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The bond properties of an interface in composite structures are generally considered as local mechanical
characteristics. Through experimental testing and analytical study, it is shown in this work that the inter-
facial bond characteristics are generally size dependent, which involve both Mode Il and Mode III frac-
tures. For fiber-reinforced polymer (FRP) externally bonded (EB) to concrete members, this size effect
is called the width effect. Test results in this work show that there is a central region on EB FRP-to-
concrete bond face where only Mode II fracture is involved, and hence, the bond properties are size inde-
. pendent. The measured bond test results in the central region are used to determine interfacial bond
Comp051te structure . . .
Interface properties that are size independent. The global test results or overall bond responses are subsequently
Bond used to determine the width effect and its model, through rational reasoning and regression of test
results. The proposed model includes new factor that has not been considered in the width effect mod-
eling, and consequently shows a better performance.
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1. Introduction

Interfacial bonding connects substrates of different types of
materials, by adhesion, friction or mechanical interlocking. The
stress and strain fields at the bond interface, involving bonding
agent and the local vicinity of connected parts of substrates, are
usually much more complicated than those in other parts of a
structure. To avoid such complexity and facilitate the application
of conventional structural theories to composite structures, a con-
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venient and sensible approach is to lump all additional deforma-
tions that cannot be included in conventional structural theory
(such as beam theory) into a concentrated displacement at the
interface, namely, interfacial slip. The interaction between the con-
nected substrates is subsequently simplified into a resistance to
the interfacial slip by a bond-slip relationship which can be identi-
fied from bond tests or pull-off tests for a particular type of inter-
facial joint. Such an ingenious treatment of bond interface converts
a highly complicated problem into one within the regime of con-
ventional mechanics and forms the cornerstone of modern com-
posite mechanics.

Due to the concentration of interfacial deformation in the small
vicinity surrounding an interface, the bond-slip relationship is
often considered as local, related only to the material and geomet-
ric properties of bonding agent and material properties of con-
nected substrates. As the interfacial slip includes the deformation
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Nomenclature

b, width of concrete block

by width of FRP sheet

by width of FRP without width effect
E; elastic modulus of FRP sheet
Expe experimental value

feo concrete compressive strength

fe concrete tensile strength

Gr fracture energy

Ky initial stiffness of load- slip curve
L bond length

L. effective bond length

P pull load

P, maximum pull load

S local slip

Sm maximum elastic slip of bi-linear load-slip curve
tr thickness of FRP sheet

Theo theoretical value

o a parameter controlling the bond-slip relationship
B a parameter controlling the bond-slip relationship
Ax incremental distance used for calculation of bond stress
€ longitudinal strain of FRP sheet

n a coefficient given by Eq. (12)

KL factor related to bond length L

Kw width factor

T bond stress

Tmax maximize bond stress

of not only the bonding agent but also the surrounding substrate
materials, from structural mechanics point of view (by magnifying
the vicinity of bond region to the size of a macroscopic building
structure) the reaction of the structure to a certain value of inter-
facial slip, i.e. bond resistance, is not only related to the deforma-
bility of the bonding agent but also that of the substrates. The
substrate deformation can be considered as a structural deforma-
tion problem, which is related to the geometry of the structure.
Therefore, strictly speaking interfacial bond is related to the
domain of substrates or structural size, and hence, is size depen-
dent. In other words, the local nature of bond-slip relationship is
conditional, e.g. in the case of infinitely large substrates with infi-
nite bond interface.

For a joint as shown in Fig. 1 where a reinforcing material A is
bonded to substrate B, both the deformation of the bonding agent
and that of substrate B contribute to the interfacial slip. The inter-
facial shear movement causes stresses not only in the substrate
material directly below the bonded area (such as point Q under
the bonding agent) but also pushes against the surrounding sub-
strate material outside the boundary of the bond area (such as
point P). In other words, the surrounding material also takes part
in resisting the interfacial shear movement. When the bond area
is large, the surrounding material has little effect to the bond resis-
tance in the central part of the bond area. When the bond area
becomes smaller or approaches zero, the resistance to slip caused
by the substrate material directly under the bond area reduces
and diminishes (because the material under the bonded area
diminishes) and that by the surrounding substrate material
increases quickly. Due to this additional restraint from the sur-
rounding material, the bond-slip relationship for the local area at
the boundary of a bond area is much stiffer than that inside, as con-
cluded in [1]. This boundary effect to bond-slip relationship is
related to the size of the bond area, and hence, is not local but size
dependent.

On the other hand, the stiffness of reinforcing material A also
has a significant effect on the bond-slip relationship. Assuming

< Reinforcing material A

Substrate B

Fig. 1. Bond interface.

the stiffness of material A is zero, a concentrated slip at a particular
point of material A only causes the movement of a small local area
in substrate B. For the reason given above, this bond resistance is
larger due to the relatively larger effect of the surrounding material
to this local slip. If the stiffness of material A is infinite and the
bond area is very large, a translational slip at a particular point
of the reinforcing material causes the slip of the whole of material
A together. In this case, each unit area of material A is resisted only
by the same area of material in substrate B directly beneath it, and
the effect of surrounding substrate material outside the bond area
is equally shared by the large bond area and approaches zero
asymptotically when the bond area approaches infinity. Therefore,
the bond resistance (for unit bond area) in this case is smaller.
From this point of view, the interfacial bond-slip relationship is
also related to the stiffness of the reinforcing material A.

On a two-dimensional interface such as concrete beams rein-
forced with externally bonded (EB) steel or fiber-reinforced poly-
mer (FRP) plates, this size effect is referred to as the width effect
[2-4]. The interfacial bond properties of such composite beams
are affected by the width of the attached plate by relative to the
width of the beam b, (Fig. 2). Numerous models have been devel-
oped to consider the width effect on bond properties of EB-steel or
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Fig. 2. Pull-off test.
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EB-FRP reinforced beams [2,4-7]. However, the existing models for
the width effect so far are not only significantly inconsistent [8] but
also theoretically flawed. For example, only bg/b. is considered in
most width effect models. Based on the discussions above, it is
clear that more factors affect this width effect.

