mm

and accepted in practical sites. Chajes et(#96), Horiguchi T EaTESINImM TS RS S

(1997, and Sato et al(2000 studied the effects of concrete %0 o1 02 0.3 VY 06
strength f, and concluded that the average interface bond S (mm)

strengths, which are the ultimate pullout forces divided by bond
areas between FRP Sheets and Concrete' are |inear|y proportioné‘fig. 1. Previous bond StreSS-Slip relationships of fiber reinforced
to féllz, fém, andfélls respectively. plastic sheet—concrete interfaces
Besides the concrete property, the FRP and adhesive properties
affect the interface bond strength as well. In general, using higher
FRP stiffnesgBrosens and Gemert 1997; Bizindavyi et al. 1999; 1.
Yoshizawa et al. 2000; Lorenzis et al. 2001; Nakaba et al. 2001
and softer adhesive@ishida et al. 1999; Dai et al. 20pZan
increase the average bond strength. Chen and T20@) re-
viewed the current models for predicting the bond strength of 3.
FRP sheet—concrete interface with different bond lengths. They (2009); and
classified all the models into three categories: empirical models4. Shear softening model by Sato et @000.
based directly on the regression of test data, models based on The above-mentioned models configure the shapes of-the
fracture mechanics, and models meant directly for design pur- relationships in different waysee the comparison in Fig).IThe
poses, which generally make use of some simple assumptions. concrete strength is assumed as a constant value 35 MPa for all
Interfacial fracture energyThe interfacial fracture energ$;, models shown in Fig. 1 for the comparing purpose. Although the
which is the area underneath the interfacial bond stress—slipelastic modulus of the adhesives in those studies for model devel-
curve, is an important parameter for the bond characteristics.oping are similar, it can be seen that fairly big differences exist
Based on different types of interfacial bond stress—slip relation- among those models. Those differences may be due to the dis-
ships, Yuan et al(2001) proved that the maximum interfacial ~ similar interfacial material propertig®.g., FRP stiffnegsor the
bond force can be expressed as a function of Gaeand FRP bonding skills(the deviations of concrete surface conditions or
stiffness(elastic modulux thickness. Due to the clear physical  the adhesive’s thicknepapplied in different studies. Besides that,
meaning of theG;, it is very useful to apply it in numerical  the fairly big scattering among the experimentally observed bond
analysis for deriving bond strength and anchorage length modelsstress—slip relationships at different interfacial locatigtes be
as well as for clarifying the debonding failure mechanisms of shown in the next sectigrmay be another factor, which affects
FRP sheet—concrete interfaces in more Comprehensive Ways the decisions on the Shapes of the I’elationships and the cali-
and Wu 1999, Wu and Yin 2002The G; is usually expressed as bration of the needed empirical parameters. The FRP sheet—
a function of concrete tensile strengtBrosens and Gemert concrete interface is composed of FRP sheets, adhesive layer, and
1999. However, the effects of adhesive layer on @ehave been concret_e, each one of which affects the_ intgrfacial mecha_ni_cal
hardly reported. properties. To consider these effgcts, .calllgratlng many empmcal
Effective bond lengthThere exists an active bonding zone parameters in an u_nknow:ns_ relatlonshlp V\_/|thout consideration
named as the effective bond length along which most of the of their corrgspondlng pr_lysmal meanings is a very complex Fask.
interfacial load is transferred between FRP sheets and concreteUP t0 now it can be said that the interfacial bond mechanisms
When the bond length of FRP sheet—concrete interfaces exceedgetween FRP sheets and goncrete have been clarified qualltatl_vely
the L, the bond strength will not increase significantly any In some extent. However, in order to carry out accurate quantita-
longer. With a few exceptiondlaeda et al. 1997t was reported tive sm_1u_|at|on for the_ FRP_ sheet-concrete mterfaces, the way of
that the effective bond length increases with the stiffness of FRPdetermlnlng ar-s relationship should be further improved.
sheets. Nevertheless, due to the different definitions given by dif-
ferent researchers and the different materials used in their tests,
the effective bond length was reported in a fairly big range, such Experimental Outline
as 45 mm(Sato et al. 1997 75 mm (Miller and Nanni 1999,
93 mm (Lorenzis et al. 2001 100 mm (Ueda et al. 1990
63.5-134.5 mn{Nakaba et al. 2001 and 275 mm(Brosens and
Gemert 199Y. Yuan et al(2001) gave a theoretical expression for
the effective bond lengttdefined as the bond length undertaking
the 97% of whole interfacial logdased on the assumed interfa-

Elastoplastic model by Sato et 1997 and Lorenzis et al.
(2001);

Bilinear model based on the interfacial fracture ene@y
(Yoshizawa et al. 2000

Model based on Popovic's expression by Nakaba et al.

