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ABSTRACT

Strain hardening cement-based composites (SHCC) beam externally bonded with glass fiber-reinforced polymer
(FRP) plate was examined under three-point flexural test. The effects of the type of substrate used (plain cement
mortar vs. SHCC), the use or not of a FRP plate to strengthen the SHCC beam, and the thickness of the FRP plate on
the flexural performances were studied. Results show that the ultimate load of SHCC beams strengthened with FRP
plate has improved greatly in comparison with plain SHCC beams. The deformation capacity of beams makes little
change with an increase in the thickness of FRP plates. The formation of multiple flexural-shear cracks (MFSC) is
the unique feature of SHCC beams bonded with FRP plates under three-point bending. The debonding of the FRP
plate is initiated fromMFSC. The initiated debonding area (IDA) is formed by the joint points of the flexural-shear
cracks with the FRP plate. Then the debonding strain is represented using the average strain of FRP plate within
IDA, which decreases with an increase of FRP plate thickness. The experimental values of the debonding strain of
SHCC beam reinforced with FRP plate are close to those predicted by the JSCE’s equation.
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1 Introduction

The mechanical behaviors of concrete structures externally bonded with fiber-reinforced poly-
mer (FRP) plates have been investigated widely [1–5]. Teng et al. [6] pointed out that stress
concentration near the mouth of crack initiated at the FRP-concrete interface was the main factor
to induce the debonding of FRP plate from concrete substrate. FIB standard suggests that the
interface slip between FRP plate and concrete increases with an increase of the crack width,
and the debonding failure arises once the interface slip reaches 0.185 mm [7]. From the previous
studies, it can be seen that the debonding failure of the FRP plate reinforced concrete beam is
closely related to the cracking properties of concrete. Strain hardening cementitious composites
(SHCC) prepared using cement, fine sands, fly ash and 2.0 volume % of PVA fibers, etc., shows an
excellent capacity to control the crack width within the scope of less than 100 micrometers, and
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high ductility and the multiple fine crack characteristics under direct tension or flexure [8,9]. Thus,
the debonding process of FRP from SHCC may delay in SHCC beam reinforced with FRP plate,
inducing its load carrying capacity is greater than that of a normal concrete beam bonded with
FRP plate. The spacing between two adjacent fine cracks generated in the SHCC-FRP interface is
far less than the effective bonding length between FRP and SHCC. So, its debonding mode may
be different from that of normal concrete beam reinforced FRP plate.

Previous studies have reported that as SHCC was used as the transition layer between FRP
plate and concrete in FRP plated reinforced concrete (RC) beams, it was found that the debonding
of FRP from concrete was postponed and the ultimate load of the strengthened beam improved
apparently [10–12]. SHCC as the transition layer was beneficial to control the width of crack
generated in the interface between FRP and concrete, and reduced stress concentration in the
interface [12]. The hybrid composite plates (HCPs) technique is another example to use the
combination of SHCC and FRP for strengthening or repairing RC beams. HCP is a thin plate
SHCC reinforced with FRP laminates. The HCPs are applied to RC beams by using epoxy
adhesive or anchoring or casting directly [13–15].

However, studies on RC structures strengthened with SHCC transition layer or HCP were
focused on the overall performances regarding ultimate capacity, load-deflection response, mode
of failure, and ductility, etc. The cracking process in SHCC layer and SHCC-FRP interface has
been paid little attention. So, in this paper concrete substrate is not involved so as to investigate
the bonding characteristics of SHCC and FRP under bending. To our knowledge, studies on
the whole SHCC beam reinforced with FRP plate have not been performed yet. The purpose of
this work is to clarify the flexural behavior, debonding mode, and the debonding strain εdb of
SHCC beam bonded with FRP plate. Effects of the following parameters are investigated in this
study; (a) type of substrate used (plain mortar vs. SHCC), (b) the use, or not, of a FRP plate
to strengthen the SHCC beam, (c) the thickness of FRP plate. The paper consists of four parts.
Part 2 presents the process to prepare specimens and methods of testing. Part 3 gives the load-
deflection responses, crack patterns, and debonding modes of different specimens. The obtained
εdb is compared with those predicted by ACI, JSCE, and FIB, etc. Conclusions are presented in
the final part.