In this paper, Digital Image Correlation (DIC) was used to cap-
ture the strain field of FRP sheet externally bonded to a concrete
block. A new approach is used to investigate the width effect.

Through rational analytical studies of the measured strain fields,
the width effect is identified and quantified, from which a new
model is developed for engineering use.

2. Experimental tests

Pull-off tests are currently the conventional means for investi-
gating interfacial bond properties [8-21]. The more popular single

Table 1
Test specimens and results.
Specimen ID Epty (GPa-mm) feo (MPa) L (mm) by (mm) b, (mm) o (mm) B (mm)
C20-30-1 41.5 25.3 30 50 150 0.0803 18.6
C20-50-1 41.5 25.3 50 50 150 0.0927 19.2
C20-100-1 41.5 253 100 50 150 0.0969 18.6
C20-250-1 41.5 25.3 250 50 150 0.0895 19.3
C20-30-2 81.7 25.3 30 50 150 0.0828 25.5
C20-50-2 81.7 253 50 50 150 0.0834 25.5
C20-100-2 81.7 25.3 100 50 150 0.0867 25.8
C20-250-2 81.7 253 250 50 150 0.0884 254
C20-400-2 81.7 253 400 50 150 0.0941 26.5
C20-30-3 119.3 25.3 30 50 150 0.0798 30.2
C20-50-3 119.3 25.3 50 50 150 0.0813 30.7
C20-100-3 119.3 253 100 50 150 0.0718 30.7
C20-250-3 119.3 25.3 250 50 150 0.0875 31.7
C30-30-1 41.5 329 30 50 150 0.0820 171
C30-50-1 41.5 329 50 50 150 0.0833 16.8
C30-100-1 41.5 329 100 50 150 0.0918 16.5
C30-250-1 41.5 329 250 50 150 0.0939 171
C30-30-2 81.7 329 30 50 150 0.0818 25.2
C30-50-2 81.7 329 50 50 150 0.0844 25.1
C30-100-2 81.7 329 100 50 150 0.0867 23.8
C30-250-2 81.7 329 250 50 150 0.0938 243
C30-400-2 81.7 329 400 50 150 0.0907 24.8
C30-30-3 119.3 329 30 50 150 0.0913 29.8
C30-50-3 119.3 329 50 50 150 0.0925 29.8
C30-100-3 119.3 329 100 50 150 0.0756 28.5
C30-250-3 119.3 329 250 50 150 0.0753 29.1
C40-30-1 41.5 43.1 30 50 150 0.0757 15.8
C40-50-1 41.5 43.1 50 50 150 0.0765 16.2
C40-100-1 41.5 431 100 50 150 0.0847 159
C40-250-1 41.5 43.1 250 50 150 0.0825 16.1
C40-30-2 81.7 43.1 30 50 150 0.0789 232
C40-50-2 81.7 43.1 50 50 150 0.0834 23.6
C40-100-2 81.7 431 100 50 150 0.0881 22.6
C40-250-2 81.7 43.1 250 50 150 0.0771 23.5
C40-400-2 81.7 43.1 400 50 150 0.0815 234
C40-30-3 119.3 431 30 50 150 0.0821 28.1
C40-50-3 119.3 43.1 50 50 150 0.0763 28.3
C40-100-3 119.3 43.1 100 50 150 0.0866 274
C40-250-3 119.3 431 250 50 150 0.0833 26.8
C50-30-1 41.5 46.1 30 50 150 0.0866 16.9
C50-50-1 41.5 46.1 50 50 150 0.0899 16.0
C50-100-1 41.5 46.1 100 50 150 0.0770 15.7
C50-250-1 41.5 46.1 250 50 150 0.0910 16.4
C50-30-2 81.7 46.1 30 50 150 0.0935 21.5
C50-50-2 81.7 46.1 50 50 150 0.0779 234
C50-100-2 81.7 46.1 100 50 150 0.0790 21.6
C50-250-2 81.7 46.1 250 50 150 0.0881 229
C50-400-2 81.7 46.1 400 50 150 0.0750 23.5
C50-30-3 119.3 46.1 30 50 150 0.0843 26.7
C50-50-3 119.3 46.1 50 50 150 0.0860 27.2
C50-100-3 119.3 46.1 100 50 150 0.0769 27.0
C50-250-3 119.3 46.1 250 50 150 0.0926 274
C60-30-1 41.5 59.0 30 50 150 0.0784 14.5
C60-50-1 41.5 59.0 50 50 150 0.0787 14.8
C60-100-1 41.5 59.0 100 50 150 0.0820 15.9
C60-250-1 41.5 59.0 250 50 150 0.0818 159
C60-30-2 81.7 59.0 30 50 150 0.0912 20.8
C60-50-2 81.7 59.0 50 50 150 0.0834 21.5
C60-100-2 81.7 59.0 100 50 150 0.0838 22.0
C60-250-2 81.7 59.0 250 50 150 0.0737 222
C60-400-2 81.7 59.0 400 50 150 0.0744 21.2
C60-30-3 119.3 59.0 30 50 150 0.0893 25.5
C60-50-3 119.3 59.0 50 50 150 0.0724 26.3
C60-100-3 119.3 59.0 100 50 150 0.0776 26.2
C60-250-3 119.3 59.0 250 50 150 0.0861 271
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pull-off test [8,11,13-17,19,21] was adopted in the bond tests in
this work (Fig. 2). A total of 65 specimens were tested in the Heavy
Structure Testing Laboratory at City University of Hong Kong. The
concrete blocks used for the pull-off tests had the dimensions of
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150 mm (width) x 150 mm (depth) x L. (length), where L. =300,
450, or 600 mm, for bond lengths of L=30-100, 250 and
400 mm, respectively. Details of the test specimens are given in
Table 1. The test variables involved: (1) concrete strength, includ-
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ing five grades of C20, C30, C40, C50, and C60; (2) bond length,
being 30, 50, 100, 250, and 400 mm; and (3) stiffness of FRP sheet,
with three variations of 1-, 2-, and 3-ply of carbon FRP (CFRP). The
three parts of the specimen ID in Table 1 specifies concrete grade,
bond length and FRP ply number, respectively. For example, C30-
250-3 specifies concrete grade C30, bond length 250 mm and 3
plies of FRP. Tests were conducted under a displacement control
mode at a very small displacement rate of 0.001-0.003 mm/s. A
smaller rate was used for an expected more brittle failure mode.
Preparation of specimens was similar as in [8]. The FRP material
properties were determined by coupon tests in accordance with
ASTM D3039/D3039M [22]. Concrete material properties were
determined by compression tests in accordance with ASTM C39/
C39M [23].

