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ABSTRACT
RC shear walls are considered one of the main lateral resisting members in
buildings. In recent years, Fiber reinforced polymer (FRP) has been widely utilized in
order to strengthen and retrofit concrete structures. A number of experimental studies
used CFRP sheets as an external bracing system for retrofitting of RC shear walls. It
has been found that the common mode of failure is the debonding of the CFRPConcrete adhesive material. In this study, behaviour of RC shear wall was investigated
with three different micro models. The analysis included 2D model using plane stress
element, 3D model using shell element and 3D model using solid element. To allow for
the debonding mode of failure, the adhesive layer was modeled using cohesive
surface-to-surface interaction model at 3D analysis model and node-to-node interaction
method using cartesian elastic-plastic connector element at 2D analysis model. The
FEM model results is validated comparing the experimental results in the literature. It is
shown that the proposed FEM model can predict the modes of failure due to debonding
of CFRP and behavior of CFRP strengthened RC shear wall reasonably well.
1. INTRODUCTION
Structural shear walls are the most common systems resisting lateral loads in
concrete buildings. Methods of strengthening existing structures, such as jacketing,
using steel sections, ... are laborious and expensive. The building approach should not
be driven by the increase in mass of the structure on the contrary is to minimize this
effect. Fiber reinforced polymer (FRP) has been widely utilized in order to strengthen
and retrofit concrete structures because of high strength-to-weight ratio, corrosion
resistances, good fatigue characteristic and easy of handling. Many experimental work
have been conducted to investigate the seismic behavior of RC shear walls
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strengthened with carbon fiber-reinforced polymer (CFRP) to predict the inelastic
strength of walls subjected to lateral loading and to assess the natural frequencies of
the walls such as Antoniades et al. (2007), Dan. (2012), El-Sokkary and Galal (2013),
Altin et al. (2013) and Qazi et al. (2013). The experimental results indicated that the
CFRP strengthening technique adopted worked well with respect to improving
specimen strength, reducing deformity and dissipating energy compared to the bare
RC shear walls. Zhou et al. (2013) investigated experimentally the retrofitted of
reinforced concrete shear wall using a newly developed composite is being termed
‘‘Carbon Flex,’’. This composite helped to stabilize the propagation of damage,
specifically fracture, an energy dissipation mechanism, resulting in significant ductility
and confinement and high strength sustainability. Qazi et al. (2015) investigated the
significance of partially bonding CFRP to RC walls under monotonic lateral loading.
The strengthening arrangement consisted of partial bonding of CFRP strips to the wall
panel and mesh anchors installation at the wall foundation joint. The reported test
results showed that the adopted strengthening technique can improve wall
performance in terms of strength and deformability with negligible variation in RC wall
dissipation capacity.
Concurrently, FE analysis has also been implemented, as a cost effective tool
available to researcher all around the world, to predict the behaviour of FRP
strengthened RC shear walls. Mostofinejad and Anaei (2012) studied the effect of
confining of boundary elements of slender RC shear wall by FRP composites and
stirrups on flexural behaviour of the wall under monotonic loading. The FE model was
built within the commercially available software package, ABAQUS 6.7. The interaction
between the concrete and the FRP was modeled considering full bonding. Results of
this study showed that the confinement of the boundary elements with FRP increased
the ultimate displacement under almost constant load up to 50%. Furthermore, the
results showed that it is sufficient to apply the FRP layers only on the boundary
elements in the plastic hinge region of the wall. Cruz et al. (2012) presented the
experimental results and preliminary analytical findings of a comprehensive study of
reinforced-concrete shear walls repaired and strengthened using externally-bonded
FRP tow sheets. A finite-element program, VecTor2 was used to model the response of
the shear walls. The CFRP sheets were represented by a series of discrete trusses
made of a brittle material with zero compressive strength connected to the concrete
through interface link elements. Computer simulations confirmed that the FRP system
is also effective in eliminating the brittle shear mode of failure in walls with insufficient
shear reinforcement and non-ductile details. Behfarnia and Sayah (2012) studied the
effects of FRP on the ultimate load capacity of concrete shear walls with openings
using the finite element analysis software ABAQUS. The FRP is considered as a linear
elastic material until failure and the interaction between the concrete and the FRP is
modeled without considering debonding. Alsayed et al. (2014) presented
Experimentally and numerically the compression behavior of CFRP strengthened wall
like rectangular reinforced concrete column after shape modification. ANSYS program
was employed for the numerical simulation. The bond between FRP and concrete was
modeled using the tiebreak surface-to-surface contact definition of ANSYS. The quasistatic loading procedure was adopted by imposing vertical displacement variation
through the top end of the column. The actual failure of the strengthened column was