2 Experimental Process

2.1 Materials
SHCC was prepared using PVA fiber reinforced cement mortar composite. The diameter of

the PVA fiber was 39 micrometers, and the length was 12 mm. The volume content of PVA fiber
was 2.0%. Other raw materials included P.O. 42.5 cement, Class I fly ash, fine silica sand (particle
diameter < 0.3 mm), water, superplasticizer, and viscosity modifier agent. The mixture ratio is
listed in Tab. 1. Plain mortar specimens were also prepared according to Tab. 1 except PVA fibers.
The procedure to mix these raw materials was the same as that reported in reference [16].

Table 1: The weight of raw materials used for the preparation of 1 m3 of SHCC

Cement Fly ash Fine sand Water PVA fiber WR VMA

390.1 kg 780.2 kg 526.6 kg 362.8 kg 26.0 kg 4.1 kg 0.3 kg
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FRP plate was fabricated by impregnating several layers of unidirectional glass fiber fabric
(227 g/m2) with TM-192 unsaturated polyester resin. Methyl ethyl ketone peroxide and octylic
acid cobalt were used as the curing agent and accelerant, respectively. After curing, the FRP plate
was cut into sheets with the size of 400 mm (Length) × 50 mm (Width). The plate lengthwise
direction was in agreement with the direction of continuous glass fiber. In order to enhance the
bond strength between the FRP sheet and SHCC, the coarse sand coating was painted on the
FRP plate [17,18]. First, a layer of TM-192 resin was applied on one surface of the FRP plate.
Then, coarse sand was scattered on it uniformly. The gradation of coarse sand is given in Tab. 2.

Table 2: The gradation of coarse sand

Size 3.87∼4.73 mm 4.73∼5.8 mm 5.8∼7.88 mm 7.88∼9 mm

Mass percent (%) 5.1 45.9 42.5 6.5

The mass of sand applied on the FRP plate per unit area was about 3.41 kg/m2. Finally, the
coarse sand-coated-FRP plate was cured at room temperature. The finished FRP plates are shown
in Fig. 1.

50 mm

Figure 1: Coarse sand-coated-FRP sheets

2.2 Preparation of Specimens
After the coarse sand-coated-FRP sheet was fixed at the bottom of the mould, the fresh

mixture of SHCC was poured into the mould. The mould was vibrated for 2 min to remove
the air bubbles. Specimens were stored in the curing chamber for 28 days. The size of the beam
was 400 mm (Length)× 50 mm (Width), and the total thickness of the beam was 48 mm (i.e.,
the thickness of the SHCC layer or plain mortar layer) plus the thickness of FRP plate. Several
types of specimens were prepared as given in Tab. 3. About the sample designation, the first letter
“S” and “M” refer to SHCC and plain mortar, respectively. The second Figure. 0∼6 represents
that the thickness of the FRP plate is 0 mm (without FRP), 1.5, 2.5, 3.5, 4.0, 4.5, and 5.5 mm,
respectively. Three specimens of each type were prepared. Test results were averaged.

2.3 Test Method
The basic mechanical properties of SHCC and FRP were measured. Specimens for measuring

the tensile properties of SHCC were dumbbell-shaped in terms of JSCE recommendations [19].



194 CMES, 2021, vol.127, no.1

70 mm cubic specimens were used to test compressive strength in terms of JGJ 70 [20]. FRP sheets
with the size of 300 mm (Length)×25 mm (Width) were employed to test the tensile performance
of FRP in terms of GB/T 3354 [21]. The mechanical properties of SHCC and FRP obtained are
listed in Tab. 4. As shown in Tab. 4, the ultimate tensile strain of SHCC is greater than that of
FRP, the tensile strength of FRP is greater than that of SHCC, and the elastic modulus of FRP
is slightly higher than that of SHCC.