The displacement and strain fields on the surface of the test
specimens were continuously captured by the DIC system
(Fig. 2). DIC records the movement of particles on the surface of
an object by digital cameras. By calculating the variation of relative
position of different particles (image motion and distortions),
strain components in any direction on the surface of an object
can be obtained at any time. Compared with the traditional electri-
cal strain gauge measurement, DIC can provide more detailed, con-
tinuous, accurate and reliable strain data and is particularly
suitable for interfacial bond tests [24]. It has been proved to work
very well by the authors’ group in different kinds of experimental
tests of concrete structures [8,24-27]. For the particular tests, the
DIC images were captured at a frequency of 20 HZ using two cam-
eras with 1280 x 1024 pixels. The strain accuracy was 0.025%.
However, it is noted that DIC also has limited accuracy and care
should be exercised in interpreting DIC results at very small dis-
placement [28].

3. Strain distributions

The typical strain distributions of the FRP sheet for specimen
C30-250-3 are shown in Fig. 3, where &y, &, and &, are the longi-
tudinal, transverse and the shear strain, respectively. The dashed
lines show the boundary of the FRP sheet. A few typical transverse
and longitudinal sections of &y, distributions are shown in Fig. 4.
The longitudinal strain distribution can be divided into three
regions: (I) unstressed region; (II) stress transfer zone; and (III)
fully debonded zone (Fig. 4b). Within the stress transfer zone,
the strain distribution is increasing from the free end which is sim-
ilar to previous observations [1]. In the fully debonded zone, the
strains are approximately constant, slightly dropping from the
boundary of region Il and region IIl towards the loaded end. This

phenomenon has been noted in experimental tests reported in
the literature [12,29] but has puzzled researchers in the past. A
rational explanation of the phenomenon was provided by He
et al. [30] in a mathematical study and by others [31-34].

Fig. 4a shows that the longitudinal strain of FRP at a cross-
section is not uniform which is consistent to the observation in
[35]. This variation in the transverse direction (X direction) is the
result of the width effect. In other words, in bond tests where there
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Fig. 5. Bond-slip curves of specimen C30-400-2 at different cross-sections.

is no width effect, the longitudinal strain across a cross-section
should be uniform. The strain variation in a cross-section causes
distortion of the FRP sheet and transverse shear strain. This can
also be seen in Fig. 3c: the transverse shear strain is larger near
the side of the FRP sheet, where the longitudinal strain is less uni-
form. In the meantime, there is a central region of width by,
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(a) Bond-slip model

(Fig. 3c) where the shear strain is approximately zero. The longitu-
dinal strains within by, are approximately constant (Fig. 4a). The
regions of high transverse shear are referred to as edge region
[35]. The edge regions extend from the side of central region within
the FRP sheet to a point on concrete surface where longitudinal
strain is zero (Fig. 4a). The transverse shear stress is significant in
both the FRP sheet and the concrete in the edge regions, further
outside which the transverse shear and axial strains are zero.

In the central region, the FRP strain and bond stress across the
width direction are essentially uniform; and hence this does not
involve the width effect. This analysis leads to the important con-
clusion that the bond properties derived from the central region do
not involve the width effect. Furthermore, the crack front is per-
pendicular to the direction of loading in the central region [35].
Based on the definition of fracture mode, interfacial debonding in
this central region belongs to Mode II fracture. The FRP in the edge
regions is subjected to both transverse shear and longitudinal
strains. Hence, the interfacial cracking in the edge regions involves
Mode III fracture where the transverse shear stress is parallel to the
crack front. In other words, debonding in the edge regions is a mix
of Mode Il and Mode III fractures [35]. This part of observations are
generally consistent with those in [35]. However, it was concluded
in [35] that “the dimension of the edge region was found to be
approximately constant throughout the length of the stress trans-
fer zone (STZ) (region Il in Fig. 4b). Based on the results in Fig. 4(a),
the width of the central region significantly varies along the bond
length which shows a 3-dimentional nature of the width effect that
brings in another important factor affecting the width effect (fur-
ther discussion in Section 7).

4. Bond properties under pure Mode II fracture

The bond stress at a particular location of the interface can be
calculated by Eq. (1) [30,31,36]:

where Erand trare the elastic modulus and thickness of the attached
sheet, respectively; ¢(y) gives the strain of the attached sheet at
location y and Ay is an incremental length used for calculation of
bond stress. A large value of Ay gives an average bond stress in a
region rather than a local one. A too small value of Ay causes signif-
icant scattering of calculated results. Therefore, a reasonable bal-
ance between the two should be considered. A value of
Ay =8 mm was found reasonable [24] and is used in this work
unless stated otherwise. The FRP strain distribution in the central
region is used to calculate bond-slip curves in this section, where
only Mode II fracture exists without the width effect. Typical

PA
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Fig. 6. Bond model.
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bond-slip curves calculated in this way are shown in Fig. 5 for spec-
imen C30-400-2 at different locations. The slip values are obtained
from DIC readings directly. It can be seen from Fig. 5a that the bond-
slip curves at different locations in the central region are similar.
Compared with the bond-slip curves reported in the literature
which  were measured by electrical strain  gauges
[9,10,13,17,29,37], these bond-slip curves are more stable and less
scattered. The more stable and consistent results are due to more
accurate and stable DIC measurements compared with those calcu-
lated from conventional closely spaced electrical strain gauges.
The bond-slip curves calculated from the average strain and slip
of the FRP sheet at a whole cross-section are shown in Fig. 5b.