2.

A single-lap pullout test setugsee Fig. 2 including: a thick steel
basement fixed to strong floor through four prestressed high-
strength bolts, a steel box connected to the steel basement through
two lines of steel bolts, concrete block with the size of 400
X 200 400 mm, FRP sheets externally bonded to the concrete
cial fracture energy and interfacial bilineas relationship. block, and connectors between the end of the FRP sheets and
Bond stress—sligr-s) relationship As the most fundamental  actuator, was applied in the study. In the concrete block, four
constitutive laws that characterize the bond of FRP sheet—plastic pipes with diameter of 30 mm were pre-set vertically, so
concrete interfaces, several empirieas relationships have been that the concrete block could be fixed on the steel box symmetri-
proposed as follows: cally and stably through four steel bolts. The connectors between
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Load cell ta Gptad"'Gaotp’ P 2(1+Vp)’ 2d 2(1+Vad)

Hinges

)

whereG,=shear modulus of adhesive layér=thickness of ad-
fe——— Steelplates hesive layergy, Eqg tp, tag andyp,yaq=elasticity modulii, thick-
':/ FRF 3Res nesses and Poisson ratios of the primer and the adhesive layer,
respectively. As indicated in Eql), the shear stiffness of bond
gl layer is that of a combined layer of primer and adhesive.
To obtain the accurate geometrical information about the ad-
. a hesive layer, the FRP sheets attached with failed concrete were
processed after the pullout tests. Then the thickness of every
bonding layer(primer and adhesive layewas measured under a
microscopgsee Fig. 4. After that the shear stiffness of adhesives
could be calculated through El) (see the values in Table).3
Ready-mixed concrete with the tested compressive strength of
35 MPa was prepared in order to keep a same strength for all
the FRP sheets and the actuator contain two directional hingesspecimens. Moreover, in order to observe the whole peeling-off
ensuring that the end of the FRP sheets can be rotated freely tgprocedures, the bond length of 330 mm was applied.
avoid bending or torsion effect. A wet-lay-up bonding system was applied in the study. How-
The width of FRP sheets is 100 mm. In order to exert uniform ever, to avoid a decreasing of the tensile strength of FRP sheets
tensile forces to the FRP sheets, two steel plates were adhered tinduced by the resin matrix with low elasticity modulgs.g.
both sides of FRP sheets. Two additional bolts were used to en-CN-100, the resins used in FRP layers and the adhesive layers
hance the bond between FRP sheets and steel plates to avoid theere different(see Fig. 4. Adhesive FR-E3P, which is commer-
bond failure in FRP sheet—steel plate interfaces ahead of that incially used as the resin matrix and the bonding adhesive of carbon
FRP sheet—concrete interfaces. The attached area of FRP sheets fiber sheets, was applied as the resin matrix of FRP in all speci-
steel plates is 108 100 mm. In order to avoid local damage of mens. The primer FP-NS was used in the bonding procedures of
the concrete block, an unbonded len¢fd mm) was set by using all specimens. After the adhesive bond layer was cured for 24 h,
vinylon tape to separate the concrete surface from the FRP sheetsesin FR-E3P was used to form FRP layers as shown in Fig. 4.
It is very important to keep the midline of the FRP sheets verti- The details of the specimens can be found in Table 3.
cally, on which the center of actuator is located. To achieve this
purpose, the location of the concrete block was carefully adjusted
on the steel box. .
During the pullout test procedures, the displacement control Analysis on Test Results
loading system was applied. LVDT transducers were set at both
the loaded and free ends of the bond area to obtain the relativeDescription of the Methodology
slips between the FRP sheets and concrete. The load cell and th
transducers were connected to the data logger then the load an

slip signals were recorded simultaneously by a computer. bond test, many strain gauges should be attached with a small

Four types of adhesive@ncluding one type of primérand ;
L .interval (10—20 mm on the surfaces of FRP shegfCl 1998.
three types of FRP sheets were applied in the study. The mechani s a result, the strain distribution of FRP sheets along the inter-

cal properties of adhesives and FRP sheets and the information of . ; .
: . aces corresponding to every step load can be obtained. Fig. 5
manufacturers are shown in Tables 1 and 2 respectively. Due to

the obvious nonlinearity when the adhesive becomes st shows the sketch of a smgl_e lap pullout bond test setup. Suppose
. : : : . . that the interval of gauges is a constant value the local bond

the tensile stress—strain relationships of adhesives in Figh8& ; : X o

o . . . - tress can be obtained using the following expression:

initial elastic modulus adhesives is defined as the average secant

modulus while the strain lies between 0.0005 and 0.0QRS Et,(s - &)