Table 3: Specimens of FRP reinforced SHCC or plain mortar beam

Designation
of specimens

Thickness of
FRP (mm)

Type of
substrate

Purposes

S0 0.0 SHCC Compare flexural behaviours of SHCC beams, FRP reinforced
SHCC and FRP reinforced plain mortar beamsM4 4.0 Mortar

S4 4.0 SHCC
S1 1.5 SHCC Investigate the effect of thickness of FRP sheet on flexural

performances of FRP reinforced SHCC beamS2 2.5 SHCC
S3 3.5 SHCC
S5 4.5 SHCC
S6 5.5 SHCC

Table 4: Mechanical properties of SHCC and FRP

Materials Compressive
strength (MPa)

Tensile strength
(MPa)

Modulus of
elasticity (GPa)

Ultimate tensile
strain (%)

SHCC 34.48± 0.70 4.49± 0.25 16.27± 2.38 4.17± 0.18
FRP – 386.48± 20.89 23.47± 0.86 1.63± 0.09

Three-point bending tests were performed on specimens. The experimental setup is shown in
Fig. 2. During loading, the span was 350 mm. The loading rate was 0.1 mm/min. The deflection
and cracks were measured by using the DIC (Digital Image Correlation) system (CSI Co., USA)
as shown in Fig. 2a. Two digital cameras with 9 mega-pixel resolution were used to acquire
images of the sprayed speckle, which was created by spraying oil paint on the front surface of the
specimen. The working distance of the camera was about 800 mm from the specimen. The image
acquisition frame rate was 1 frame per second (FPS). The VIC-3D™ software was used to analyze
the displacement occurring at the surface of the inspected specimen during loading. Virtual clip
gauges offered in the VIC-3D™ were used to measure the crack width.

As shown in Fig. 2b, seven electrical resistance strain gauges with a 20-mm longitudinal
spacing were stuck on the surface of the FRP sheet to monitor tensile strain. One strain gauge was
adhered on the upper surface of the substrate to monitor compressive strain. The gauge length
of strain gauge was 10 mm.
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Figure 2: Setup for flexural test (a) DIC system, and (b) positions of strain gauges on the
FRP plate

3 Results and Discussion

3.1 The Load-Deflection Responses
Fig. 3 presents curves of load vs. deflection for specimens S0, M4, and S4. As shown in

Fig. 3, the deflection of specimen M4 increases linearly with the increase in the imposed load till
failure, while specimens S4 and S0 exhibit flexural hardening behavior following the linear elastic
stage. The ultimate loads are 2.5, 3.4, and 10.9 kN in specimens S0, M4, and S4, respectively.
Compared to that of S0, load-carrying capacities of M4 and S4 increase by 36%, and 336%,
respectively. The strengthening effect of the FRP plate indicates that the FRP sheet shares bending
moment and hinder the extension of cracks generated in the substrate. As shown in Fig. 3, the
maximum deflections (corresponding to the peak load) are 3.1, 1.0, and 3.3 mm for S0, M4, and
S4, respectively. The higher deflection of S0 and S4 is attributed to high ductility and multiple fine
cracking behaviors of SHCC. The slope of load-deflection curves of S4 is greater than that of
S0, implying that the flexural stiffness has improved greatly as the SHCC beam is reinforced with
the FRP plate. Specimen S0 has experienced a longer hardening stage than specimen S4, which
may due to the higher flexural stiffness in specimen S4.