These results are much more scattered compared with those in
Fig. 5a. It can also be seen from Fig. 4a that the width of the central
region changes at different cross-sections, which indicates that the
width effect varies along the bond length. In other words, the aver-
age bond-slip curves at different cross-sections involve different
width effects, and hence, should be different, as illustrated by
Fig. 5b. Clearly, the bond-slip curves from the central region, where
the fracture mode is pure Mode II, do not involve the width effect,
and hence, should be used to calculate the bond-properties.

The popular bond-slip model as given by Eq. (2) [1,3,30,38] and
shown in Fig. 6a is used to derive the interfacial bond parameters
herein:

T(s) = Efﬁ#e*/“(l —e/") )

0.96 i where o and p are the two parameters that control the amplitude
I and shape of the bond-slip curve. The corresponding loaded-end
0.75 1 I Ea (11 slip vs. pull force curve obtained by integration of the bond-slip
k, I a- (1) curve is shown in Fig. 6b. It can be seen from Fig. 6b that the recip-
! I = =Egq.(15) rocal of p determines the initial slope K, of the load-slip curve and o
0.5 1 P I is the slip at the turning point of the equivalent bilinear curve, or
L rom Eq. (11) the peak elastic slip sp, [8].
025 - I Based on the definition of interfacial fracture energy and Eq. (2),
: 1] From Eq. (15) .
i one has:
o 0 2
0 62301 648 . G - / ds — Eftf‘zx 3)
0 5 10 15 20 0 2p
LB The maximum bond stress (peak point in Fig. 6a) can be
obtained from dt/ds = 0, which gives
Fig. 7. Peak strength at different bond lengths.
Table 2
Outline of database.
Reference N; N, feo (MPa) Epty (GPa-mm) L (mm) by (mm) b, (mm) by/b,
Chajes et al. [13] 16 15 24.0-47.1 1102 50.8-203.2 25.4 152.4-228.6 0.11-0.17
Maeda et al. [53] 8 2 40.8-44.7 25.3-50.6 65-700 50 100 0.5
Takeo et al. [61] 33 33 24.1-49.3 25.5-115.2 100-500 40 100 0.4
Brosens and Van Gemert [43] 24 23 437 39.2-117.7 150-200 80-120 150 0.53-0.8
Kamiharako et al. [50] 18 1 34.9-75.5 13.5-60.0 100-200 10-90 100 0.1-0.9
Sato et al. [17] 20 2 23.8-43.4 25.3-122.8 65-700 10-200 100-500 0.1-0.67
Adhikary and Mutsuyoshi [41] 7 7 24.0-36.5 25.3-75.9 100-150 100 150 0.67
Bimal and Hiroshi [42] 7 7 24-36.5 25.5-76.8 100-150 100 150 0.67
Fu-quan et al. [74] 31 31 24.1-70.0 39.1-193 50-300 70 100 0.7
Nakaba et al. [54] 36 34 23.8-57.6 21.8-87.2 300 50 100 0.5
Wu et al. [21] 22 22 57.6 19.1-195 250-300 40-100 100 0.4-1
Dai et al. [46] 17 16 33.1-35 8.7-75.9 210-330 100 400 0.25
Tan [62] 12 10 29.3 16.4-32.8 300 50 100 0.5
Dai [47] 17 17 32.8-35 25.3-75.9 50-300 50-100 400 0.13-0.25
Kanakubo et al. [51] 12 12 23.8-57.6 20.3-87.2 300 50 100 0.5
Ren [57] 36 26 22.4-43.3 42.1-68.3 60-150 20-80 150 0.13-0.53
Ebead et al. [48] 32 32 425 25.0-58.4 50-320 25.4 150 0.17
Pham and Al-Mahaidi [56] 22 22 55.6 73.6-220.7 60-220 100 140 0.71
Dai et al. [3] 25 23 35 25.3-95.8 330 100 400 0.25
Yao et al. [29] 72 56 18.9-27.1 28.6-42.2 75-240 15-100 100-150 0.1-1
Ferracuti [49] 15 15 36.4-52.6 36.9-237 203-400 25-80 150-229 0.11-0.53
Sharma et al. [59] 18 18 29.7-35.8 198-360 100-300 50 100 0.5
Ko and Sato [52] 18 5 314 10.4-87.2 300 50 100 0.5
Subramaniam et al. [60] 13 13 39 384 150 12-46 125 0.096-0.368
Pellegrino et al. [55] 16 15 58.0-63.0 38.0-193.0 200-280 50 100 0.5
Savoia et al. [58] 23 23 26 40-216 100-400 80-100 150 0.53-0.67
Zhou [64] 123 123 45.6-65.4 12.3-40.1 20-200 15-150 150 0.1-1
Shi et al. [75] 12 12 27.1 12.7-52.7 230 50 100 0.5
Bilotta et al. [76] 18 16 19 174-309 300 60-100 160 0.375-0.625
Bilotta et al. [10] 34 34 21.5-26 38.2-238 50-400 50-100 150 0.5-0.67
Liu [77] 3 1 57.6 282.9 600 50 250 0.2
Czaderski and Olia [44] 8 8 32-33 203-286 300 100 150 0.67
Wu and Jiang [8] 65 65 25.3-59.02 41.5-119.3 30-400 50 150 0.33
Hunebum et al. [78] 17 16 27.7-31.4 175-294 300 60-100 150 0.4-0.67
Total 850 765 18.9-75.5 8.7-360 20-700 15-200 100-500 0.096-1

Note: N; = Specimen number in original reference, N, = Useful specimen number.
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Table 3
Existing Bond-slip Models.