1995. Both the elasticity modulus and thickness of bond layer = L

affect the interfacial bond properti¢ksee et al. 1999; Tripi et al. Ax

2000; Dai et al. 200 Therefore, the property of bond layer can  wherer;=average interfacial bond stress in the sectios, and

be quantlfled using its shear Stlffnqsgear mOdUlUS/thICkneﬁSS si_lzstrain values of th&h andi—1th gauges arranged on a FRP

follows: sheets respectivel\E; and t;=elastic modulus and thickness of

the FRP sheets, respectively.

The local slip is caused by the strain difference between FRP
sheets and concrete. The strain of concrete can be neglected and

Concrete block

(R

Fig. 2. Pullout test setup

ESenerally, in order to obtain the local bond stress—slip relation-
Ships of FRP sheet—concrete interfaces from the direct pullout

)

Table 1. Mechanical Properties of Fiber Rein Forced Plastics Materials

P fy = t £y the free end slip can be regarded approximately as zero in the
Fiber Type (g/m’) (MPa (GP3 (mm) (%) case of using a long bond length. So the local slip can be ex-
Carbon FTS-C1-20 200 3,550 230 0.11 1.5 pressed as
Aramid  AT-90 530 3,030 84 0.38 2.4 i-1
Glass . FTS-GE-?O 309 1,500 74 . 0.12 2.1 5= %(80 + 22 g+ 8i> 3)
Note: p=fiber density; f;=tensile strength;E;=elastic modulus;t; =1

=thicknessg,=fiber fracturing strain; FTS-C1-20 and FTS-GE-30 sheets ]
were offered by Nippon Steel Composite Co. Ltd; AT-90 was offered by Wheres =local slip between FRP sheets and concrete at the sec-
Nippon Aramid Co. Ltd. tion i; gp=strain of FRP sheets at the free end of bond area.
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Table 2. Material Properties of Adhesives

Tensile Flexural Gel

Types of Density  Resins/hardener Elastic modulus Poisson’s strength  strength  time Viscosity Setting time
adhesives (g/cn?) by weight (GPa ratio (MPa) (MPa) (min)  (mPa-s/25°C (h/20°0
CN-100 1.13 11 0.39 0.45 11.8 3.7 50 1,800 7.5
SX-325 1.15 2:1 1.0 0.38 15.9 29.6 48 32,000 12
FR-E3P 1.17 2:1 2.41 0.38 44.7 39.0 20 40,000 18
FP-NS(primen 1.16 2:1 245 0.38 48.1 39.0 >20 <3,000 28

Note: Tests for adhesives were carried out by Sho-bond Co. Ltd., Japan. FR-E3P and FP-NS were offered by Nippon Steel Composite Co. Ltd; SX-32
was offered by Nippon Toho Earth-Tech. Co. Ltd; and CN-100 was offered by Nippon Toho Resin Chemical Co. Ltd.

gj(j=1j) IS the strain value of thg¢th gauge arranged on the FRP interfacial 7-s relationships without the necessity to record the

sheets. strain distributions of FRP sheets is to be discussed.

Fig. 6 is a paradigm of obtained strain distributions of speci- At any location of a FRP sheet—concrete bond interface under
men CR1L1(with adhesive FR-E3P and one layer of FRP sheet the boundary condition of zero free end slip, which can be ap-
in a previous studyDai et al. 2002 Using Eqgs.(2) and(3), the proximately attained using a longer bond length, there exists a

local 7-s relationships at different locations from the loaded point unique 7-s relationship and a unique relationship between the

in a pullout test can be derived as shown in Fig. 7. Obviously, strain of FRP sheets and interfacial s{fphima et al. 198)¢ The

fairly big irregular differences among thoses relationships are latter can be expressed as follows:

observed at different interfacial locations. The similar experimen-

tal observations can be found in other literatupésshizawa et al. e=1(s) )

2000; Sato et al. 2000; Nakaba et al. 2p0this fairly big varia- where e=strain of FRP sheets at any location arsl

tion probably is the main reason why different shapes of bond =corresponding slip at that location.