Fig. 4 displays the curves of load vs. deflection for specimens S1∼S6. The ultimate loads
are 7.3, 10.1, 11.0, 10.9, 11.4, and 11.5 kN in S1∼S6, respectively. Compared to that of S1, the
ultimate load of S2 increases by 38%. But in specimens S2∼S6 with increasing the thickness of the



196 CMES, 2021, vol.127, no.1

FRP plate, the ultimate load makes little change. The thick FRP plate may induce the premature
debonding of the FRP plate from the substrate easily, thus the ultimate loads of specimens S2∼S6
do not increase with increasing FRP plate thickness.
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Figure 3: Load-deflection curves of specimens S0, M4, and S4
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Figure 4: Load-deflection curves of specimens S1∼S6

The maximum deflections are between 3.1 and 3.7 mm for specimens S1∼S6, which are similar
to the maximum deflection in specimen S0. This implies that the deformability of the SHCC beam
reinforced with the FRP plate is not influenced by the thickness of the FRP plate. This may be
attributed to that the failure mode of the SHCC beam strengthened with the FRP plate is the
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interface debonding between SHCC and FRP plate, resulting from the flexural or flexural-shear
cracks initiated in the SHCC substrate. Thus, the deformation capacity of the SHCC substrate
will dominate the deformation of the SHCC beam reinforced with the FRP plate.

3.2 Crack Patterns and Debonding Modes
Crack patterns of S0, M4, and S4 are shown in Fig. 5. These images gained by using the

DIC system are listed according to four loading stages such as (i) 0∼0.4 Pu, (ii) 0.4∼0.6 Pu, (iii)
0.6∼0.8 Pu, and (iiii) 0.8∼1.0 Pu (Pu represents the ultimate load).

S0 M4 S4

0~

0.4 
Pu

0.4~
0.6 
Pu

0.6~
0.8 
Pu

0.8~
1.0 
Pu

Figure 5: Crack patterns in S0, M4, and S4 measured by DIC system

3.2.1 SHCC Beams
In Fig. 5, the first flexural crack is initiated in specimen S0 during the first loading stage,

resulting from the tensile stress is beyond the tensile strength of the matrix. With increasing
applied load some parallel flexural cracks are generated. The upper ends of some flexural cracks
tend to be inclined due to the shear stress. Finally, the flexural cracks extend near the upper
surface of the beam. The opening of crack in specimen S0 with an increase of the applied load is
shown in Fig. 6. As shown in this figure, the crack opening increases with increasing load quickly
under three-point bending in specimen S0, and the maximum crack width is beyond 100 μm.

3.2.2 Plain Mortar Beams Strengthened with FRP Plate
Flexural cracks are also formed in specimen M4 during the first stage of loading. But during

the final loading stage, a large diagonal crack is generated in specimen M4, and the direction of
the crack is almost from the loading point to the support of the beam (see Fig. 7). It propagates
quickly and connects several existing flexural cracks, finally resulting in the debonding of the FRP
sheet from the substrate. This phenomenon is ascribed to the weak shear strength of the plain
mortar. It is obvious that the debonding mode of the FRP plate in specimen M4 belongs to the
critical diagonal crack (CDC)-induced debonding mechanism, which is related to a single critical
shear crack in the member [1]. Fig. 8 shows the variation of the crack opening with an increase of
load in specimen M4. It is noticed that near the ultimate load the width of CDC increases rapidly
without prior warning. CDC can cause the rigid body sliding and rotation motions across the
crack, thus inducing the FRP plate to debond from the root of the crack towards the plate end [1].
Due to its brittle failure, the deflection in specimen M4 is the minimum among these specimens.
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Figure 6: The opening of cracks vs. load in specimen S0
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3.2.3 SHCC Beams Strengthened with FRP Plate
As shown in Fig. 5, some inclined flexural-shear cracks caused by normal stress and shear

stress are generated in specimen S4 after the first loading stage. The number of flexural-shear
cracks increases during loading. Especially, during the final loading stage the formation of multiple
flexural-shear cracks (MFSC) is the unique feature of specimen S4 under three-point bending. It
implies that the debonding mode of FRP plate in specimen S4 belongs to intermediate crack (IC)
debonding initiating from MFSC. The opening of several cracks in specimen S4 with increasing
imposed load is displayed in Fig. 9. The crack openings in specimen S4 increase slowly with
increasing load, and the maximum crack opening is within 60 μm. Therefore, the width of crack
in specimen S4 is controlled more effectively than that in specimen S0. SHCC also exhibited
multiple cracks and strain hardening phenomenon under shear [22,23]. So, the propagation of
flexural-shear cracks in SHCC is not rapid in comparison with the shear crack in the plain mortar,
inducing that the debonding of FRP sheet in specimen M4 is a brittle failure while the debonding
of FRP sheet in specimen S4 from SHCC is a ductile failure.
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Figure 9: The opening of cracks vs. load in specimen S4