Reference Bond-slip models

Neubauer and Rostasy TmaxS/So if § < So 2-b; /b
o] . { waxs/s0 I s Tmax = 1.8Kuf S0 = 0.202Ky, Ky = ,/1.125m

Monti et al. [79] S Tmax if S < So
_ S = _ _ 0 1 50 _ _ 2-by/be
T s T s g Tmax = 18Kufe S0 = 2.5Tmax (57+E), 5 = 033K, K = /1125 2205

Sr—=So

0.19
T = Tmax %72+(S3/50)3v Tmax = 35fc , So = 0.051
/

Nakaba et al. [54]

Savoia et al. [80] T = Tmax & 55228 3s+2(38/§ajm' Tmax = 3.5f%1°, 50 = 0.051

Dai and Ueda [81]
=
Tmaxe P50 if s > 50

K, = %:Gf _ 7-554K;0449f?'343
Ueda et al. [82]

0.575
Tmax x () FS<S0 o cusTsary 2RI O g, s, o — 0,028 (Epty) 2, = 0.0035K, (Eyty)°*,

T = 2BGf (e7B — e255), B = 6.846 (Est;)* "% (Ga/ta)*®**, Gy = 0.446 (Esty) "% (G /ta) O3f27C

Lu et al. [4 05
[4] — ) Tmax X (Si) if s <so (G 2\ ! Gr = 0.308K2 _  [2:25-Dby/be
= 0 y 0= (r.mxsu - §) » bf = U Kw \/E- Kw = 4/1253 by /be

Tmaxe ¥/ if s > 59

Wu and Jiang [8 Eptjor - 0.026 0.134/Ert
Jiang [8] T = Hems/ (1 - e75%), o = 0,094/, = “PET,
Pan and Wu [83] . ks if s < s
T Tmaxe P if s > 50
_ —0.026 _A _ G(+p)Astanh(aL) . G Ec—pE
B=5304f, ", p=7. k= —h—ué o=/ EfEr!

few = 1+0.222f%2°* (1 — by/be)

, Tmax = 01312010, ke = 14 0.222f%2%4 (1 — by /be)

This work = E’;—jze*/“(l —e /), o= 0.124f2019% p — 0.174f 025 (Eftf)o's
o
Tmax = Eflgza (when s = o x In2) (4) Py(c0) = EftfbfE (10)

It is analytically concluded by Wu and Jiang [8] that o is affected
only by the properties of concrete and hence can be expressed as a
function of f.,, while § is a function of f, Etrand the width effect.
As the bond parameters discussed in this section do not involve the
width effect, g is only a function of f,, and Ejt;. Therefore, o and
can be expressed by

o = Af?, (5)
B=Cfo (Esty)* (6)

It is widely accepted in the literature that the interfacial frac-
ture energy and the maximum bond stress are not related to Edy
[3,4,6,10,16]. Substituting Eqs. (5) and (6) into Eq. (3) gives
Gs :Aszf’w/[ZCZ(Eftf)zE’]]. To ensure Gy is not related to Egy

the term 2E-1 must be equal to 0 which gives E = 0.5. The same
result of E=0.5 is obtained by substituting Eqs. (5) and (6) into
Eq. (4).

Using the experimental bond-slip curves of a test specimen as
illustrated in Fig. 5a, the values of « and g can be determined by
regressing (best matching) Eq. (2) to the test curves. The values
of o and B for all test specimens are calculated in this way and
given in Table 1. Using the values of o and g given in Table 1 as a
database, coefficients A, B, C and D in Eqgs. (5) and (6) can be deter-
mined from regression analyses, which gives
o = 0.124f.%'% (inN, mm) (7)

co

B = 0.174f 2> (E;t;)°® (inN, mm) (8)

co

5. Bond properties involving Mode III fracture

Based on the analytical solution proposed by the authors
[8,30,36], the bond strength of the joint with a finite bond length
is given by

Py(L) = 1c; - Py(c0) 9)

where P,(c) is the bond strength when the bond length L
approaches infinity, or the maximum strength, given by

and x; is a length factor relating the maximum strength to the
bond strength of a joint with the bond length L, given by

_ nyT=1Psinh(yT=7L/)

Kp = (11)
1+ ncosh(\/l - nZL//j)
in which n is a solution of the following equation
204 Wcosh(% ﬂ) -2(1- 2n2)sinh<% W)
2L T + n3sinh<% m) =0
(12)

Substituting Eq. (3) into Eq. (10) gives Eq. (13), which is identi-
cal to the well-known ultimate bond strength model based on frac-
ture mechanics [3,7,39].

Py(oc0) = by /2GsEyty (13)

However, the analytical solutions of Eqgs. (9)-(13) are for 2-D
problems that ignore the width effect. The width effect can be
allowed for by applying a width factor x,, to Eq. (9), or

04
%®=QW%MM (14)

Based on the discussions earlier, the width factor «,, equals to 1
when only Mode II fracture is involved at the interface. When
Mode III fracture occurs together with Mode II, «,, is greater than
1 because the fracture energy of Mode III is about two times that
of Mode II [40].

Bond tests normally involve the width effect unless widths of
the bonded sheet and concrete substrate are equal. With « and B
given by Eqgs. (7) and (8) that do not involve the width effect, the
width factor x,, can be obtained by regressing Eq. (14) to the test
results of P,(L). Detailed modeling of x; and k,, is studied in the fol-
lowing sections.
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Table 4
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Existing Models of Bond Strength, Fracture Energy and Width Factor.