due to crushing of concrete and buckling of longitudinal rebars.
To the author’s knowledge, there is no previous numerical study for modeling the
behavior of CFRP strengthened RC shear walls capable of simulating the debonding
mode of failure. This paper deals with the monotonic behavior of RC shear walls with
special highlighting of modeling the interaction between FRP sheets and concrete.
2. FİNİTE ELEMENT MODELS
The finite element analysis package (Abaqus/standard) was used to model the
bare RC shear wall and the CFRP strengthened RC shear wall. A brief description of
the constitutive models that are used in the model are described below.
2.1 Constitutive models
The "Concrete damage plasticity model" was used to model the concrete
behavior. This model assumes that the main two failure modes are tensile cracking and
compressive crushing (Abaqus/standard). The elastic parameters required to establish
the tension stress-strain curve are elastic modulus, Ec, and tensile strength, fct.
According to the ACI-318 (1999) Ec and fct were calculated. To specify the post-peak
tension failure behavior of concrete the fracture energy method was used. For the uniaxial compression stress-strain curve of the concrete, the stress–strain relationship
proposed by Saenz (1964) was used as reported in Hu and Schnobrich (1989). The
steel was assumed to be bilinear elastic-plastic material identical in tension and
compression. The CFRP material was considered as linear elastic isotropic until rupture.
2.2 Interface between CFRP strips and the RC shear wall surface
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To represent the interface between CFRP strips and the RC shear wall surface,
the model was constructed using cohesive interface by the traction separation law to
allow for the debonding failure mode, Fig. 1. The available traction-separation model
assumes initially linear elastic behavior followed by the initiation and evolution of
damage.
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Fig. 1 Description of the traction-separation behavior, (Abaqus/standard)

Using surface-based cohesive behavior which is primarily intended for situations
in which the interface thickness is negligibly small, which can be used to model the