Fig. 10 shows crack patterns of specimens S1, S2, S3, S5, and S6. To simplify, Fig. 10 only
provides crack patterns at the final two loading stages. It is found that the formation of MFSC
is the common characteristic among these specimens. At the final loading stage the density of
flexural-shear cracks seems to decrease with an increase in the thickness of the FRP plate.

3.2.4 Crack Patterns of MFSC
To observe MFSC, a thin layer of adhesive was painted on the behind surface of the specimen

(the DIC system was faced the front surface) to record MFSC. Fig. 11 gives the patterns of
MFSC in specimens S1∼S6 at the final loading stage. These photos display the distribution of
MFSC within an area of about 50 mm (Height)× 60 mm (Width). As shown in Fig. 11, there
are some fine cracks distributing between main flexural-shear cracks.
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Figure 10: Crack patterns of SHCC beams bonded with different thickness of FRP plate

In specimens S1∼S3, the inclined angle between the flexural-shear crack and the horizontal
line increases as the crack moves towards the midspan. But, in specimens S4∼S6, flexural-shear
cracks are nearly in parallel. In Fig. 11, point A and point B are the joint points of MFSC with
the interface between FRP and the substrate. The distance between point A and the midspan is
about 20∼30 mm in these specimens, while the distance between point B and the midspan is about
50 mm in specimen S1, and about 60∼70 mm in other specimens.

As a crack forms on the SHCC substrate, the accommodation of the crack is accomplished
by the shear strain of the coarse sand coating, thus resulting in the horizontal crack along with
the SHCC-coarse sand interface since the bond strength of FRP-coarse sand interface is higher
than that of the SHCC-coarse sand interface. As shown in Fig. 11, some interfacial cracks are
developed around the boundary of coarse sand, which ascribes to the weak bond between SHCC
and the coarse sand. Then, the deformation of the FRP sheet across the crack is equal to that
of the SHCC involving the width of crack. As shown in Fig. 11, in this test the debonding of
the FRP plate is not initiated from the midspan in spite that the maximum bending moment
and strain happened at the position. This indicates the flexural crack at the midspan has not
caused the propagation of the interface crack. However, when MFSC generates and propagates
toward the interface, MFSC will bring about both the normal and shear stress upon the interface.
So, the debonding induced by MFSC along the interface is in mixed-mode (i.e., including Mode I
and Mode II), not in Mode II debonding as the flexural crack initiates. The debonding caused by
flexural-shear crack may be much easier to initiate than that induced by the flexural crack because
of the peeling effect originating from the flexural-shear crack [3]. That is, MFSC may aggravate
the debonding between SHCC and the coarse sand. When several interface cracks emanate from
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MFSC interconnect, the debonding of FRP plate forms and propagates toward the plate end,
thus the applied load decreases apparently.
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Figure 11: Patterns of MFSC in specimen S1∼S6

As a result, the debonding of the FRP plate is initiated from the joint points (like points
A and B) of the flexural-shear cracks with the FRP plate. That is, the interfacial range between
point A and B is the area to initiate the debonding failure of the FRP plate, which is called as
the initiated debonding area (IDA) thereinafter. So, in this paper, the average strain of FRP plate
within IDA corresponding to the ultimate load is regarded as εdb.
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3.3 Strains at the FRP Plate and SHCC
Fig. 12 illustrates the strain at the midspan of FRP plates, the average strain of FRP plate

