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Abstract

Fiber reinforced polymer (FRP) has been widely employed in retrofitting concrete structures.
Debonding of FRP from concrete is a typical failure mode in this technique. Cohesive zone
model(CZM) of fracture energy-based criteria is demonstrated to be a well-founded numerical
approach to characterize the brittle behavior of interfacial debonding failure. A simple but
robust finite-element (FE) model of CZM for simulating the debonding procedure induced by
the intermediate concrete crack(IC) and discontinuous FRP edge is presented in this paper.
The bilinear bond-slip relationship in the interface is applied in the numerical model. Ten
FRP strengthened beams of IC debonding and edge debonding failures are simulated by the
suggested FE model and verified by the experimental results. For FRP strengthened plain
concrete beams of pre-cracks, the variations of applied loads with concrete crack mouth open
displacements (CMOD) can be accurately revealed, and when the cohesive strength in the
interfacial bilinear model is reduced to 40%, the edge debonding failures of reinforced
concrete beams can be accurately illustrated. The variations of stress and strain in FRP and
concrete as well as in the interface with the increase of CMODs and deflections are
expediently and expressly indicated through the proposed FE model.
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Introduction

External bonding of fiber reinforce polymer (FRP) sheet or plate has been widely accepted as
an effective and convenient technique for the strengthening of concrete structures. One of the
key factors that influence the strengthening is the interfacial debonding failure of FRP from
substrate [1]-[4]. The behavior of FRP-to-concrete interfaces has been deeply investigated,
and well expressed by bond-slip models [5][6], which make the prediction of interfacial
debonding possible. Among the debonding failure modes, one is caused by the opening up of
concrete flexural cracks and the debonding initiates from those places. This kind of debonding
failure is commonly referred to as the intermediate concrete crack(IC)-induced debonding[7].
Another main failure mode is named as the edge debonding because the interfacial debonding
initiates from the edge of FRP sheet and then propagates towards the middle of the interface.

The sound analytical studies on interfacial debonding have been conducted by many
researchers, where the self-programming finite element(FE) models are developed to predict
the load-deflection behavior. Although the proposed models are demonstrated to be valid,
most of them are lack of accessibility. The primitive versatile numerical models are
commonly based on the strength of interfacial shear stress represented by the bridging
elements such as link and spring[8]-[10], which is actually inconsistent with the interfacial
brittleness of debonding process. Fracture energy approach is recognized to be more
appropriate to capture the interfacial fracture behavior and account for the possible failure



modes [6]. Among the FE models of fracture energy-based criteria, cohesive zone
modeling(CZM) approach is well known for its simplicity and accurate kinematics
representation of the quasi-brittle fracture process zone, which arises prior to complete
fracture in, e.g., concrete materials and macro-molecular based polymer materials[11][12].
The bond-slipping of the interface can be governed by a fundamental fracture energy that is
also the energy required to break apart the interface surfaces in this model. The whole
debonding process from crack initiation to growth and further slipping can be unified into one
model and easily formulated and implemented by CZM. According to this idea, Wang(2006)
has established the closed-form solution of CZM for IC induced debonding[13]. De
Lorenzis(2009) and Cornetti(2015) put forward an analytical cohesive crack modeling
approach to the edge debonding failure of FRP-plated beam[14] [15]. Chen(2009) conducted
debonding analysis of adhesively bonded interface between two balanced adjacent flexural
cracks by CZMJ[16]. As stressed in many studies, much further research is needed to develop
a simple and accurate simulating model that has a rational theoretical basis and a practical
engineering application.

In the present work, the most common debonding failures of FRP strengthened concrete
beams are simulated by applying the proposed FE model of CZM based on the FE package
ABAUSE/standard. Two rational models are developed to easily reveal the processes of IC-
induced debonding and FRP edge debonding. Exponential degradation of concrete cracking
and bilinear relationship between interfacial shear stresses and slips proposed by Lu(2005) are
assigned as to the properties of the interfaces[5]. To demonstrate the validity of the numerical
models, the corresponding experimental data from the literatures are taken as the verification
of the numerical results. As the governing parameters in CZM, the values of the maximum
interfacial shear stress and the fracture energy have been discussed. The simple FEM and
suggested parameters are provided to be useful for predicting the propagation of debonding
failures between FRP/concrete interfaces.