delamination at interfaces directly in terms of traction versus separation in the three
local directions; in the normal and the two shear directions respectively, of the surface.
It assumes that failure of the cohesive bond is characterized by progressive
degradation of the cohesive stiffness, which is driven by a damage process,
(Abaqus/standard). The interface thickness is considered negligibly small, and the
initial stiffness Knn, Kss, and Ktt, in the normal and two shear directions respectively
defined as Obaidat et al. (2010a) and Sakr et al. (2014) with expression in Eq. ( 1 ):
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Where ti is the resin thickness, tc is the concrete thickness, and Gi and Gc are the
shear modulus of resin and concrete respectively, and Ei and Ec are the modulus of
elasticity of the resin and concrete respectively Obaidat et al. (2010b). Damage
initiation refers to the beginning of degradation of the cohesive response at a contact
point. The process of degradation begins when the contact stresses and/or contact
separations satisfy certain damage initiation criteria. Maximum stress criterion was
used which assumes that, the initiation of damage occurred when the maximum
contact stress ratio reaches a value of one as defined in Eq. ( 2 ).
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Where 𝜎𝑛𝑜 , 𝜏𝑠𝑜 , and 𝜏𝑡𝑜 represent the peak values of the contact stress when the
separation is either purely normal to the interface or purely in the first or the second
shear direction, respectively. And 𝜎𝑛 is the cohesive tensile stress and 𝜏𝑠 , and 𝜏𝑡 are
the cohesive shear stress in the two perpendicular directions s and t.
From Fig. 1 , it is obvious that the relationship between the traction stress and
effective opening displacement is defined by the elastic stiffness, Knn, Kss, and Ktt, the
local strength of the material, 𝜎𝑛𝑜 , 𝜏𝑠𝑜 , and 𝜏𝑡𝑜 , and the energy needed for opening the
crack, Gcr, which is equal to the area under the traction–displacement curve.
Interface damage evolution was expressed in terms of energy release. The
description of this model is available in (Abaqus/standard). The dependence of the
fracture energy on the mode mix was defined based on the Benzaggah–Kenane
fracture criterion, (Abaqus/standard).
2.3 Elements and Meshing
In this study, behaviour of RC shear walls was investigated with three different
micro models using Abaqus\standard package. The analysis included 2D model using
plane stress element, 3D model using shell element, and 3D model using solid element.
At 3D analysis using solid element, 3D 8-node solid element (C3D8R) is used for
modeling the concrete and CFRP sheets to overcome the possible errors and to
consider the cracks in tension. At 3D analysis using 3D shell element, A four-node
doubly curved thin or thick shell, reduced integration, hourglass control, finite

membrane strains (S4R) was used for modeling the concrete and CFRP sheets. While
a 2-node linear 3-D truss (T3D2) element was used for modeling the reinforcement
steel. At 2D analysis using 2D plane stress element, A 4-node bilinear, reduced
integration with hourglass control elements (CPS4R) was used for the concrete and
CFRP sheets. And for the reinforcement steel a 2-node linear 2-D truss (T2D2) element
was used. A perfect bond between steel reinforcement and concrete was assumed.
3. Verification of the model with previous work
In order to validate the accuracy and applicability of non-linear finite element
model of RC shear wall strengthened with FRP composites under monotonic loading,
Experimental data was obtained from previous work by Altin et al. (2013). The
experimental study focused on the behavior of bare and (CFPR)-retrofitted RC shear
walls with different bracing configurations. They have presented experimental results
on ½ scale five specimens with 1.5 aspect ratio walls were constructed. One of them
was tested without any retrofitting as a reference specimen and four of them were
retrofitted specimens with CFRP strips. All of the specimens were tested under cyclic
lateral loading. The cross bracing retrofitting scheme was selected to perform that study.
The dimensions and RFT details of the reference RC shear wall are shown in Fig. 2(a).
The CFRP strips were symmetrically applied to both sides of the concrete wall and
were bonded to the surface using epoxy resin. The CFRP strips were anchoraged to
the concrete wall by fan type of anchorages. The detailed descriptions of applied CFRP
configurations and the distances between the anchorages are given in Fig. 2(b).

(a) Dimensions and RFT details of test specimens

(b) Configuration of the CFRP
bracing.

Fig. 2 The experimental specimen in the reference work of Altin et al. (2013)

3.1 Material properties
In the experimental study, specimens with low compressive strength were
constructed to represent the concrete strength of the existing old buildings. The
̅c was in the experimental work to 15.5 MPa for the bare Rc
compressive strength, σ
shear wall and 15 MPa for the CFRP strengthened RC shear wall. Ec and 𝜎𝑐𝑡 were
then calculated as shown in Fig. 3. Poisson’s ratio for concrete was assumed to be
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Fig. 3 Concrete behavior for uniaxial tension
For the RFT steel, the elastic modulus, Es and Poisson’s ratio used in the
referenced experimental work was not provided, so the elastic modulus for the RFT
steel was assumed to be 200 GPa and Poisson’s ratio to be 0.3. The yield strength, 𝜎𝑦
and the Failure strength, 𝜎𝑢 used in the specimens are listed in Table 1.
Table 1 Properties of reinforcements
Reinforcement
diameter
6
10
12
16

