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During a numerical investigation conducted using ABAQUS software, various bond-slip models for the FRP-concrete
interface were evaluated to accurately predict the shear contribution of FRP in strengthening reinforced concrete (RC)
beams. Three established bond-slip models were chosen to develop finite element analysis models for the four FRP-
strengthened beams. The outcomes of these numerical simulations were subsequently compared with experimental
data. The results demonstrated a strong correlation between the finite element simulations and the experimental
tests, particularly regarding the failure process and shear capacity of the reinforced beams. The increase in shear
capacity observed during testing varied from 13.5% to 42.9%. In contrast, the corresponding increase in shear capac-
ity predicted by the finite element simulations ranged from 5.5% to 47.7%. The discrepancy in CFRP shear contribu-
tion among beams with different bond-slip relationships, under identical reinforcement configurations, was observed
to be within the range of 0.1% to 15.9%. The numerical results of the Nakaba model showed a higher level of safety;
however, the simulation performance of the Lu model was regarded as more effective and better suited for numerical
analysis in predicting the shear contribution of FRP in strengthened RC beams.
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1 Introduction

Over the past three decades, there has been an increas-
ing application of fiber-reinforced polymers (FRPs) in the
rehabilitation of reinforced concrete (RC) structures, sig-
nificantly enhancing the load-bearing capacity of struc-
tural components (Haddad et al., 2013; Junaid et al., 2022;
Al Shboul et al.,2024). This trend is attributed to the
outstanding properties of FRPs, including lightweight,
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high tensile strength, corrosion resistance, and ease of
fabrication.

To date, a plethora of experimental and theoretical
studies have been conducted to investigate the flexural
and shear capacity of FRP-strengthened RC beams (Askar
and Abd-Alkhalek, 2012; Dong et al., 2013; Moradi et al.,
2020; Sayed et al., 2014; Zhou et al., 2019). The results of
these research efforts have been extensively documented.

Typically, RC structures are strengthened by immers-
ing continuous fibers in a resin matrix, which is sub-
sequently bonded to the surface of the structures. For
flexural strengthening, FRP sheets are affixed to the bot-
tom of beams along the longitudinal directions. In con-
trast, for shear strengthening, FRP sheets are employed
to impede the progression of shear cracks and enhance
the shear resistance of RC beams through three distinct
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strengthening schemes: full wrapping (FW), U-jacket
(U), and side bonding (S) (Ma et al., 2019).

The bond between the FRP sheets and the concrete
surface is crucial for transferring the FRP’s strength to
the structure and significantly impacts the behavior of
retrofitted beams. The performance of the FRP-con-
crete interface is vital for ensuring effective interaction
between the two materials. Since the FRP—concrete inter-
face plays a direct role in stress transfer efficiency, any
occurrence of debonding can substantially compromise
the performance of FRP-strengthened beams (Teng et al.,
2003).

As a result, the techniques of anchoring grooves and
holes were employed to enhance the bond between
concrete and CFRP, thereby significantly improving the
bond-slip behavior of concrete beams with CFRP com-
posites (Al-Rousan and Abu-Elhija,2020; Al-Rousan and
AL-Tahat, 2020a,2020b; Haddad and Al-Rousan, 2016).
Nevertheless, there has been limited focus on develop-
ing models to characterize the bond-slip relationship in
FRP-strengthened beams (Augusthus Nelson et al., 2020;
Li et al,, 2018; Lin & Zhang, 2013). However, capturing
macroscopic changes at the interface during the FRP
reinforcement of RC beams presents significant chal-
lenges in experimental setups. Additionally, the high
costs and difficulties in controlling experimental errors
highlight the necessity for alternative approaches (Jahan-
gir and Esfahani, 2018). With the rapid advancements in
computer hardware and software, simulating actual tests
using finite element software offers a more cost-effective
and efficient approach to investigating interface changes.
The bond-slip model of the FRP—concrete interface is
crucial for the numerical analysis of shear contributions
from FRP. Therefore, conducting in-depth research on
the bond-slip behavior of the FRP—concrete interface and
developing an accurate and reliable constitutive model is
essential for the mechanical analysis of FRP-strengthened
beams.

In the realm of research on FRP shear-strengthened
RC rectangular section beams, numerous experimen-
tal and theoretical studies have been undertaken (Tahir
et al, 2019; Phan-Vu et al, 2021; Al-Allaf et al., 2019).
Besides, researchers tried to conduct the experiment
from pull-out tests to develop empirical models to mod-
ify the bond-slip behavior between concrete and CFRP
(Alhassan et al.,2019; Haddad et al.,2015; Al-Rousan
et al.,2015). However, there has been a relative scarcity of
research among scholars regarding the application of the
bond-slip relationship in finite element simulations. (Lee
et al,, 2017; Lee and Al-Mahaidi, 2008; Alhassan et al.,
2020). Furthermore, some researchers have developed
various bond-slip models to characterize the mechani-
cal behavior of the interface by applying regression and

fitting techniques to in-plane shear test data (Kasumassa
Nakaba and Hiroyuki, 2001; Lin & Zhang, 2013; Lu et al.,
2005; Monti et al., 2003).