Material Modeling
Concrete, Steel and FRP Composite

The reduction of the strength and stiffness of concrete is represented by the plastic-damage
model introduced in ABAQUS. The uniaxial compressive stress-strain curve for concrete is
determined by the equation of Hognestad[17][18], in which the maximum strain is taken as &,
= 0.0038. For the finite-element implementation, the values of the tensile strength, f;, and
elastic modulus, Ey, if not given, are approximated based on the following ACI-318-05[19]
equations:
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Concrete is assumed to be elastic before cracking. The tensile degradation of concrete is
expressed by the exponential equation of Reinhardt [18][20] in fracture mechanics as follow:
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where cohesive stress, o , is corresponding to the open distance of crack, w. Factors, ¢,=3,
c,=7 for normal concrete. (=0.16 mm as :=0.

Steel is represented by an elastic-plastic constitutive relationship with linear strain hardening,
and FRP is assumed to be linear elastic constitutive relationship.

FRP/Concrete Interface

In the current study, the bilinear bond-slip model proposed by Lu(2005), as shown in figure 1,
is adopted for its simplicity and easy incorporation into the FE analysis [5]. The behavior of
the FRP/concrete interface is modified as a relationship between the local shear stress, z, and
the relative displacement, s, as follow.
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in which bs /b; and f; are the ratio of the width of FRP to concrete and the splitting tension
strength of concrete, respectively.

The maximum nominal stress criterion is applied to determine the initiation of interfacial
cracking, namely shear crack develops at the point tmax. Interfacial performance of bond-slip
is governed by the cohesive strength rmax and the fracture energy Gs , which are essentially
identical in this model.

Figure 1. Bilinear bond-slip model
FE Modeling of IC Debonding
Profile of the Strengthened Beams with IC Debonding

IC debonding failure has been experimentally investigated by many researchers through
testing FRP strengthened plain concrete beams of various seam-height ratios. Three-point
bending beams of different heights, lengths, and seam height ratios from the literature[21] are
simulated by using the FE model of CZM in this paper. FRP is of the same length, but one-
third width of concrete beam. To prevent the conical shear failure around intermediate crack,
unbonded segment is set up near the crack.

Parameters such as the splitting tension strength of concrete, the flexural strengths of beams
with different heights, tensile strength of CFRP, modulus of elasticity and Poisson's ratios of
concrete and CFRP are taken from the experimental data in the literature[21].

Based on the experimental data, the maximum shear stress and the fracture energy are
determined according to the equations (4)-(7), namely 7max=5.94 MPa, Gs= 0.7 N/mm, and the
maximum slip s =2F¢/ tmax = 0.236 mm as the interfacial debonding occurs.



Constitutive Properties of Concrete Cracking

Since IC debonding is induced by the propagation of intermediate concrete crack, the
modeling of concrete cracking with CZM is essentially identified first. It is assumed that
concrete is a linearly elastic material when the equivalent stress in plain concrete is less than
0.3f; [22]. Fictitious cracking model is adopted to avoid the singularity of crack tip in FEA.
According to the exponential concrete virtual crack model proposed by Reinhardt[17][20] ,
equivalent crack opening displacement wy=0.16mm when cohesive force deceases to zero.
The maximum nominal stress criterion is applied for modeling the initiation of concrete crack,
in which fictitious crack develops when tensile stress reaches to the flexural strength of
concrete. Equations of cohesive force with crack opening distance is expressed by
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where f; is the flexural strength of concrete; default value is one for zero constitutive thickness
of cohesive element; J; represents the open distance of crack when cohesive force equals zero,
namely J; =wo. Coefficient, a, is used to govern the curves of exponential degradation of
concrete, which is determined by the experimental data in literature [21]. When a=10, as
listed in table 1, the peak loads of five beams determined by numerical solution, Pnym, are
close to the experimental values, Pey,. Based on the equations (8), (9) and the parameter «, the
constitutive relationships between loads and crack mouth open displacements (CMOD) of the
concrete beams are constructed as shown in figure 2, which are also the curves for governing
IC propagation.