Yield strength σy
(MPa)
325
430
428
425

Failure strength σu
(MPa)
420
522
515
520

Type
Plain
Deformed
Deformed
Deformed

According to Altin et al. (2013) the modulus of elasticity of the CFRP is 231 GPa
and the tensile strength and ultimate tensile strain are 4100 MPa and 1.7%,
respectively. The width of strip is 200 mm and its thickness was 0.12 mm was bonded
to the surface using epoxy resin. The modulus of elasticity of the resin is 3.8 GPa and
the tensile strength is 30 MPa.
3.2 Adhesive layer properties
At 3D analysis, the adhesive layer was modelled using cohesive surface-tosurface interaction model. The values used for this study were ti = 1.5 mm, tc = 25 mm,
Gi = 0.665 GPa, and Gc = 10.8 GPa, and for Ei = 3.8 GPa, Ec = 18500 MPa. The

maximum shear stress, τmax was taken 1.5 MPa. For the maximum normal stress, it
was taken equal to the concrete tensile strength 1.3 MPa. For the fracture energy, Gcr
in the two shear directions, previous researches have indicated values from 300 J/m2
up to 1500 J/m2, Obaidat et al. (2010b). The cohesive model with fracture energy equal
900 J/m2 show good agreement with the experimental results. The value used for the
fracture energy, Gcr in the normal direction equals 100 J/m 2 and for 𝜂 = 1.45, Obaidat
et al. (2010b).
At 2D analysis, the node-to-node interaction method using cartesian elasticplastic connector element was used. Cartesian connector element provide a connector
between two nodes that allows independent behavior in two local Cartesian directions.
It is very important to notice that, in the experimental work the CFRP was installed
on the both faces of the RC shear wall. The 2-D shell model and the 3-D shell model
don't allow installing the CFRP on both faces of the shell element. So the stiffness,
strength, fracture energies and also the CFRP sheet thickness values were multiplied
by two, and then was installed on one surface.
3.3 Applied loads
In the experimental work, the base of the test specimen was anchored to the
laboratory’s strong floor by high strength steel bolts. A steel stability frame was
constructed around the test specimen to prevent out of-plane deformations. Specimens
were tested under cyclic lateral loading. Each specimen was loaded laterally as a
vertical cantilever with forces applied through the top beam. The lateral load was
created by a hydraulic jack. Magnitudes of the force were measured by a load cell (500
kN compression–500 kN tension capacities). No axial load was applied to specimens.
During the test, the top displacements and the lateral loads applied to specimen were
monitored.
The envelopes of lateral load versus story drift displacement cycles are given in
the reference work of Altin et al. (2013), which represent the pushover curves of the
bare and CFRP retrofitted shear wall. This can be used for verifying finite element
model under monotonic lateral load with the experimental work.
3.4 Comparison of Experimental and Finite Element Results
Bare RC shear wall The Lateral load vs. story drift curves obtained for the bare RC
shear wall from experimental and FEM analysis are shown in
Fig. 4. Also Fig. 5(a)-(b) compare between the modes of failure of the RC shear wall,
experimental and FEM. The mode of failure was shear due to concentrated shear
cracks along the diagonal of the RC shear wall. The analysis shows a good agreement
between FEM and experimental results. The good agreement indicates that the
constitutive models used for concrete and reinforcement can reasonably capture the
mechanical behavior.
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Fig. 4 Lateral load vs. story drift for bare RC shear wall

(a) Concrete plastic strain distribution for 2d
plain stress model

(b) Damage pattern for bare RC shear
wall (Altin et al., 2013)