stress—slip relationships were proposed or why researchers prefer A first-order differential calculus of to x yields the following

a simplified bilinear bond stress—slip model even though numer- equation:

ous pullout bond tests for FRP sheet—concrete interfaces have

indicated that more reasonable configurations are needed. All the de _df(s)ds_df(s) _ df(S)f

factors such as the distribution of fine and coarse aggregates dx_ ds dx_ ds © ds

along the concrete surface, the concrete volume attached to FRP. . . .

sheets after the initial damage of concrete, and the local bendingTherefore, for FRP sheet—concrete interfaces, the interfacial bond

of FRP sheets or the local mixed-mode failure of concrete can SI'€SS can be expressed as

contribute to the final scattering. It is not convincing to pick up de df(s)

one of these local-s relationships to represent the overall one. In T= Eftfd_x = Efthf(S) (6)

order to clarify the local interfacial bond mechanisms exactly,

simulating the bonding among coarse aggregates, mortars, adhewhereEt;=stiffness of FRP sheetglastic modulu thickness.

sives, and FRP sheets at a microscopic level may be a more It can be seen from Eq$4)—<(6) that the bond stress—slip re-

precise way. However, it is much more difficult to get the lationship can be determined if the relationship between local

microscopic-level constitutive model of the interface. Dai and strain of FRP sheets and local slip is defined. During the pullout

Ueda (2003 proposed a backcalculation method, which tried to test, the pullout forces and the slips at the loaded end can be

minimize the differences between the experimentally observed measured accurately through load cell and displacement trans-

strain distributions and the analytical ones, to calibrate the un- ducer. As a result, the relationship between the strains of FRP

known parameters needed for an assumed bond-stress slip curveheets and the slips at the loaded end, in other word, the function

optimally. Nevertheless, the analytical results on the unknown of f(s) can be obtained directly from the simple pullout tests.

parameters rely much on the selected shape ofrtkeelation- Figs. 8a—e are the experimentally observed relationships be-

ships. In the following, an improved method on how to obtain tween the strains of FRP sheets and the interfacial slips at the
loaded ends of FRP sheet-concrete interfaces, which include

(s) ©)

Fiber layer

0.5mm

Resin matrix

Adhesive layer

Primer layer

c(MPa)

Interlocking layer
Attached concrete:

0.6

Fig. 4. Microscopic observation of fiber reinforced plastic sheets
Fig. 3. Tensile stress-strain relations of adhesives after pullout tes{CR3LY)
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Table 3. Details of Specimens and Pullout Bond Test Results

Specimen G,/t, Est; A B Gs Tmax Smax Prnax Prax Prnax Failure
coded (GPa/mm  (kN/mm) (e) mmt  (N/mm) R? (MPa (mm) kN (Expt) kN (Anal) (Anal./Expt) modé
CR1L1 0.97 25.3 0.00904 10.79 1.034 0985 558 0.064 23.4 22.9 0.98 CF
CR1L1 1.14 25.3 0.01046 10.44 1.384 0996 7.22  0.066 23.1 26.5 1.15 CF
CR1L1 1.14 25.3 0.00908 10.38 1.043 0982 6.80 0.053 24.9 22.3 0.92 CF
CR1L2 0.97 50.6 0.00664 10.01 1.115 0991 558 0.069 335 33.6 1.00 CF
CR1L2 1.14 50.6 0.00682 11.34 1.177 0.992 6.67 0.061 39.3 345 0.88 CF
CR1L2 1.14 50.6 0.00732 9.04 1.356 0991 6.13 0.077 39.3 37.0 0.94 CF
CR1L3 0.97 75.9 0.00509 10.91 0.983 0975 536 0.064 42.9 38.6 0.90 CF
CR1L3 1.14 75.9 0.00554 11.13 1.165 0.987 6.47 0.057 384 42.1 1.10 CF
CR1L3 1.14 75.9 0.00525 12.25 1.042 0.987 6.40 0.062 38.4 39.7 1.03 CF
CR1L3 1.14 75.9 0.00496 11.69 0.930 0.994 545 0.059 36.9 375 1.02 CF
ARI1L1 0.99 18.6 0.01260 9.83 1.476 0.986 7.26  0.070 255 23.4 0.92 CF
AR1L2 0.97 31.8 0.00955 9.47 1.450 0.979 6.87 0.073 33.6 30.4 0.90 CF
ARI1L3 0.97 73.6 0.00606 10.18 1.351 0.990 6.88 0.068 39.9 44.6 1.12 CF
GRI1L1 0.97 8.7 0.01443 9.66 NA 0.989 NA 0.072 135 NA NA FF
GRI1L3 0.97 32.0 0.00848 8.12 1.444 0.995 488 0.062 28.6 27.1 0.95 CF
GR1L5 0.97 43.7 0.00732 11.13 1171 0.980 6.52 0.062 334 32.0 0.96 CF
CR2L1 0.49 25.3 0.01124 6.24 1.598 0.993 4.99 0.111 28.1 28.4 1.01 CF
CR2L2 0.49 50.6 0.00809 5.66 1.656 0.997 468 0.123 43.2 40.9 0.95 CF
CR2L3 0.49 75.6 0.00596 6.71 1.343 0.993 451 0.103 47.4 45.1 0.95 CF
AR2L3 0.49 73.6 0.00668 6.26 1.642 0.989 514 0.111 47.1 49.2 1.04 CF
GR2L3 0.49 32.0 0.00869 7.70 1.208 0.986 4.65 0.090 31.0 27.8 0.90 CF
CR3L1 0.20 25.3 0.01791 2.07 NA 0.984 NA 0.335 31.8 NA NA FF
CR3L2 0.20 50.6 0.00980 2.39 2.430 0976 291  0.290 47.7 49.6 1.04 CF
CR3L3 0.20 75.6 0.00732 3.06 2.205 0.993 2.81 0.227 57.6 55.3 0.96 CF
AR3L3 0.20 73.6 0.00923 2.24 3.135 0.991 3,52 0.309 60.9 67.9 1.12 CF
GR3L3 0.20 26.2 0.01820 1.70 NA 0.996 NA 0.408 334 NA NA FF