Table 1. Comparison of numerical and experimental peak loads

Beams Pgyp /KN  Pnum /KN Error /%
C202 9.4 10.07 7.13
C203 6.93 8.08 16.60
C204 5.65 6.05 7.08
C253 8.69 9.42 8.40
C303 9.92 10.02 1.01
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Figure 2. Curves of load-CMOD of the concrete beams



Numerical and Experimental Results Comparison

In the FE model, the concrete and the FRP are modeled by solid C3D8R and shell S4R in the
package ABAQUS. The unbonded segment around intermediate crack is treated as frictionless
contact. Cohesive elements COH3D8 are embedded in the middle of concrete beam and the
FRP/concrete interface for identifying the 1C propagation and FRP debonding. The five plain
beams bonded with CFRP from literature[21] are simulated by the suggested FE model of
CZM, and the corresponding load-CMOD curves are constructed, as shown in figure 3. It is
shown that, close to the experimental results, there are apparently two peak points of loads,
P1max and Pomax. The applied load is linearly proportional to CMOD when it is less than Pimax.
After the first peak point, the load decreases with the IC propagation. Then the load rises
again until to the second peak point due to the activation of CFRP. Interfacial slip starts at this
time. The numerical results obtained from the suggested FE model are well agreeable with the
experimental results, as shown in table 2 and figure 3.

Table 2. Comparison of the peak loads obtained from the FEM and experiments

Beams Pinum/KN Pigxp /KN Error/% Ponum /KN Pogxy /KN Error/%
P202 11.30 10.97 3.00 11.98 11.95 0.25
P203 8.71 9.07 3.97 11.97 11.66 2.66
P204 6.73 7.72 12.82 11.97 12.33 2.92
P253 9.88 11.18 11.63 11.96 12.80 6.56
P303 10.34 12.93 20.03 12.02 13.55 11.29
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Figure 3. Comparison of load-CMOD curves obtained from the FEM and experiments
Identification of IC-induced Debonding

Stress distribution of CFRP of beam 203 under different CMOD is constructed in figure 4. It
is shown that the stress at the middle of CFRP linearly increases with CMOD before the
applied load reaches to Pomax. When the load equals to Pimax, where CMOD equals to 0.046
mm as shown in figure 4, stress in CFRP remains in a low level, namely 88MPa. While, when
the applied load equals to Pyax, Where CMOD equals to 1.183 mm, stress in CFRP reaches to



the highest value of 1430 MPa. Then the stresses remain in a high level with the continuous
increase of CMOD, and gradually transfer from the middle to the edge of CFRP. It illustrates
that the stress in CFRP is mainly caused by the IC propagation and interfacial slip. When
CMOD reaches to 2.968 mm, most of the CFRP stays in a high stress level of 1430 MPa, as
shown in figure 4.

Stresses in concrete indicate that most of the concrete stay in a low stress level because of
concrete cracking and interfacial slipping. Stress concentrations are obvious at the tips of
concrete crack and interfacial shear crack, and the maximum stress is close to the flexural
strength of concrete. Cohesive stress distribution of concrete crack under specific CMOD is
shown in figure 5. When the applied load reaches to Pimax, fictitious crack is of 55 mm length
and the cohesive tensile stress near the tip of concrete crack is 0.870 MPa. As the load reaches
to Pomax, the fictitious crack extends to 135 mm and the macro-crack to 105 mm at the same
time. Because of the extension of concrete crack, the loading capacity of FRP-bonded
concrete beam gradually decreases after the applied load exceeds Pimax, and most of the load
Is sustained by CFRP with little contribution of concrete after the applied load exceeds Pomax.
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Figure 4. Stresses of CFRP Figure 5. Adhesive stress of concrete crack

Along with the increase of CMOD, the interfacial bonding stress moves from the middle
toward the edge, as shown in figure 6. When the applied load equals to P1yax, Where CMOD
equals 0.046mm, the maximum interfacial shear stress is 0.5MPa. Interface behaves in elastic
with a low level of shear stress. Interfacial shear stress near the intermediate crack decreases
to zero when the applied load increases to the second peak load P,max, namely CMOD getting
to 1.183 mm. Macro shear crack of 20mm length occurs at this time. The interfacial shear
stress gradually moves from the middle to the edge due to the enlargement of CMOD.