Reference

Bond strength

Fracture energy

Width factor

Van Gemert [37] P, = 0.5b¢Lf, NA NA
Holzenkampfer [71] Py = by/GfEsty Gy = 0.204f, NA
=0.453f2%
Tanaka [84] Py = bsL(6.13 — InL) NA NA
Hiroyuki and Wu [85] Py = bl (5'881_—0.669) NA NA
Maeda et al. [53] Py = byLeTy, Lo = £6:13-0.581n(Esty) NA NA
Ty = 110.2 x 10 °Est;
Neubauer and Rostasy [65 B NA
y [65] _ 0.64Kwby \ /f Ests ifL > L, L @ Kw = 1/1.125 ]1;]’1/%0
u — » e —
0.64ruby\[fErty (2 - £) ifL<Le I
i 2/3
Khalifa et al. [14] Py = byLeTy, Le = 613-058n(Ert) 1 — 110.2 x 10’65ftf (%) / NA NA
Chaallal et al. [86 D . NA NA
aallal et al. [86] Py = 2_7bfL/(1 + 1ty /a4 tan33 )
Niedermeier [6] 0.78b:\/G/Et; if L > L Gr = 0.204K%f, 2-by /be
P, = T\ L= /EE i gl K = /1125 252l
0.78b; /GEG £ (2 - £) if L < Le e = 0.45312f%
Yang et al. [87] Py = (0.5 +0.08,/°%5% ) byLo 7y, 70 = 0.5f,, Lo = 100mm NA NA
Chen and Teng [2] 0.427KkwbsLe /feo if L = Le Bt NA 2-by/be
P, = o JLe =, [ ZL Kw =\ [ 155, /b,
0.427KwbyLe fcosm(z%) if L<Le N/
lzumo model [88] , (382 +15.2) LEbyty x 107 for CFRP NA NA
" (34777 +69)LEbyt; x 107 for AFRP
Sato model [88] Py = (b +74)LeTu, Lo = 1.89(Eyt;)* NA NA
Tu = 2.68 x 10°fP2Esty
Iso model [88] P, = bfLETUV Le = 0-125(Eftf)0>57 NA NA
7, = 0.93f%*
Dai et al. [3] G = 0.514f%:236 NA

Py = { (bs +7.4), /2G;Ejty if L > 100mm
bf« /2GsEsty if L < 100mm

Lu et al. [4] b by \/2GfEsty ifL > L,
v {b,mi(zfﬁ) ifL<L’
ao = Lsin 1(0499 ?) s =24
So = 0.0195Kyf;,Tmax = 1.5Kuf;
Wuetal. 7] 0.585Kwbgf %' (Erty)*>* if L > L
u = { O.SSSKbefE; (Eftf)0'54 (i)l,z L <L,

Wu and Jiang [8] /T sinh

\/17«12L)
ML

P, = Eftfbf%rq, K| =
1+ncosh

0026 0.134,/E%;
o= 0.094f07%6, = 22N,
W co

n=41 1e-03835L/8 _ 3 G1e-04454L/p
Py(L) = Egtyby 21y icw, o = 0.124f 1%
B = 0.174f .22% (Est;)*° i, = tanh(0.3L/)

This work

Gy = 0.308xk2,\/f;
=0.207K2f227

o [2:25-b/be
W = \/ 125+ /b,

NA [2.25by b
, Le = 0.395(Est;) "0 Kw =\ /72578, /Bc

Gy = 0.247K2 0216 Fow = 1+ 0.222f230% (1 - ﬁi)

Gy = 0.254f02% Kw = 1+ 631372372 [(Eftf)fo.zgg

+0.007](1 — by /b )*"*°

6. Length factor

The length factor x; can be obtained from Eqs. (11) and (12).
However, the direct use of these two equations is inconvenient
for practical applications. Through mathematical study, a simple
and sufficiently accurate equation for x; is obtained in [30], as
given by

K, = tanh (%) (15)

Fig. 7 compares Eq. (15) (dashed line) with Eq. (11) (solid line).
Therefore, Eq. (15) is used in this work. Eq. (15) can be rewritten as

atanh(x;)
03
For a bond strength that is a fraction of the maximum bond

strength, or k;P,(oo), the corresponding bond length is given by
Eq. (16). The value of L calculated from Eq. (16) for a selected value

L=g (16)

of k; close to 1.0 is called the effective bond length L., and x; = 0.96
is a common value used by researchers [1,3,30]. Compared with
the exact solution from Eq. (11), the error of L./B given by Eq.
(16) is smaller than 5% when k; is equal to 0.96.

7. Width factor

Rearranging Eq. (14) gives

Pu(L)p

Ky =—=—53—"
w EftfbeCK]_

(17)

Test results of P,(L) are collected from both extant literature
[3,10,11,13,17,18,21,29,38,41-64] and the authors’ own tests
(Table 1) to form a database for calculation of x,, as summarized
in Table 2. It contains 850 test results of EB-FRP bond tests. The
concrete strength, FRP stiffness Efy, bond length and the width
ratio (bgb.) vary between 18.9 and 75.5 MPa, 8.7-360 GPa-mm,
20 to 700 mm, and 0.096-1, respectively.
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Test data may be scattered due to differences in material prepa-
ration, test setup, and test method which affect failure mode [45].
Therefore, screening of test results is important before they are
used for model calibration. Careful screening of the database shows
that 765 out of the 850 test specimens had adequate failure mode
of interfacial fracture with a layer of concrete peeled off by FRP
sheet. Other specimens failed by other failure modes such as
adhesive-concrete bond interface failure (no concrete skin peeled
off), concrete prism failure and plate tearing. Therefore, only 765
specimens are used in this work for regression analyses. Out of
the 765 tests, 65 are from Table 1. This database is the largest com-
pared to those reported in the literature at the time this regression
was carried out. The values of k,, calculated using the database are
used to derive the model through regression analysis.

Existing models of x,, are listed in Tables 3 and 4. Most models
assume that x,, is a function of brand b.. Wu and Jiang [8] further
included concrete strength as another parameter and proposed the
following model for the width factor:

Kw =1+ 02222 (1 — bs/b.) (inN, mm) (18)

co

The width effect can be visualized as a result of the following
two mechanisms:

(1) As the movement (or strain) of FRP sheet in the central
region is larger than those at the edge regions (Figs. 3
and 4), the width effect is caused by the restraining from
the concrete outside FRP sheet against its movement. The
slip (or strain) field (Fig. 4a) is similar to the speed distribu-
tion of water flow in a channel where the side of the chan-
nel drags the water to cause a speed gradient (shear strain).
The side-restraining or dragging effect in a fluid (boundary
effect) is influenced by the properties of the fluid (viscos-
ity). Similarly, the width effect of the FRP-concrete inter-
face is also affected by the properties of the substrate
material that is related to concrete strength. The side drag-
ging effect should be higher in case of stiffer materials.
Therefore, i, should increase when f, increases from this
point of view.