Note: G,=shear modulus of adhesivgi=thickness of adhesive layeE; = elastic modulus of FRR;=thickness of FRPA, B=two regressing parameters

used for the relations between the strain of FRP sheet and slip at loaded end of bofFaregressing correlative factot;,,,=maximum bond stress;
Smax=Slip corresponding to the maximum bond stress; NA=data is not processed because the failure is caused not by the peeling but by the fracture ¢
FRP sheets.

#RyL1=piles of fiber reinforced plasti@RP) sheets where x=C: CFRP; A: AFRP; G: GFRP and y=adhesive type; 1, 2 and 3 means FR-E3P, SX-325
and CN-100, respectively.

PCE=concrete failure and FF=FRP fracture.

cases of different FRP stiffnesses, different adhesive types and e=1f(s) = A(1 - exd- B9)) (7
different types of FRP materials. It is found that the exponential
expressionsee the following equatigrncan fit the experimental
results very wellthe values of correlative factoR® between the
strains in FRP sheets and the slips at loaded ends lie between

0.975 and 0.997 for all specimens as shown in Tahle 3 df(s)/ds= ABexp(—- B9 (8)

Once Eqgs(7) and(8) are substituted into E@6), the bond stress—
slip relationship can be obtained as follows:

where A and B=experimental parameteishe values for each
specimen are given in Table.3rherefore

7= A’BEt; exp(— Bs)(1 — exf— Bs)) 9

The interfacial fracture energ9; is defined as

Eg & &g memmmmmannnnnnan £, %l ﬁ Ax P .
Gf:J ’TdS (10)

— :
P
concrete - By substituting Eq(9) into Eq.(10), the following equations can
< be obtained:
L G = 1A%, (11)
Fig. 5. Single lap pullout test Then the following expression for A is obtained:
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70 ] culatedG; from obtainedP,,,, Will not depend on the FRP sheet’

—— P& pEXP-=1.0

width used in the test. Therefore, E.4) can be modified as
follows:

Prax= (bf + 2Abe)V2E G, (15)

From Eq.(15) it can be known that the interfacial load carrying
capacity is determined by the interfacial fracture energy and FRP
stiffness. Increasing both the fracture energy and FRP stiffness
(by increasing either the amount or elastic modulus of FRP ma-
terialg can improve the ultimate interfacial load carrying capac-
10 20 30 40 50 60 70 ity. Similarly, the usable straigstrength of FRP sheets is deter-
P ruay P (KN) mined by the interfacial fracture energy and the FRP stiffness as
* well [see Eq(12)]. High interfacial fracture energy can increase
Fig. 9. Comparison between analytical and experimental maximum the usable strength or strength efficiency of FRP sheets; however,
pullout loads high FRP stiffness cannot. Therefore, in order to utilize the FRP
materials more efficiently in consideration of their decreasing but
still higher costs, besides ensuring the concrete surface quality,
more effects should be put on to find optimum adhesive layer to

2G; (12) improve the interfacial fracture energy.
Eqt

For FRP sheets bonded to concrete under pullout load, the2/scussion on the Interfacial Fracture Energy
theoretical maximum interfacial pullout force can be expressed as@1d the Bond Stress—slip Relationships

follows: With Egs. (9) and (12), the interfacialt-s relationship can be
rewritten as

ana. (kN)

Pmax

A=

Pmax: beftf'Smax: beftf lim A(l - eX[i_ BS)) = befth
S0

7= 2BG;(exp(—- Bs) — exp(— 2B9)) (16)
(13 in which only two parameters, the interfacial fracture ene@yy
where b;=bond width of FRP sheets with concrete; ang,, and another mterfa_mal mqterlal_constﬁi*mre needed for defining
the bond stress—slip relationship.