Variation of interfacial slip with CMOD is plotted in figure 7. Analogous to the interfacial
shear stress, interfacial slip extends from the middle to the edge of the interface following the
enlargement of CMOD. The inflection points of the curves in figure 7 are corresponding to
the maximum shear stresses presented in figure 6.

FE Modeling of Edge Debonding
Edge Debonding Failure in FRP Strengthened RC Beams

FRP strengthened RC beams of four-point bending are taken from the experiments in
literature[23][24]. Five beams with the edge debonding are simulated by the proposed FE
model of bilinear bond-slip interfacial property. Based on the experimental data, the
maximum shear stress and the fracture energy are determined according to the equations (4)-
(7), and the maximum slip s; =2F;/ tmax as the interfacial debonding occurs.



Concrete, steel bar and CFRP are modeled with solid C3D8R, truss T3D2 and shell S4R in the
package ABAQUS, respectively. Interfacial bond-slip is represented by COH3D8. Slipping
between concrete and steel bars is neglected. The numerical load-displacement curves
determined by the supposed FE model are compared with the experimental results, as shown
in table 3. It is shown that the peak loads determined by the numerical model are well
agreeable with the experimental results.
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Table 3. Numerical and experimental peak loads

Literature  Beams Pnum/KN Py /KN Error/%
Obaidat[23] RF1 166.2 166 0.1
RF2 146.5 142 3.2
RF3 129.9 128 1.5
Quantrill[24] B2 35.4 34 4.1
B3 26.8 24.6 8.9

The numerical curves of load-displacement are compared with the experimental data, and
plotted in Figure 8. It is shown that beams analyzed by the FE model exhibit greater ductility
than the specimen. The deflections of the beams are bigger than the real beams when the
applied loads reach or exceed the peak loads. The reasons that lead the exaggeration of
ductility in FE analysis lie in that concrete is assumed to be an elastic-plastic property
excluding the effect of concrete crack.

Parameters in Bond-slip Relationship

If the fracture energy G; determined by equation (7) remains constant, and the maximum
cohesive shear stress is assumed to be 0.37max, 0.47max, 0.57max, 0.67max OF 1.07max, Where zmax IS
determined by equations (5), the curves of load-displacement from the FE model are
constructed and compared with the experimental results, as shown in figure 9. Beam RF3 is
not discussed since there is no obvious strengthening effect for short strengthening length. It
can be seen that when the maximum shear stress is greater than 0.4zmax, the values of the
maximum shear stress have little effect on the peak loads, but greatly increase deflections. If
the maximum shear stress is smaller than 0.3zmax, the peak loads are apparently lower than the
real values. The curves of load-displacement obtained from the FE model are the closest to
the experimental results when the maximum interfacial shear stress equals to 0.4zmax. There
are apparent downward jumps to the loading strength of non-strengthened beams when



debonding occurs in the curves. The loading capacities of the strengthened beams are
obviously controlled by the debonding of FRP, and the region of damage in the interface
narrows down with the increase of the maximum shear stress. Therefore, the rational
maximum shear stress in CZM is suggested to be 0.47yax in the FE analysis of FRP debonding
from RC beams.
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Figure 8. Load-displacement curves from FEM and experiments
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Figure 9. Load-displacement curves of different cohesive strength