The significant influence of the FRP—concrete interface
bonding on reinforcement effectiveness, as evidenced by
existing research findings, highlights the necessity for
a thorough investigation of the bond-slip relationship
within the FRP—concrete interface. The primary objec-
tive of this study is to simulate the shear reinforcement
effects arising from established bond-slip relationships in
FRP shear-strengthened RC beams. By comparing these
simulations with experimental results, the three common
bond-slip models are compared and evaluated to find the
most suitable model for future numerical analysis of the
shear contribution of RC beams reinforced with FRP.

2 Experimental Investigation

To investigate the contribution of FRP shear in shear-
strengthened beams, four distinct strengthening tech-
niques were implemented for the RC beams: discrete
side bonding (SS), discrete U jacketing (SU), continuous
side bonding (CS), and continuous U jacketing (CU).
This study offers reliable test data applicable to these
four shear reinforcement methods in both finite element
simulations and practical engineering applications. To
induce shear failure in the beams, the specimens were
designed with a higher ratio of tensile reinforcement and
a reduced ratio of stirrup reinforcement.

2.1 Specimen Design and Material

In this study, a total of five beams were cast for shear
testing, comprising one control beam and four carbon
fiber-reinforced polymer (CFRP) strengthened rein-
forced concrete (RC) beams, all featuring rectangular
cross-sections. The dimensions of the test specimens
were 1500 mm in length, 150 mm in width, and 260 mm
in height. The section dimension and reinforcement con-
figuration of the beams are depicted in Fig. 1. C45-grade
concrete was utilized to achieve the targeted strength for
the beams in accordance with Chinese standards (JTG
3362-2018). The compressive strength of the concrete
cubes, measured after 28 days of curing and with dimen-
sions of 150x 150 150 mm, was 47.8 MPa. For the lon-
gitudinal reinforcement designed to bear the bending
moment, HRB400 steel with a diameter of 22 mm was
utilized. Additionally, HPB300 steel with a diameter of
6 mm was employed for stirrup reinforcement, spaced
at 200 mm to effectively resist shear, resulting in a rein-
forcement ratio of 0.189. Both types of steel comply with
Chinese standards (JTG 3362-2018). The yield strength,
ultimate strength, and elastic modulus of the steel rein-
forcement are detailed in Table 1.
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Fig. 1 Dimension of beam and arrangement of reinforcement (unit: mm)

Table 1 Mechanical properties of materials

Material Type Yield Ultimate Elastic
strength/ strength/MPa modulus/
MPa GPa

HPB300 6 345 447 210

HRB400 ®22 416 510 210

- CFRP - 3480 250

C45 Concrete - 47.8 -

The CFRP sheets applied to the beams had a thick-
ness of 0.167 mm and exhibited a tensile strength of
3480 MPa. The material properties of the CFRP sheets
are provided in Table 1.

2.2 Strengthened Scheme

In the study, one beam served as the control specimen,
labeled "B1". The remaining four beams were reinforced
using four distinct configurations of CFRP. Specifically,
"B-SS" and "B-SU" refer to beams reinforced with discrete
side bonding and U-jacketing, respectively, with a width
of 50 mm and a spacing of 100 mm. Conversely, "B-CS"
and "B-CU" represent beams strengthened with con-
tinuous side bonding and U-jacketing, respectively. The
reinforcement schemes for each specimen are visually
illustrated in Fig. 2.

2.3 Test Setup and Instrument

All specimens were subjected to testing using the four-
point bending method. The MAS-500 servo-hydraulic
testing machine was utilized to apply a two-point load on
the top of the beams through the distribution beam. Two
supporting pins conveyed equal forces to the beam, stra-
tegically positioned 150 mm from the center of the beam.
During the testing process, the progression of cracks was
carefully marked, and data were systematically recorded for
the mid-span deflection of the concrete beam, CFRP strain,
and the applied load. In order to capture shear phenomena

and the bond-slip behavior between CFRP and concrete,
strain gauges were thoughtfully installed on the surface of
the CFRP sheets along the diagonal direction of the beam.
The precise positioning of the strain gauges and linear vari-
able displacement transducers (LVDTs) is represented in
Fig. 3.