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

The comparisons between the calculated maximum pullout dr/ds= - 2B?G(exp(— B9) — 2 ex— 2Bs)) =0 17)
forces based on the regres#efsee Eq(13)] and the experimen- . ) .
tal ones are shown in Fig. 9. It can be seen that good agreement N€ SliPSnax cOrresponding to the maximum bond stregg, at
can be reached. The agreement implies that the theoretical maxiWhich dr/ds=0, can be determined as follows:

Let

mum interfacial pullout force predicted based on the assumption Smax= IN 2/B=0.693B (18
of zero end slip boundary condition can be reached through using _ . .
the bond length of 330 mm in the experiment By substituting E_q(18) into Eqg. (16), the maximum bond stress
With the substitution of Eq(12), Eq.(13) can become Tmax €8N be obtained as well:
Tmax= 0.5BG; (29
Pmax= DIEAA = by 2B Gy (14 For every specimen in the present study, the material conBtant
Based on energy method or force equilibrium method, @4) and the interfacial fracture ener@y; can be obtained according

was derived by many researché€fsiljsten et al. 1997; Yuan etal.  to the processes proposed in the previous sectiea the results
200D and now is applied widely in predicting the ultimate bond in Table 3. Then the values of 5 and s, are calculated and
forces of FRP sheet—concrete interfaces. And also, through ex-shown in Table 3. For the normal adhes{(#RP-E3R, Nakaba et
perimental study, the writers found that E@4) is applicable for al. (2009 observed experimentally that the valuessgi, lie be-
all types of FRP materials regardless of the differences in their tween 0.052 and 0.087 mm, with which the analytical results
elastic modulugDai et al. 2002; Dai and Ueda 2003 (0.053-0.077 mm based on the present method show good
The shear stress flows can spread to the concrete in the vicinityagreement. Based on the above-mentioned process, all the found
of both sides of FRP sheets if the FRP sheets are attached tdond stress—slip relationships derived from pullout tests are
concrete whose width is wider than theirs. That makes the effec-shown in Fig. 10. When the FRP fracture failure happens, the
tive interfacial contact areas wider than the real ones. The writersobtainedr-s relationships are excluded because the peeling off
observed the effects of bond width of FRP she¢ftsm 1-20 cm process is interrupted and the interfacial fracture energy cannot be
on the average bond strength in the previous stuieso et al. calculated correctly. To get a unifiees model in consideration of
2000. The experimentally obtained bond force per unit width of the effects of all interfacial materials, the following paragraphs
FRP sheetsP,.../bs) is generally high when the width of FRP  give results of regression analysis for the two important param-
sheets used in the tests is narrow. When the bond width exceed®tersG; andB based on experimental results.
10 cm, the value oP,,,,/b; becomes almost constant. An addi- The interfacial fracture energ9; is affected by the properties
tional width 2Ab; (Abs is taken as 3.7 mincan be added to the  of concrete, adhesives and the FRP stiffness. It has been men-
original bond widthb; for calculating the interfacial bond strength  tioned that, in the case of long bond lengtBs,can be calculated
and quantifying the bond width’s effeatSato et al. 2000 Here a based on either the value Afobtained from the regression analy-
same by is introduced into Eq(14). Through that the backcal-  sis of the FRP sheet strain-slip curves at loaded drsds Eq.
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Fig. 10. Experimentally found bond stress-slip relationshigsadhesive FR-E3R}b) adhesive SX-325; ang) adhesive CN-100
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tic stiffness andb) adhesive fiber reinforced plastic stiffness arid) with different adhesives
B = 6.84GE;t;) %4 G,/t,) 83 (21
(11)] or directly from the ultimate pullout forcefsee Eq.(14)]. Therefore, ther-s relationships of FRP sheet—concrete interfaces

Therefore, the writers collected more experimental data of the it gifferent properties of FRP, adhesives, and concrete strength
ultimate puIIouF forces published by other researclibiakaba et can be determined through the two calibrated param&ef&q.