Fig. 5 Mode of failure and crack survey
Fig. 6 shows a comparison of the CPU time of the proposed three models for the
bare RC shear walls. It shows a great difference in the CPU time depending on the
model type. The 2D plane stress model consumed about 20.3 % of the 3D shell model
CPU time and about 7.7 % of the solid element model CPU time. Given the minor
difference of the behavior observed between the three models and with reference to
CPU time, it can stated that, the 2D Plane stress element is the most effective model

among the three models.
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Fig. 6 CPU time in minutes for the diffrent model types
Cross Braced CFRP strengthened RC shear wall The Lateral load vs. story drift
curves obtained for the CFRP strengthened RC shear walls from experimental and
FEM analysis are shown in Fig. 7.
Also Fig. 8(a)-(b) compare between the modes of failure of the CFRP strengthened
RC shear walls, experimental and finite element. Shear cracks were concentrated
through the diagonal of the RC shear wall and after ultimate lateral load these cracks
were widened due to separation of CFRP strips from the wall surface with increasing
lateral load. The concrete was crushed at the bottom corner of the wall under the
compressive stresses. The numerical simulations agree well with test results, indicating
that the numerical method could accurately predict the behavior of RC shear walls
strengthened with CFRP composites.
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Fig. 7 Lateral load vs. story drift for the CFRP strengthened RC shear wall
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Fig. 8 Mode of failure and crack survey
4. EFFECT OF SHEAR STRESS, ΤMAX AND THE FRACTURE ENERGY, GCR
To investigate to what extent τmax affects the results five cohesive bond 2D shell
models have the same overall cross-sectional dimensions and internal longitudinal
reinforcement as shown in Fig. 2(a) were tested with Fcu= 30 MPa and τmax = 0.5 MPa,
1.5 MPa, 2.25 MPa, 3 MPa and full bond respectively and Gcr was assumed constant
and equal 900 J/m2 and the results shown in Fig. 9.
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Fig. 9 Lateral load vs. story drift for different interfacial shear stresses, τmax
at Fcu= 30 N/mm2, Gcr =900 J/m2

For fracture energy, Gcr previous researches have indicated values from 300 J/m2
up to 1500 J/m2 (Obaidat et al., 2010b). To investigate to what extent Gcr affects the
results five cohesive bond models with Fcu= 30 MPa were performed for Gcr = 300 J/m2,
700 J/m2, 900 J/m2, 1200 J/m2 and full bond respectively taking τmax = 1.5 MPa as a
suitable value and the results shown in Fig. 10.
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Fig. 10 Lateral load vs. story drift for different fracture energy, Gcr
at Fcu= 30 N/mm2, τmax =1.5 MPa

The results showed that, increasing the capacity of shear stress, τmax at a
constant value of fracture energy increase slightly the ductility of the RC shear wall
strengthened by CFRP. While increasing the fracture energy value at a constant value
of shear stress, τmax leads clearly to delay the occurrence of debonding, and thus
increases the ultimate load, the corresponding story drift and the ductility of the RC
shear wall strengthened by CFRP.
The perfect bond model overestimates the stiffness at the intermediate loading
stage and the ultimate load and also another mode of failure occurs, where the
cohesive model proved able to represent more accurately the bond behaviour between
CFRP and concrete.
5. CONCLUSIONS

This paper has been concerned with the accurate prediction of debonding failures
in RC shear walls strengthened by CFRP strips using the FE method. An FE approach
has been presented in the paper, in which the cohesive zone model is employed to
represent nonlinear fracture including interfacial debonding between concrete and FRP.
Predictions from the FE approach have been shown to compare well with the test
results reported by Altin et al. (2013). Using the proposed FE approach, the behaviour

of CFRP-strengthened RC shear walls is examined, indicating that:
 The full bond model did not succeed in the representation of the CFRP
strengthened RC shear walls behavior. While the cohesive models have the same
pattern of collapse as in the experimental work.
 Increasing the fracture energy value leads clearly to increase the ultimate load
and the dissipated energy in addition to increase of the structure ductility.
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