3 Numerical Modeling

3.1 Material Constitutive Relation

In this study, the constitutive relation of concrete
employed in the numerical simulation was derived from
the literature (Ding et al., 2010). This constitutive model
is characterized by a continuous variation law that is
applicable to all concrete grades, and it offers a simple
formulation along with high computational accuracy
(Ding et al., 2011). The equation for the full stress—strain
curve under compression is calculated as follows:

Alx—x2
T *¥=1

= ) 1
4 {al(x—1)2+xx>1 &
where y=o0/f; x=¢/¢e; f. is the axial compressive
strength, f; =0.4fg4/ % the parameter of the ascend-
ing segment of the curve is taken: A; = 9.1fC;4/ % the

parameter of the descending segment of the curve is
taken: a1 = 2.5 x 107°£3; f,, is the ultimate compressive
strength of concrete cube.
Equation of the full stress—strain curve under tensile is
calculated as follows:
ArX - X2 X <1
— 1+ (Ay-2)X — (2)
{ag(X—l)l‘7+X X>1
where y = o/f;; x = € / &¢; f; is the axial tensile strength,
fi = 0.24]2%/ % the parameter of the ascending seg-
ment of the curve is taken: Ay = 1.306; the param-
eter of the descending segment of the curve is taken:
ay =1+ 3.4 x 10742,
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Fig. 3 Test setup and instrument installation

Considering the good convergence performance of the
model and the requirement of simulation accuracy, the
ideal elastic—plastic model was selected as the constitu-
tive equations of reinforcement material, and the linear
elastic model was selected as the constitutive equations
of CFRP material.

3.2 Interface of FRP-Concrete Constitutive

The cohesion model was utilized to investigate the
mechanical behavior of the interface between CFRP and
concrete. This model effectively simulates the complex
failure mechanisms that occur between the two surfaces
by establishing a stress—slip relationship. To establish the

(b)B-CS and B-CU

stress—slip relationship of the cohesion model, it is essential
to determine the maximum stress in the three directions
of the simulated material. The key parameters include the
slip corresponding to the maximum stress, the maximum
slip s, the initial stiffness ko, and the softening stiffness k,
as illustrated in Fig. 4. The constitutive relation is expressed
as follows:

T Kun &n
‘L’S = I<SS & S ) (3)
Tt I(tt Et

where 1,(i = n,s,t) is the stress in three directions on
the interface; Kj(i = n,s,t) is the stiffness coefficient

408 | International Journal of Concrete Structures and Materials (Vol.19, No.2, March 2025)



Ma et al. Int J Concr Struct Mater (2025) 19:4
A
Toasx [F—————

1

|

|

1

1

'G

1 Yt

T ko : k

1

|

1

1

SO Su S

Fig. 4 Constitutive relation of CFRP-concrete interface

corresponding to the normal stress and two shear stress
on the interface; £;(i = n,s, t) is the strain in three direc-
tions on the interface.

As the FRP—concrete interface initiates stress, the shear
stresses in three directions on the interface undergo an
elastic stage where stress increases with deformation.
Upon reaching the peak value, damage to the interface
begins, transitioning into the softening stage, leading to a
reduction in bond stiffness. Ultimately, upon failure, the
shear stress drops to zero, and the relative deformation
reaches its maximum. The energy consumed throughout
this process represents the maximum fracture energy
(Gf), quantified by the area enclosed by the stress—sepa-
ration relation curve of the interface and the coordinate
axes.

Currently, numerous scholars have proposed various
models to describe the bond-slip relationships at the
FRP-concrete interface. In this research, three specific
bond-slip relationships were selected as the constitutive
models for the CFRP—concrete interface in the finite ele-
ment modeling of four reinforced concrete beams. These
relationships are as follows:

M@O@)T)

Nakaba et al. (2001) utilized the differential interpola-
tion method to regress the bilinear model based on strain
data collected from 30 in-plane shear tests:

S ERE N, ,
= Tmax 502+(S/S0)3 ’ (4)

Nakaba model ( Nakaba et al. 2001).

Tmax= 3.5 219 (5)

Based on above model, the parameters of all CFRP-
strengthened beams in this research were calcu-
lated as: sg = 0.065 mm;tpmax=7.29 MPa; s,=0.5 mm;
ko=106.6 MPa/mm; G¢=1.98N/mm.

(2) Monti model (Monti et al., 2003).

Monti et al. (Monti et al., 2003) considered the elastic
modulus and width correction coefficient of the adhesive
layer. They utilized the differential interpolation method
to obtain data from in-plane shear tests and fitted a bilin-
ear model suitable for the peeling test:

Tmax %) § <30
T Tmax SS::SSO) S0 <S =8y’ (6)
0 s> Sy,
Tmax = 1.8Buft, (7)
ta 50
S0 = 2.5Tmax I + ) (8)
a c
sy = 0.338,, 9)

b= [1.5(2 bf/bc), (10)
1+ b /100
where E, and ¢, are the elastic modulus and thickness of
the adhesive layer, respectively; Ec is the elastic modulus
of concrete; by and b are FRP strip width and concrete
width, respectively; B, is the width correction coefficient.
Based on above model, the parameters of B-SS
and B-SU beams with the discrete strips were fig-
ured out as Tpax=6.97 MPa, 5,=0.032 mm,
$,=0.4 mm,kg=221.3 MPa/mm, and Gf= 1.39N/mm; the
parameters of continue strips strengthened beams B-CS
and B-CU were as Tpax=5.69 MPa,so=0.026 mm,s,,=0.3
3 mm,kp=218.8 MPa/mm, and Gf= 0.93N/mm.