The effect of fracture energy in CZM on numerical results is studied below. If the maximum
shear stress is identified as 0.47max, and the fracture energy is taken as 0.5Gy, 0.75 Gy, Gy, 1.25
Gt or 1.5 Gy, where Gy is determined based on the equation (7), the corresponding load-
displacement curves are constructed in figure 10. It can be seen that the ductility is
exaggerated with the increase of the fracture energy. Large values of fracture energy result the
failure of concrete crushing rather than FRP debonding as shown in the beams RF1 and RF2
in the case of fracture energy greater than 1.5 G;. Small values of fracture energy result lower
prediction of loading strength as shown in the curves of 0.5 G;. The loading capacities of
beams are obviously improved with the increase of fracture energy as it is less than G¢, and is



little upgraded when the fracture energy is greater than G¢. The curves of load-displacement
are the closest to the experimental results when fracture energy equals to Gs.
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Figure 10. Influence of the fracture energy in CZM on FE analysis

Identification of Edge Debonding

Based on the forgoing discussion, the fracture energy determined by the equation (7) and the
maximum shear stress modified to 0.4ry. are applied in the FEA of beam RF1. Stress
distribution in FRP shows that the tensile stress at the edge of FRP reaches to the maximum,
35MPa, when the deflection at the middle of the beam reaches to 6.2mm. Later, the stress
decreases quickly with the increase of deflection until to zero when deflection d equals 7.2mm,
as shown in figure 11. Stress at the middle of FRP nonlinearly increases to 667MPa as
d=7.2mm, and then drops rapidly to a very low level due to the edge debonding, as illustrated
in figure 12. The curves of stress distributions along FRP with respect to the enlargement of
deflections clearly indicate that the stresses gradually increase with deflection until to the
peak load, where d=7.1mm, and then rapidly drops to very low level as d=9mm shown in
figure 13.
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Figure 11. Stress at the edge Figure 12. Stress in the middle Figure 13. Stress along FRP

The behavior of interface between FRP and concrete is illustrated in figure 14-17. The stress
at the edge of interface increases with deflection until to the maximum 3.5 MPa, where
d=3.4mm, and then gradually decreases to zero as deflection equals 7.2 mm in figure 14. At
the middle of the interface in figure 15, the stress stays in a very low level about 1MPa before



edge debonding occurs. Then it rapidly increases to the maximum corresponding to the peak
load at the moment of edge debonding. Afterward, stress stays in a very high level as
debonding propagates from the edge to the middle of the beam. The distributions of stresses
and slips along the interface under various deflections are shown in figure 16 and figure 17.
Before the peak load, the interfacial stresses increase with the deflections, while slips stay in
low levels. After the peak load, most of the interfacial stresses drop to zero and the slips
greatly upgrade in the relevant region of the interface.

Edge of interface | Middle of Interface

Figure 14. Stress at the edge of interface  Figure 15. Stress at the middle of interface
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Figure 16. Interfacial stress distributions Figure 17. Interfacial slip distributions

The performance of concrete is revealed in figure 18 and figure 19. At the moment of the edge
debonding, there is a downward jump in the curves of concrete stresses at the middle of the
beam with respect to deflection. Afterwards, stresses continue to upgrade with the increase of
deflection. When most of the FRP has debonded at the moment d=11.5mm, the stress and
strain contours indicate that the biggest equivalent plastic strain occurs at the bottom of
concrete, which is agreeable with the peeling of concrete surface happened in many
experiments.
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Figure 19. Stress and strain contour of concrete

Conclusions

A simple but robust FE model of fracture criteria-based CZM is set up for simulating the
debonding failures of FRP strengthened concrete beams in this paper. Two types of debonding
processes are analyzed: IC debonding and edge debonding. In the FEA of IC debonding,
cohesive elements of concrete fracture properties are embedded in the middle of beam as to
indicate the effects of flexural cracking on interfacial debonding. Cohesive elements in the
interface between FRP and concrete are assigned bilinear bond-slip properties. The interfacial
debonding failure revealed by the FE model is verified to be well consistent with the
experimental phenomenon. When the suggested FE model is applied to simulate the edge
debonding of FRP strengthened RC beam, parameters in CZM must be modified because
concrete is assumed to be of elastic-plastic properties, which leads the exaggeration of the
ductility when Lu’s bond-slip relation is employed in the CZM. When the fracture energy and
the maximum interfacial bonding stress are assigned Gy and 0.47max, the edge debonding
process of FRP strengthened RC beam is reasonably predicted and well captured.
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