al. 2001; Yoshizawa et aI'. 20p@o evaluate the effects of. con-  (20)] andB [Eq. (21)]. Fig. 13a) shows the effects of FRP stiff-
crete strength and FRP stiffness Gpbased on more experimen-  ogg o the-s relationships. It can be seen that both the initial
tal databases. Only the data with bond lengths exceeding 300 MMitness of ther-s relationships and the maximum bond stresses
have been selected. Through Ef) the effects of bond widthon i rease slightly with the increasing of FRP stiffness. Similar ef-
the Gy can be eliminated. Fig. 1a-9, show the effects of con-  facts of FRP stiffness on the maximum bond stress were included
crete strength, FRP stiffness and adhesive properties oGthe i the models proposed by Sato et @000 and Lorenzis et al.
respectively. Since the other researchers did not study the eﬁeCt%ZOOD in different extent. Tripi et al(2000 also found that rela-

of adhesives, Fig. 1£) only shows the test results of the present (e gisplacements between the FRP sheets and concrete are
study. It can be fognd that the shear stiffness_of adhesive layerslightly affected by the elastic modulus of the sheets in their
affects the interfacial fracture energy mgsee Fig. 10)]. The e interferometric analysis. The effects of FRP stiffness on the
effect of the concrete strength is much less than that of the adheiarfacial stiffness and maximum bond stress may be caused by
sive [see Fig. 1@a)]. but slightly greater than that of the FRP  he gitferent strain condition in the thin concrete layer next to the

stiffness[see Fig. 1ib)]. The lower shear stiffness adhesives can ,qnesives. In the case of using same adhesives, higher FRP stiff-
improve the interfacial fracture energy significantly due to their oo brings lower strain level in the concrete.

good to_ughnessDai et a_I. 2002; Da_i and U_eda 2003rhrough The dependency d&; andB on the FRP stiffness exists but is
regressing, the expression for the interfacial fracture energy can,;iner smal[see Figs. 1b) and 12a)]. Therefore, in the case of
be obtained as follows: using common adhesives such as FR-E3P, the expres&ipns

=0.514%%¢ andB=10.4 mm* can be obtained for thes rela-

_ ~0.352:0.23 0.023 tionship[Eq. (16)] by averaging all experimental values without
G1 = 0.446G/t) 4 *Ey) (20 consideration of the FRP stiffness’ effects and assuming that the
The values of another interfacial parameBeare obtained from shear stiffness of the adhesive is the sgsee Fig. 1(0)].
the regression analysis of the FRP sheet strain-slip curves at the Fig. 13b) gives a group ofr-s relationships with different
loaded end of each specimen in the present study. The effects oshear stiffness of adhesives but the same FRP stiffness
FRP stiffness and adhesives Brare shown in Figs. X2 and b, (50.6 kN/mm) and concrete strengtl35 MP4d. The comparisons
respectively. It can be seen thatincreases insignificantly with  between the experimentals relationships and predicted ones in
the FRP stiffnes§see Fig. 12a)] whereas increases remarkably cases of using adhesives other than FR-E3P are shown in Figs.

with the shear stiffness of adhesive laygee Fig. 1fb)]. 10(b and ¢. It is obvious that the maximum interfacial bond
Through a similar regressing way, the expressionBocan be stress increases with the shear stiffness of adhesives. When the
obtained as follows: FRP stiffness is same, this increase is caused by high strain gra-
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Fig. 14. Comparisons of predicted and experimental ultimate loads Fig. 15. Predicted strain—slip relationships at loading point by
of interfaces different models

comes higher. Sato’s model gives a good prediction on the maxi-
dients in FRP sheets in the case of using high modulus adhesivegnum strain but shows a big deviation during initial ascending
(Nishida et al. 1999; Dai et al. 2002n the present model, the ~ period. The assumption of elasto-plastic bilineas relationships
maximum bond stress decreases with the shear stiffness of adhetSato(Yuichi) and Lorenziy shows comparatively less accuracy.
sive due to the significant decreasiBg although the interfacial
fracture energys; can increase with the decreasing of adhesives’
shear stiffnes§see Eq(19)].