(3) Lu model (Lu et al., 2005).

Lu et al. (2005) developed a refined model utiliz-
ing finite element software to simulate and analyze the
strain—slip characteristics at the FRP—concrete interface
during the failure process, obtaining an accurate model
through analysis. Initially, the model was simplified by
considering the negligible impact of the adhesive layer
stiffness on the failure energy of the interface. The results
indicated that maintaining the total failure energy and
the coordinates of the maximum interfacial shear force
point (tmaxSo) unchanged allowed for further simplifica-
tion of the model into a bilinear model:

S
Tmax 5) § =80
T=19 Tmax ﬁ) So<S<s8,’ (11)
0 s> 8y,

International Journal of Concrete Structures and Materials (Vol.19, No.2, March 2025) | 409



Ma et al. Int J Concr Struct Mater (2025) 19:4

Tmax = 1.5Buft, (12)

so = 0.01958,,f:, (13)

Su = 2Gf [ Tmaxs (14)
_ [2.25 — by /b,

Bw = W, (15)

Gy = 0.30882/f. (16)

According to the above model, the parameters of the
discrete strips strengthened beams B-SS and B-SU were
calculated as: Tmax =4.74 MPa,so=0.06 mm,s,; =0.28 m
m,kg=79.0 MPa/mm, and G¢=0.54N/mm. For the con-
tinue strips strengthened beams B-CS and B-CU, the
parameters were as: Tmax = 3.56 MPa,so=0.046 mm,s, =
0.17 mm,ko="77.4 MPa/mm, and Gy =0.30N/mm.

Through a comparison of the three selected bond-slip
constitutive relationships in this study, it is evident that
the Nakaba model (Nakaba et al., 2001), which is based
on in-plane shear test data, does not differentiate the
influence of the spacing of FRP strips in the initial load-
ing stage.

The Monti model (Monti et al., 2003) and Lu model
(Lu et al., 2005), on the other hand, employed sophis-
ticated finite element modeling methods. These mod-
els incorporated more influential factors such as width
correction coefficient, concrete parameters, and adhe-
sive layer parameters. Consequently, in ABAQUS, the
three crucial parameters (the maximum shear stress
Tmax, the maximum slip s,, and the interface failure
energy Gy) were employed to estimate interface damage
and evolution. However, discrepancies were observed
in the results based on these parameters in each model,
influencing the overall interface behavior of the rein-
forced beams.

Furthermore, the interface behavior between FRP
and concrete is notably intricate due to the variety of
reinforcement forms and materials utilized in FRP
shear-strengthened RC beams. As a result, using dif-
ferent bond-slip constitutive models to simulate these
reinforced beams is a more economical and effective
approach for examining the changing patterns of the
interface under the influence of various factors. To
assess the effectiveness and accuracy of the FRP—con-
crete interface bond-slip models, three representative
models were employed to investigate the impact of the
interface bond-slip relationship on the shear contribu-
tion of FRP based on experimental results.

3.3 Finite Element Model

In this study, the commercial finite element software
ABAQUS was utilized for modeling and analysis. In this
study, the commercial finite element software ABAQUS
was utilized for modeling and analysis. The simulation
employed three-dimensional solid elements (C3D8R) to
represent the concrete, truss elements (T3D2) to model
the reinforcement bars, and shell elements (S4R) to sim-
ulate the CFRP. To mitigate stress concentration during
simulation, blocks were strategically positioned at the
loading and support points, as depicted in Fig. 5. More-
over, the concrete damage plasticity (CDP) model avail-
able in ABAQUS was utilized to accurately simulate the
behavior of the concrete material. This model accounts
for the failure mechanisms associated with tensile crack-
ing and compressive failure. The simulation incorporated
user-defined uniaxial tensile and compressive relation-
ships to characterize the yield and failure progression of
the concrete. These relationships encompass linear elas-
tic stages leading up to the failure stress, as well as sof-
tening (stretching) and hardening (compression) beyond
the failure stress.

This comprehensive modeling approach facilitates an
in-depth analysis of the structural response, effectively
capturing the complex interactions between concrete,
reinforcement bars, and CFRP. The objective of the study
is to offer a thorough understanding of material behav-
iors and structural performance under a range of loading
conditions.

In contrast to other modeling methods that disregard
the bond-slip relationship between FRP and concrete
by directly applying Tie constraints at the interface, this
study utilized a surface-based cohesive behavior to accu-
rately simulate the interaction. This approach employed
a cohesive force contact method to connect two distinct
surfaces. Notably, it only requires the input of three types
of bond-slip parameters for defining the interface prop-
erties related to mutual contact.

The interface between reinforcement and concrete
is appropriately simplified, and the effect of bond-slip
between reinforcement and concrete is disregarded
within the acceptable limits of accuracy. Embedded

Fig. 5 Finite element modeling
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constraints are employed to couple the nodes and coor-
dinate the forces.