within IDA, and the compressive strain at the top of the beam with an increase of the imposed
load for SHCC specimens strengthened with the FRP sheet. In Fig. 12, the tensile strain-load
curves almost involve two phases. The first phase represents the elastic range, then at the other
phase the slope of the tensile strain-load curve decreases on account of the generation of cracks.
However, the slope of the tensile strain-load curve at the second stage will close to that at the
first stage as the thickness of the FRP plate increases. Finally, the strain decreases suddenly
at the arrival of the ultimate load due to the complete debonding of the FRP plate. Different
from the tensile strain, the compressive strain increases with an increase of the applied load
nonlinearly. In Fig. 12, the maximum compressive strain is about 0.5%, which is less than the
ultimate compressive strain in the theoretical calculation of SHCC structures [16,24]. In the test,
the crushing of SHCC is not observed. In Fig. 12, the maximum tensile strain at the FRP plate
decreases while the maximum compressive strain increases with the increasing thickness of the
FRP plate. This implies that the neutral axis of the beam moves downwards as the thickness of
the FRP sheet increases, which may lead to the decrease in density of flexural-shear cracks with
an increase of the thickness of the FRP plate (Fig. 10).
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Figure 12: Tensile and compressive strain vs. load curves at the midspan (solid line) and IDA (dash
line) for specimens S1∼S6

In Fig. 12, the strain at IDA (the dash lines in Fig. 12) is smaller than the strain at the
midspan in specimens except for specimen S6. In specimen S6, the strain at IDA is slightly larger
than the strain at the midspan. εdb of specimens S1∼S6 is 0.51%, 0.43%, 0.39%, 0.35%, 0.31%,
and 0.26%, respectively, which decreases with an increase of FRP plate thickness obviously. It is
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due to that the high axial stiffness (Ef tf ) of the FRP plate may induce the premature debonding
of the FRP plate. The maximum tensile strain at FRP plate is about 6000 με (in specimen S1),
which is about 38% of the ultimate tensile strain of FRP plate. So, the FRP plate is undamaged.
On the other hand, the tensile capacity of FRP has not been taken advantage fully.

3.4 Discussions
3.4.1 Equations on Debonding Strain

There are several typical design equations on εdb for FRP plated RC structures proposed by
ACI 440.2R [25], Japan Society for Civil Engineers [26], and FIB Bulletin 14 [7]. They are listed
as follows:

εdbACI = 0.41

√
f ′c

nEf tf
(1)

where εdbACI is the εdb gained according to ACI 440; f ′c is compressive strength of concrete, MPa;
n is the number of FRP plies; Ef is the elastic modulus of FRP, MPa; tf is the thickness of one
ply of FRP, mm.

εdbJSCE =
√

2Gf
nEf tf

(2)

where εdbJSCE is the εdb determined according to JSCE; Gf is the interfacial fracture energy
between FRP and concrete. To obtain the interfacial fracture energy between FRP and SHCC,
the single-lap shear bond test was performed on coarse sand coated FRP-to-SHCC bonded joints
(for the sake of simplification the experimental procedure is not introduced in this paper). Gf was
defined as the area below the bond-slip curve [27]. The value of Gf for the bond between FRP
and SHCC was 0.45 N/mm.

εdbFIB = k

√
fct

nEf tf
(3)

where εdbFIB is the εdb calculated according to FIB; fct is tensile strength of concrete, MPa;
k= αc1kckb; α = 0.9∼1.0; c1 is 0.64 for FRP strips; kc can generally be equal to 1.0, but for FRP
bonded to concrete faces with low compaction, kc = 0.67; and kb denotes geometry factor:

kb = 1.06

√√√√ 2− bf
b

1+ bf
400

(4)

where bf , b is the width of FRP and the width of the concrete beam. Here since the width of
FRP and the concrete beam is 50 mm, so kb = 1.0.

Considering the mechanical properties of SHCC and FRP given in Tab. 4, and Gf =
0.45 N/mm, n= 1, tf = thickness of FRP plate, the calculated values of εdbACI , εdbJSCE and εdbFIB
are are listed in Tab. 5.