th In fact,l t?e Valil.JGB Caﬁ.bﬁ r egar(_ield a?fantn:jdﬁx (:;‘]ducg:]lty .Of Based on the experimental and analytical studies, the following
e 7-s relationships, which is mainly affected by the adhesive . .\ \«ions can be drawn up:

properties. Better ductility means slower softening after the peak 1. A simple method to determine the local bond stress—slip re-
bond stress. Small& means lower initial interfacial stiffness but lationships of FRP sheet—concrete interfaces is developed

gi;.terltlrtlterfgtc@ ﬂ.u%““ty ?n? V.'Cf \t{?frsa. In %thder \t/}igzrds., It IIS With this method, it is not necessary to put many gages on
Imcult to-obtain higher Intertacial Stliness and ductility simul- the surface of sheets as conventional ways applied in previ-

tafneg# SlY‘ Th|sHshortcom.![ng- Is caused by t.rgﬁltlnk:erenf[.pr.opetr:]les ous studies or recommended in the present bond test specifi-
_otaf eS'VC?S'. owever,d! glvtes tl;\S adpo_35|b|| ! yto (;p |n|1|ze ¢ € cations to obtain the local bond stress—slip relationships. In-
interface: design according to the desirable structural perfor- stead, they can be simply derived from the pullout force-

mances. Fig. 14 gives comparisons of the ultimate interfacial loaded end slip curves, which can be measured accurately
loads predicted by the present proposesimodel and the experi- during the pullout bond ’tests

mental data selected from the pullout tests of FRP sheet-concrete2 Based on the proposed method and the experimental studies
interfaces with bond lengths exceeding 300 fMushizawa et al. the bond stress—slip relationships for FRP sheet—concrete in-

.2000; Nakaba et al. 2001, pfese”‘ st):dEhe_reasqnaple scatter- terfaces are proposed. Only two parameters, which are the
ing of all data around the line OPana/ PeXP‘_l'Q |_nd|cates the interfacial fracture energ; and another constant called as
goopl acfcuracy r?f the present .modfels on pr(qulctlng tZe bor)d C?’ interfacial ductility indexB are needed in the models. The
fhe uimate mierfacial oad 6 only related to FRP ifinees and M0 parametersG; and affect the ulimate nterfacial load
the G; (the area under thes reIatior?ship regardless of the shape carmying capac Ity and the conflguratlon of the bond stress-
of thé =-s relationship. Therefore, it is a good choice to WBe slip relat|onsh|p, respectlvely..Wlth these two pa.rameters, the
. ) ’ . . i effects of all interfacial materials can be taken into account.
which can be backcalculated from many published ultimate inter- 3. Experimental results show that the interfacial fracture energy

facial loads, as a control parameter when configuring any un- is hardly affected by FRP stiffness, but affected by the me-

known - ;elathqnihlp;[hTheltyset cht a’; Ieas; czn ensu.rte .th(tah chanical property of adhesives most and then by the concrete
accuracy ot predicting the ultimate intértace bond capacity in the strength. With the decreasing of the shear stiffness of adhe-

case of long bond length. However, the issues of predicting the sive, the interfacial fracture energy and the interfacial ductil-

'O?'?al w;_terfagla;]l peellng, detvalugtl_ng t:]he flfntetr_faual Ik?ad- ity can be improved although the maximum interfacial bond
clormation behaviors or determining the efiective anchorage stress decreases. That leads to the improvement of the inter-

Ienngh detpendfon nolt tqnly r:he ;se %F’ butthalso the taccgrait; facial load transfer capacity. The FRP stiffness has a slight
contiguration ofr-s refationship. based on the present and other effect on the bond stress—slip relationships. The maximum

researchersi-s relatlgnsh|ps as shown in F.'g' 1'. Fig. 15 gives an bond stress increases and the interfacial ductility decreases
example of comparing the predicted stra|r_1—sI|p reIatlonsh_|ps at slightly with the increasing of the FRP stiffness. However, in
the loaded end of a FRP sheet—concrete interface, of which the comparison with the effects of adhesives and concrete, the

FRP stiffness, concrete strength and adhesive stiffness are . . - .
50.6 kN/mm, 35 MPa, and 1.14 GPa/m(FR-E3P, respec- g:f:?;ziga:;ils:mstlﬁness on the bond stress—slip relationships
tively. It can be seen that the present model and Nakaba’s model '
give good prediction on the whole period of pullout téséfore

and after initial peeling Nakaba’'s model gives slight underesti- Recommendation for Future Study

mation on the initial interfacial stiffness. Yoshizawa’s simplified

bilinear model gives a good prediction on the initial interfacial Concrete properties affect the interfacial bond behaviors by both
stiffness but shows a big deviation when the strain of FRP be- its surface condition and strength. The dependency of interfacial

Conclusions
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ductility factor B on the concrete strength needs to be observed in
future study. In addition, concrete surface treatment in laboratory
may be different from that in the field. The problem on how the
concrete surface condition affects the interfacial paramete@ of
andB needs to be solved quantitatively based on more solid da-
tabases.
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