4 Results Analysis and Comparison

4.1 Failure Process

During the initial loading stage, cracks appeared in the
pure bending section of each beam, following a similar
developmental pattern across all specimens. As the load
increased, numerous inclined cracks began to form in
the shear span of each beam. Subsequently, a significant
diagonal crack near the support progressively extended
upward with continued loading. Ultimately, all test beams
exhibited debonding failure of the CFRP, as depicted in
Fig. 6.

The debonding process of CEFRP strips in the strength-
ened beams progressed as follows: in comparison to the
reference beams, the strengthened beams exhibited fewer
cracks near the critical diagonal cracks. Following the
formation of inclined cracks, the CERP strips initially
began to debond near these cracks and then progres-
sively detached towards both the top and bottom of the
beams as the load continued to increase. The peeling pro-
cess continued until it reached the nearest top surface of
the beam, at which point the debonding stopped until
it reached the nearest top surface of the beam, at which
point the debonding stopped. Simultaneously, along the
direction of the inclined cracks, the entire peeling pro-
cess involved the sequential detachment of CERP strips
from the initial position of the diagonal crack to the load-
ing point.

In the finite element simulation, the failure process of
the reinforced beam was characterized by five discernible
stages:

Stage one: no visible cracks appeared on the surface of
the specimens.

Stage two: the progression from flexural cracking to
diagonal section cracking was observed. In alignment
with the experimental findings, cracks initiated in the
pure bending region, extending from the midspan to
both ends of the beam. These cracks propagated upwards
toward the top of the beam. Additionally, vertical bend-
ing cracks appeared in the shear span, altering the
development pattern and resulting in the formation of
numerous inclined cracks.

Stage three: as the load increased, the process of
inclined cracks intersected and converged, ultimately
forming a main diagonal crack at approximately a 45°
angle.

Stage four: subsequent to the formation of the main
diagonal crack, there was a continuous peeling of the
CERP strip.

Stage five: this stage commenced after the first strip
was peeled off. As the ultimate load was reached, the
crack continued to propagate and CFRP strips were suc-
cessively peeled off until the beam suffered damage.

This comprehensive division of the failure process
allows for a detailed understanding of the structural
response, including the initiation and propagation of
cracks, the formation of a main diagonal crack, and the
subsequent peeling of CERP strips leading to the ulti-
mate failure of the beam. The simulation offers valuable
insights into the behavior of the reinforced structure
under a range of loading conditions, highlighting critical
points of vulnerability and performance.

Figure 7 illustrates the CFRP load-strain relationship
of beam B-CU in the finite element simulation with Lu’s
bond-slip model. The plot demonstrates that prior to the
emergence of inclined cracks in the strengthened beam,
the strains in the CFRP strips remained minimal. As
the degree of cracking in the inclined section increased,
the strains and strain growth rates of the various CFRP
strips on the same strengthened beam displayed notice-
able variations. The changing trends of strains at differ-
ent positions highlighted the distinct paths taken by the
diagonal crack, illustrating how the structural integrity of
the beam is affected by the propagation of these cracks.

Table 2 provides a summary of the peeling behavior
of CERP strips in both the experimental and numerical
beams. The data in the table indicate that the debond-
ing process and characteristics of the simulated beams
closely matched those observed in the test beams, par-
ticularly for the side-bonding reinforcement methods
(B-SS and B-CS). However, it is important to point out
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Fig. 7 CFRP load-strain relationship for B-CU beams based on Lu
model

Table 2 Peeling of CFRP strips for each beam

Beams Models Debonding strips Debonding load/kN
B-SS Test P3 241

Nakaba - -

Monti P4,p2 210,230

Lu P4,P3,P2 190,230,232
B-CS Test P2,P5,P6 263,287,290

Nakaba P7,pP6,P5 264,269,282

Monti P6,P5,P4,P3 215,215,222,270

Lu P6,P5,P7,P4,P3,P8 232,232,240,242,242,260
B-SU Test P3,P4 275,277

Nakaba - -

Mont - -

Lu P4,P3 247,274
B-CU Test P6,P7 310,312

Nakaba - -

Mont P6,P7,P5 249,285,290

Lu P7,p6,P8 259,290,292

For the names of debonding strips, refer to Fig. 3

that only the B-CS simulated beam utilizing Lu’s model
interface exhibited complete peeling phenomena at the
ultimate load (B-CS-Lu-P8). This discrepancy may be due
to the idealized nature of the finite element simulation for
concrete materials, which can lead to a higher number of
cracks with locations that differ from those in actual test
conditions. Additionally, the idealized interfacial failure
transmission in the simulation did not accurately rep-
resent the real peeling transmission, as it is influenced
by factors such as the resin adhesive’s synergistic force,
resulting in inconsistent peeling conditions.

For the U-jacketing methods (B-SU and B-CU), the
Nakaba model failed to simulate the debonding of the
strips. In contrast, the ultimate strain of the debonded
strips in the other two models (Monti and Lu models)
was greater than that observed in beams strengthened
by side-bonding methods, which is consistent with the
experimental findings. Additionally, unlike CFRP discrete
reinforcement, CFRP continuous reinforcement resulted
in adjacent strips being bonded together with resin glue,
enhancing their cohesive performance.