(2) On the other hand, the dragging effect is not only related to
the strain profile of FRP sheet at a certain transverse cross-
section but also related to the longitudinal strain distribu-
tion that is reflected by the effective bond length L.. This
can be seen in Fig. 4a where different width effects are
shown at different cross-sections. When Egf approaches
infinity or f., approaches zero, L. approaches infinity (see
Egs. (16) and (8)). In this case, it is a two-dimensional
side-dragging (uniform strain profile along longitudinal
direction) without the three-dimensional dragging effect
and hence gives a smaller value of «,,. From this point of
view, k,, should reduce when Ef; increases or f, reduces.

Mechanism (1) above is namely “the boundary layer effect” and
“restraint to the FRP sheet from the surrounding concrete” in
[35,60]. Mechanism (2) identify a new factor affecting the width
effect: Efy, for the first time. The above analyses on the two mech-
anisms are consistent with those discussed in Section 1. Based on
the above arguments, the calculation of x,, should take the follow-
ing form:

Kw=1 +f<fco)'g(Eftf)'h(bfﬂbc) (19)

where f(f,), g(Ests), and h(by, b.) are functions of f., Et; and FRP
and concrete widths, respectively. These functions are to be deter-
mined. Eq. (19) satisfies all of the mechanisms discussed above.
Using the collected database and through regression analyses, these
functions are determined to be:

f(feo) =fe;™ (inN,mm) (19a)
g(Esty) = 8(Eft;) ** 4+ 0.01 (inN, mm) (19b)
h(by,be) = (1 - by/b.)*®' /(1 +0.01b; ) (inN, mm) (19¢)

Substituting Eqgs. (19a)-(19c) into Eq. (19) gives

K =10 [8(Erty) ** +0.001| (1-by/be)**'/(1+0.01b}*) (inN,mm)

(20)
0.12
01 | ®=0.749
’ Ave=-0.019
_0.08 A
g &
£ 0.06 1
N
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0.12
®=0.001
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Fig. 8. Parameters o and .
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When by is equal to b, there is no width effect and the width
factor is equal to 1.

8. Discussions
8.1. Parameters o and 8

Comparisons between the experimentally obtained values of
parameter o from the database in Table 1 and the model predic-
tions are shown in Fig. 8a. The proposed model of « shows a
slightly decreasing trend with the increase of f.. Based on the
analytical solution of Wu and Jiang [8], a=s,=s, (Fig. 6b)
where s, is the ultimate slip of a linear bond-slip model when
the bond stress reaches its peak and suddenly drops to zero.
Therefore, the value of o is related to the local slip capacity
before debonding. For normal EB-FRP joints with a thin adhesive
layer, the local slip capacity is closely related to deformability of
the substrate material which is related to concrete grade. As the
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deformability of concrete decreases with the increase of con-
crete strength, the decreasing trend of o predicted by the new
model is reasonable.

As shown in Fig. 6b, the reciprocal of g determines the initial
slope K, of the load-slip curve. The p model (Eq. (8)) shows a
decreasing tendency (meaning the initial slope K, increases) with
the increase of concrete strength (Fig. 8b) and an increasing trend
with the increase of FRP stiffness (Fig. 8c), both of which are also
reasonable.

In Wu and Jiang [8], the bond strength is given by
Py(L) = Ertrbrrc, § where the width effect is included in . Compared
with Eq. (14), o/ in this work should be equivalent to o/(Bky) in
Wu and Jiang [8]. These two ratios are compared in Fig. 8d between
the proposed model and that by Wu and Jiang [8]. It can be seen
from Fig. 8d that these two models are essentially the same for pre-
dicting the bond strength. As more factors are included in the new
model of width effect, the new model could potentially perform
better when more test data is available.

2 2
(Expe.-Theo.)/Theo.  ©=0.091 (Expe.-Theo.)/Theo.  ©=0.232
L5 : Ave.=0.127 1.5 - = Ave.=0.324
14 = 1
] +
0.5 | I + XA
: B é@ 05 A é
0 S ﬁ ; LR
-0.5 01 LE o
' 4
bylbe ¢ e
-1 ——27 5 P
0 02 04 06 08 1 0 02 04 06 08 1
(a) Neubauer and Rostasy [65] (b) Chen and Teng [2]
2.5 1.5
(Expe.-Theo.)/Theo.  ©=0.238 (Expe.-Theo.)/Theo.  ©»=0.006
214 = Ave.=0.333 14 = Ave.=0.009
154 = =
s lo
1 A ! m ot -
051 ©.- é §
o { 5K H
by'b.
_0.5 T T T T f7|/
0 02 04 06 038 1
(c) Luetal. [4] and Wu et al. [7] (d) Wu and Jiang [8]
1.5
(Expe.-Theo.)/Theo. G000 DTakeoetal (611 ARen[S7]
1 1 o ve—o X Wu et al.[21]

(e) Proposed model

XNakaba et al. [54]
ODai et al. [3]
=Ebead et al.[48]
© Zhou[64]
AFu-quan et al.[74]
@ Savoia et al. [58]

+ Brosens and Van [43]
=Yao et al. [29]

EMWu and Jiang [8]
XBilotta et al. [10, 76]
¢ Hunebum Ko [78]

Fig. 9. Performance of k,, models.
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8.2. Width effect

The models of the width effect reported in literature are listed
in Table 3. The earlier models, such as those in [2,4,6,7,65], only
considered brand b, in the width effect. No model considers con-
crete strength as a factor of the width effect until Wu and Jiang
[8]. The current study further extends the model of Wu and Jiang
[8] by including another factor, the stiffness of FRP plate Efy, into
the width effect model.