It is found that the experimental value of εdb is close to εdb predicted using Eq. (2), and
εdb predicted using Eqs. (1) and (3) is higher that the experimental value. Different modes of
failure are assumed in these equations. In Eqs. (1) and (3), the interface failure is assumed to be
controlled by the tensile strength of concrete cover, while the interfacial fracture energy is the
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main factor in Eq. (2), which may be suitable for describing the interface failure between coarse
sand and SHCC.

Table 5: Experimental and predicted values of the debonding strain

Designation
of specimens

Thickness of
FRP (mm)

Experimental
εdb (%)

εdbACI (%) εdbJSCE (%) εdbFIB (%)

S1 1.5 0.51 1.28 0.51 0.68
S2 2.5 0.43 0.99 0.39 0.53
S3 3.5 0.39 0.84 0.33 0.44
S4 4.0 0.35 0.79 0.31 0.42
S5 4.5 0.31 0.74 0.29 0.39
S6 5.5 0.26 0.67 0.26 0.35

3.4.2 Stress–Strain Relations of Materials for Modeling
The stress–strain relation of the SHCC material in uniaxial compression and tension can be

described by bilinear stress–strain curves as shown in Figs. 13a and 13b, respectively [26]. The
stress-strain relation is characterized using the following equations:

σc(x)=

⎧⎪⎪⎨
⎪⎪⎩
fc

[
2
εc (x)
εco

−
(

εc (x)
εco

)2
]

(0≤ εc (x)≤ εco)

fc (εco ≤ εc (x)≤ εcu)

(5)

σt(x)=

⎧⎪⎪⎨
⎪⎪⎩

σto

εto
εt (x) (0≤ εt (x)≤ εto)

σto+ σtu− σto

εtu− εto
[εt (x)− εto] (εto ≤ εt (x)≤ εtu)

(6)

Figure 13: Stress–strain curves of SHCC in uniaxial compression (a) and tension (b)
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where fc denotes compressive strength; εco denotes the compressive strain corresponding to fc;
and εcu denotes ultimate compressive strain; σto and σtu denote first-cracking strength and ulti-
mate tensile strength, respectively; εto and εtu denote first-cracking strain and ultimate tensile
strain, respectively.

The stress–strain relation of FRP is assumed to be linear elastic. The linear law is adopted
to described the interface bond slip relation between FRP and SHCC.

τ = τm

δ0
δ . . . (δ < δ0) (7)

where τ denotes shear stress of the interface between FRP and SHCC; τm denotes the maximum
shear stress corresponding to the slip of δ0.

Based on these basic relations, an analytical model of SHCC beam reinforced with FRP plate
is under investigation.

4 Conclusions

This paper investigates the flexural behavior, failure mode, and the debonding strain of SHCC
and plain cement mortar beams externally bonded with FRP plate under three-point bending. The
effect of the following parameters such as the type of substrate used (plain cement mortar vs.
SHCC), the use or not of a FRP plate to strengthen the SHCC beam, and the thickness of the
FRP plate on the flexural performances are studied. The experimental value of εdb is compared
with those predicted by ACI, JSCE, and FIB, etc. The following conclusions are drawn up:

1) In comparison with SHCC beams, the ultimate load of SHCC beams strengthened with
FRP plate has improved greatly. The deformation capacity of SHCC beams strengthened
with the FRP plate makes little change with an increase of the thickness of the FRP plates.

2) The formation of multiple flexural-shear cracks (MFSC) is the unique feature of SHCC
beams bonded with FRP plates under three-point bending. The pattern of MFSC has
different characteristics in SHCC beams reinforced with different thickness of FRP plates.

3) The debonding of the FRP plate is initiated from MFSC. The initiated debonding area
(IDA) is formed by the joint points of the flexural-shear cracks with the FRP plate. Then
the debonding strain is represented using the average strain of FRP plate within IDA,
which decreases with an increase of FRP plate thickness.

4) The experimental results of the debonding strain of SHCC beam reinforced with FRP plate
are close to those predicted by JSCE’s equation.
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