Consequently, gradual peeling under load frequently
occurred in several adjacent strips. When one strip was
peeled off, the residual adhesive on that strip continued
to provide support to the adjacent strips, transferring
load through the resin glue. This interaction contributed
to a larger ultimate strain for CFRP under continuous
reinforcement. Consequently, the U-shaped and continu-
ous reinforcement methods demonstrated more effective
reinforcement performance for the materials.

4.2 Effect of Strengthening

Table 3 presents the characteristic loads of the five test
beams obtained from both experimental and finite ele-
ment methods. Notably, when the first crack appeared
in the pure bending section of the strengthened beams,
there was minimal disparity in the loads. This similarity
can be attributed to the limited effectiveness of the CFRP
strips prior to the development of inclined cracks, as they
were unable to significantly hinder crack propagation.
During this phase, the concrete predominantly provided
shear resistance, leading to an overall similar cracking
load for both the normal and inclined sections across all
test beams.

In the experiment, the four shear strengthening meth-
ods exhibited an enhancement in ultimate load ranging
from 13.5% to 42.9%. The U-jacketing strengthening con-
figuration notably outperformed the side strengthening
method, with a 13.9% increase in ultimate load between
B-SS and B-SU, and a 10.8% increase between B-CS
and B-CU. Additionally, the center distance of CFRP
strips played a role in influencing the ultimate load. For
instance, B-CS achieved an 18.6% higher load than B-SS,
and B-CU exhibited a 15.5% higher load than B-SU,
respectively.

Comparing the ultimate loads obtained through the
finite element method with experimental values revealed
generally good agreement. With the exception of B-SU-
Monti (with a relative error of —14.1%), all other errors
were below 7.1%. Similarly, with the exception of the
limit displacement B-CU-Lu (with a relative error of
—14.2%), all other errors were below 10.7%. Considering
factors such as the divergence between actual tests and
loading processes, measurement errors, and the inherent

412 | International Journal of Concrete Structures and Materials (Vol.19, No.2, March 2025)



Ma et al. Int J Concr Struct Mater (2025) 19:4

Table 3 Characteristic load and failure model of beams

Beam Model pgr P, Py Increase of P, Error of P, dy Error of d,
B1 Test 35.1 85.1 219.9 - - 540 -
FEA 639 91.7 2312 - 5.1 5.25 -2.70
B-SS Test 47.0 1128 249.5 135 - 440 -
Nakaba 674 935 260.2 18.3 43 442 -1.10
Monti 64.8 94.1 2320 55 -7.0 449 044
Lu 66.5 935 242.6 10.3 -2.8 441 -1.30
B-CS Test 525 - 290.5 321 - 4.00 -
Nakaba 67.7 95.1 299.9 364 32 4.30 7.50
Mont 68.1 92.1 270.1 22.8 -7.0 3.96 —1.00
Lu 69.3 95.3 269.8 227 =71 3.57 -10.70
B-SU Test 50.0 103.7 280.2 274 - 4.00 -
Nakaba 727 102.2 286.6 30.3 23 3.79 -5.20
Monti 70.8 102.1 240.8 9.5 —14.1 3.59 -10.20
Lu 714 100.3 2751 251 -1.8 3.79 -5.20
B-CU Test 537 - 3143 429 - 3.50 -
Nakaba 721 110.1 3249 47.7 34 3.68 5.10
Monti 68.6 1033 2924 329 —-6.9 3.58 220
Lu 72.7 99.3 296.3 34.7 57 3.00 —14.20

P5 is the bending cracking load, P, is the shearing cracking load, Py is the ultimate load, ‘Error of P, respresents the relative error between analysis and test results of
Pudyis the displacement at ultimate load, ‘Error of d,,' respresents the relative error between analysis and test results of d, load unit: 'kN; deflection unit:‘'mm; error

unit: ‘%’

variability of concrete, it is deemed that the simulation
errors for each model were within an acceptable range.

Furthermore, an analysis of the data in Table 3 revealed
discrepancies in ultimate loads and displacements when
simulating three different bond-slip relationships for the
same beam. These divergences can be attributed to vari-
ations in the definitions regarding the initiation of the
bond interface’s entry into the softening stage, the pro-
gression of interface failure, and the evolution of stress
and damage. Consequently, these differences resulted
in distinct calculation outcomes for each simulation
scenario.

4.3 Load-Deflection Behavior

Figure 8 illustrates a comprehensive comparison of
the load—displacement relationships derived from the
finite element simulations of five beams, incorporating
three distinct bond-slip relationships, against the cor-
responding experimental results. The graphical repre-
sentation reveals that, during the initial loading phase
prior to concrete cracking, the slope of the finite element
model’s curve is slightly steeper than that of the experi-
mental curve. As the applied load increases, the curve
slope progressively converges towards the experimental
values, demonstrating a consistent and steady progres-
sion towards alignment with the observed experimental
behavior.