Eq. (17) can be rewritten as
Py
i Py (21)

w= Eftf%K,_ B Eftf%lq

where p,, is the bond strength for unit width of FRP plate. Therefore,
Eq. (21) can be used to calculate the experimental value of k,,
where parameters « and g are given by Egs. (7) and (8), respectively.
The performance of the existing models and the proposed one (Eq.
(20)) for k,, is compared with the test results calculated by Eq. (21)
in Fig. 9 where Expe. and Theo. equal to experimental and theoret-
ical results, respectively. The theoretical value of k,, for existing
models are given by the equations in Table 3. For those that do
not give k,, =1 when byb. =1, the k,, models should be scaled by
a factor to make k,, =1 when bg= b, [8].

The performance of a model is evaluated with the following
error index:

Expe. — Theo.
Err — pThT (22)
> |Expe. — Theo.|
" Y |Theo.] (23)
Ave — iz ETTi (24)
n

Comparatively, the model proposed in this work gives a higher
precision and smaller scattering (w = 0.004, Ave. = 0.005) among all
the models. A relatively large scattering of results still exists in
Fig. 9. This kind of error is largely caused by scattering of the test
result itself and is difficult to avoid. As shown in Fig. 10, the test
results from an identical design of specimen reported in the same
work still show a large scattering.

8.3. Bond strength

The accuracy of the proposed bond strength model (Eq. (14))
and the existing ones is evaluated with error index w and Ave.
The results of the error analysis are shown in Fig. 11. For reasons
similar to those discussed in the previous section, bond strengths
show a relatively high scattering, regardless of the accuracy of a
model. All of the existing models have a higher accuracy for the
bond strength in the lower half of the range in Fig. 11. It is because
most of the test results are in this region and the previous models
were regressed using a database with test results in this region.
Neubauer and Rostasy [65], Wu et al. [7] and Wu and Jiang [8] give
a significantly larger value for bond strength in the upper half of
the range, while Chen and Teng [2] and Lu et al. [4] provide a
smaller one. Due to the inclusion of more parameters in modeling
in this work, the performance of the proposed model is relatively
better compared with others with the smallest error index
w=0.164.

8.4. Fracture energy

Substituting Egs. (7) and (8) into Eq. (3) gives:

EfthCZ
Gr = 5

, = 0.254f%?% (inN, mm) (25)

co

Eq. (25) is suitable for 2D problems without consideration of the
width effect. When the width effect is included in the fracture
energy Gy, Eq. (13) gives the maximum bond strength considering
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the width effect and P,(L) = P,(c0)x; gives that with a limited
bond length L. Substituting Eqs. (13) and (14) into the right and left
sides of P,(L) = P,(oc0)Ky, respectively, gives

Eftfot2 2 0.204 2
Gr = 2 (kw)” = 0.254f ;7 (Kw)” (inN, mm) (26)

Kwis equal to 1 in a 2D problem, and hence, Eq. (25) is a special
case of Eq. (26).

The width effect in the fracture energy of the debonding prob-
lem is actually similar to the size effect in fracture mechanics.
For fracture of concrete, BaZant and Pfeiffer [66] showed that the
fracture energy has no size effect for infinitely large specimens
(no boundary effect). However, many researchers observed a size
effect in fracture tests [67-70]. Different reasons have been given
to explain the size effect in fracture tests, including inaccuracy of
test [69], misconduct of test curve [70], and non-uniform crack
propagation along ligament length [67,68].

Comparing the 2D fracture energy of Eq. (25) with the 3D one of
Eq. (26), the non-uniform cracking field in a 3D problem is cer-
tainly a factor that causes the size effect in fracture energy. The
existing models of fracture energy for the debonding problem are
provided in Table 4. Holzenkampfer [71] proposed a model

Gr = 0.453f>*(in N, mm) which has the same form as Eq. (25)

co

but different coefficients. A similar model of G; = 0.514f%**° (in
N, mm) was proposed by Dai et al. [3]. Clearly, these two models
exclude the width (size) effect. The fracture energy model devel-
oped by Niedermeier [6], Lu et al. [4] and Wu and Jiang [8] have
the same form as Eq. (26). Therefore, the width effect is included
in their models. The difference in the coefficients of different mod-
els is apparently caused by the use of different database for model
regression.

It is controversial to include size effect in the fracture energy as
it is considered in fracture mechanics as a material property that is
not affected by size or geometry of an object. However, it is well
known that the fracture energy is different for different fracture
modes (Modes I, II, III, and mixed mode). It is also clear that geom-
etry of the problem significantly affects stress condition (distribu-
tion and proportion of stress components) and consequently the
fracture mode [35] (e.g. it is mode II fracture when there is no
width effect and mode III fracture is involved when width effect
exists). As a result, the fracture energy that is defined as the energy
required to completely debond for unit bond area is naturally
related to the size or width effect. In fact, the fracture criteria
and fracture energy for mixed mode fracture are found to be
related to loading or stress conditions [72,73].

9. Conclusions

The size effect of interfacial bond is investigated through exper-
imental and analytical studies in this work. A new model for the
width effect of EB FRP-to-concrete joints is developed. Although
the experimental results were based on, and the developed models
are applicable to, EB FRP-to-concrete joints only, the perception
and analytical approach to the problem are general and applicable
to interfacial bonds between different materials. The following
observations and conclusions can be made from this work:

1. Strictly and generally speaking, interfacial bond is non-local and
size dependent. For one-dimensional structural members such
as beams and columns, the size effect is reflected by the width
effect of bond.

2. This work supplements the important findings in [35] and fur-
ther confirms (i) when only pure Mode II fracture is involved in
interfacial shear bond, there is no width effect. It is the presence
of Mode III fracture that causes the width effect; and (ii) there is

a region in the center of an externally bonded reinforcing strip
that has a uniform longitudinal strain. Bond properties derived
from this central region do not involve the width effect.

3. The width effect varies along the bond length. In other words,
average bond-slip relationship at different cross-sections
involves different width effects.

4. The width effect is comparable to the dragging to water flow by
the side of an open channel. Based on this analogy, a new factor
affecting the width effect is identified and included into the
proposed model. The coefficients of the proposed model are
determined through regression analyses using a large test data-
base. The proposed model shows an improved accuracy com-
pared with other existing models.

5. When the width (size) effect is involved in bond, the interfacial
fracture energy is width (size) dependent.
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