Upon closer examination, it is evident that the load-
displacement curve from the finite element simulation
demonstrates strong alignment with the experimental
curve overall. The discrepancies observed in the initial
loading stage are mitigated as the load increases, result-
ing in a convergence of the two curves. This observation
indicates a robust agreement between the finite element
model and the experimental outcomes, thereby affirm-
ing the credibility and accuracy of the simulation in cap-
turing the structural behavior across various bond-slip
relationships.

4.4 Interface Failure Process

To fully comprehend the impact of the bond-slip rela-
tionship on the interface of CFRP-strengthened beams,
it is essential to analyze the failure process of the FRP—
concrete interface. The development and failure process
of CFRP shear-strengthened beams can be categorized
into four distinct stages. Figure 9 illustrates the distribu-
tion nephogram of interface failure for B-SS beams across
these four stages of loading.

In the first stage of interface failure, prior to the emer-
gence of the primary diagonal crack, there was minimal
failure observed. During this period, the CERP strips
remained unstressed, which resulted in no significant
changes in shear force or displacement within the inter-
face. As inclined shear cracks developed, the interface
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Fig. 8 The load—deflection curve of all test beams

failure progressed to the second stage. In the early phase
of this stage, the CFRP experienced a slight strain; how-
ever, the mechanical characteristics of the interface
remained largely unchanged. The shear force and slip
within the interface displayed minor fluctuations, while
the interface nephogram began to reveal the progression
of damage. This trend continued until reaching the sec-
ond interface failure load, with the values for the three
bond-slip models of the B-SS beams recorded as 106.1
kN, 100.9 kN, and 102.7 kN, respectively. The initial

position of damage evolution was near the bottom of P3
and the middle of the P4 strip, corresponding to the gen-
eration of inclined cracks.

In the third stage, an inclined crack began to propa-
gate across the CFRP strips, progressively extending
toward both the loading point and the support position.
At this stage, debonding of the concrete—FRP interface
initiated, initially moving upward and downward along
the beam. This process of debonding persisted until the
applied load reached the third interface failure load, with
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Fig. 9 Interface failure distribution at each stage of B-SS beam

the respective values for the two bond-slip models of the
B-SS beams recorded as 210.2 kN and 182.6 kN.

In the final stage, as the load increased to the interface
failure load 4 (with a value of 190.0 kN for the B-SS-Lu
model), the interface failure continued, propagating both
upward and downward along the depth of the beam from

(b)Stage 2

(d)Stage 4

|
|

the initial debonding site. The interface slip escalated rap-
idly at the location where the diagonal crack intersected,
extending to the nearest point on the beam’s top. Ulti-
mately, the bond became inadequate to sustain the shear
force, causing the beam to reach the interface failure load
5 (the ultimate load).
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Figures 10 and 11 illustrate the distribution of shear
forces and slip for the B-SS-Monti P4 and B-SS-Lu P4
strips along the beam depth, both before and after the
interface failure load in the third stage. At the debonding
site, the interfacial shear force and slip values approached
their ultimate levels just before debonding took place,
reaching 6.97 MPa and 0.4 mm in the Monti model, and
4.74 MPa and 0.28 mm in the Lu model, respectively.
In this scenario, the slip at positions distant from the
debonding point was less than 0.2 mm. Once the shear
force at the interface reached the damage criterion, the
shear force at the debonding interface plummeted to 0,
and the corresponding interface slip instantaneously
exceeded the ultimate slip value. The shear strength
swiftly transferred to the nearest point in the height
direction of the strips, resulting in a minor change in
shear force at the nearby interface.

4.5 Shear Contribution of CFRP Based on Bond-Slip Model
Table 4 provides a comparison between the simulated
contribution values of FRP shear capacity based on dif-
ferent interface bond-slip models and the experimental
values. It is evident that the simulation results from the
Nakaba interface model for the four reinforced beams
were consistently higher, with an average ratio of the
simulated value to the experimental value of FRP shear
capacity being 1.18.

This discrepancy can be attributed to the Nakaba
model’s failure to distinguish between discrete and con-
tinuous reinforcement when compared to the other two
models. Specifically, the model did not consider the influ-
ence of the width correction coefficient on the interface
bond-slip curve. Consequently, the three crucial param-
eters used for assessing interface damage and evolution
in the ABAQUS software were the largest among the
three bond-slip models. This characteristic rendered the

8
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Fig. 10 Interfacial shear force along beam height during debonding
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Fig. 11 Interface slip along beam height during debonding

FRP-concrete interface simulated by the Nakaba model
less prone to debonding, resulting in a slower progression
of interface damage.

Although the FRP shear contribution and the load-
deflection change of the Nakaba model demonstrated
better agreement with the experimental tests, the simula-
tion effectiveness of the U-jacket and discrete reinforce-
ment was not as robust as that of the other two models.
This observation stems from the behavior of FRP strip

Table 4 Comparison of finite element and experimental shear

contributions of CFRP

Beams B-S models Pu/kN V¢/kN Vi [Vt
B1 Test 2199 — —
FEA 2312 — —
B-SS Test 249.5 29.6 —
Nakaba 260.2 403 1.36
Monti 2320 121 041
Lu 2426 227 0.77
B-CS Test 290.5 70.6 —
Nakaba 299.9 80.0 113
Monti 270.1 50.2 0.71
Lu 269.8 499 0.71
B-SU Test 280.2 60.3 —
Nakaba 286.6 66.7 1.11
Monti 240.8 209 035
Lu 2751 552 092
B-CU Test 3143 944 —
Nakaba 3249 105.0 1.1
Monti 2924 725 0.77
Lu 296.3 764 0.81
Average Nakaba 1.18
Monti 0.56
Lu 0.80
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debonding and the progression of interface damage, as
discussed in the previous section.

The simulated results from both the Monti and Lu
models were consistently lower than the experimen-
tal values, with average ratios of the simulated values to
experimental values being 0.56 and 0.80, respectively.
Regarding the shear contribution by these two models,
the U-jacket reinforcement mode demonstrated a closer
alignment with the experimental values compared to
the side-bonded reinforcement mode. Additionally, the
continuous reinforcement mode was found to be more
consistent with the experimental results than the inter-
val reinforcement mode. Upon comparing the three criti-
cal parameters of the Monti model and Lu model under
discrete and continuous strengthening, it was observed
that the maximum shear stress, maximum slip, and maxi-
mum fracture energy of the Monti model were all greater
than those of the corresponding Lu model. This suggests
that the shear contribution of CFRP in the Monti model
should be more significant than that in the Lu model.
However, a closer examination of the interface damage
process of B-SS beam and B-SU beam, the CFRP stress
diagram, crack trench diagram under ultimate load, and
the load—deflection curve reveals that although the strip
stress of the Monti model was greater than that of the
Lu model as the beam approached the ultimate load, the
interface damage was not as extensive as in the Lu model.
Specifically, the critical diagonal crack width of the Monti
model under the same load exceeded that of the Lu
model, and the position of the inclined crack was closer
to the top of the beam. This observation is further sup-
ported by the crack diagram observed under the ultimate
load in the test results. Although the Monti model pro-
vides a greater bond length than the Lu model, the overall
stiffness of the beam in the Monti model decreased more
rapidly. This led to a lower shear contribution compared
to the Lu model.

5 Conclusions

In this study, a control beam and four strengthened
beams with varying shear reinforcement configurations
were tested to assess the improvement in shear capac-
ity. Furthermore, all test beams were simulated using
the finite element software ABAQUS, which included
three different bond-slip relationships for the FRP—con-
crete interface for each strengthened beam. The analy-
sis of the test and simulation results led to the following
conclusions:

1 The overall simulation results of the load—displace-
ment curve exhibit a high level of agreement with
the experimental curve, with numerical errors for the

ultimate load and the corresponding deflection rang-
ing from -14.1% to 7.5%.

2 Among all the strengthened beams, the continuous
configuration demonstrates a superior effect com-
pared to the discrete configuration, while U-jacketed
reinforcement is found to be more effective than
side-bonding reinforcement. During the experimen-
tal phase, the shear capacity of the four types of rein-
forcement increased by 13.5% to 42.9%. The finite
element simulations indicated that the shear capac-
ity increased by 5.5% to 47.7%. Additionally, the shear
contribution of CFRP for the four reinforcement
types ranged from 12.1 kN to 105.0 kN.

3 Before the formation of the main diagonal crack,
the FRP strips used in the four strengthening meth-
ods have minimal influence on shear resistance, with
the shear force primarily supported by the concrete.
Once the diagonal crack appears, the FRP strips
begin to counteract crack propagation and actively
contribute to shear resistance. Both the continuous
and U-jacketed strengthening configurations demon-
strate the ability to fully leverage the shear-strength-
ening capabilities of CFRP, effectively utilizing its
tensile strength.

4 Prior to the failure of the interface of the FRP shear-
strengthened concrete beam, the interface shear
force and slip quickly reach and exceed the limit dic-
tated by the corresponding bond-slip relationship.
Following this, debonding begins at the initially dam-
aged interface and propagates into the surrounding
area. This debonding process plays a crucial role in
the overall debonding and peeling of the FRP strip.

5 For FRP—concrete interface failure in shear-strength-
ened beams, three different bond-slip relationships
simulate different degrees of interface degradation
and failure. The larger the three critical parameters
in the bond-slip model, the more difficult it is for the
interface to fail, resulting in a higher shear contribu-
tion from the FRP. However, changes in these param-
eters also affect the propagation of interface failure
and alter the flow of the finite element simulation
beams. In addition, these changes affect the peeling
behavior, crack propagation and ultimate load capac-
ity of the FRP. The definition of the accurate bond-
slip relationship is crucial as it significantly affects the
performance of the bond interface of FRP concrete
and consequently the shear contribution of the FRP.
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