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Abstract

A number of numerical and experimental studies have been reported in recent literature to investigate the effects of infill
walls on the seismic response of RC infilled frames. Many experimental studies used CFRP sheets as an external bracing
system for retrofitting the infilled RC frames. It has been found that the common mode of failure of such retrofitted
frames is the debonding of the CFRP-concrete adhesive material. In the current study, the behaviour of CFRP retrofitted
infilled RC frames was investigated with a finite element micro model. In that model, a four-node shell element was used
for modeling the concrete, infill panel and CFRP sheets. The interaction between concrete frame and infill panel was
modelled using contact surfaces to allow the occurrence of separation and prevent penetration. Nonlinearities of the
concrete, infill panel, steel and CFRP sheets were considered. To allow the occurrence of debonding mode of failure, the
adhesive layer was modelled using cohesive surface-to-surface interaction model, which assumes that the failure of
cohesive bond is characterized by progressive degradation of the cohesive stiffness, which is driven by a damage process
based on the fracture energy. The proposed model was verified using experimental results from the literature. Results
indicated that the cohesive model could capture the debonding mode of failure which has been observed experimentally.
The validated micro model was used to investigate the effects of the strip end area, the anchor location and partial
bonding of the CFRP sheet to the infill panel surface on the behaviour of infilled frames. The results of parametric study
showed that, to get the highest efficiency of the CFRP retrofitted infilled frame, bonding about 25% only of the diagonal
length from each end is sufficient to get the same behaviour of the totally bonded sheet.
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1. Introduction

Retrofitting of constructions vulnerable to lateral loads is a current problem of great political and social relevance.
Many existing buildings are subjected to seismic action. Most of these buildings have ordinary non-ductile RC
elements, beams and columns, infilled with brick walls (infilled RC frames). Many experimental works have been
conducted to investigate the seismic behavior of partially infilled frames, infilled frames with opening, and retrofitted
and unretrofitted infilled frames. Therefore, they represent conclusive scientific evidence for the possibility of using
the infill walls as lateral load structural elements.

Hashemi and Mosalam [1] and Al-Chaar [2] investigated experimentally the behavior of infilled RC frames
subjected to lateral loads. The results indicated that, the infilled RC frames exhibit significantly higher ultimate
strength, residual strength, and initial stiffness than the bare frames. Furthermore, the number of bays appears to be
influential with respect to the peak and residual capacity, the failure mode, and the shear stress distribution.
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Kakaletsis and Karayannis [3] and Tasnimi and Mohebkhah [4] investigated the influence of both masonry strength
and openings on infilled RC and steel frames, respectively. They have proven that infill with openings can
significantly improve the performance of RC frames. Further, specimens with strong infill exhibited better
performance than those with weak infill.

Ozsayin et al. [5] studied 36 hollow brick wall specimens either under uniaxial compression or diagonal tension
before and after retrofitting externally with CFRP sheets. They found a significant contribution of CFRP sheets to the
mechanical characteristics of hollow brick walls in terms of several important structural design parameters such as
Young’s and shear modulus, axial and shears strengths as well as the deformation capacity.

Sinan et al [6] investigated the strengthening of masonry infilled RC frames using diagonal CFRP strips under
cyclic loads. They investigated the effects of CFRP strips’ width and arrangement type on specimens’ behavior,
strength, stiffness and story drifts of the test specimens. They proved that, the diagonal CFRP strips significantly
increased both the lateral strength and stiffness.

Erdem et al. [7] investigated experimentally the behavior of two different techniques for strengthening RC infilled
frames. One of the frames was strengthened with RC infill. While the other frame was strengthened with CFRP
strengthened hollow clay blocks. The test specimens were subjected to reversed cyclic quasi-static loading. Strength,
stiffness, and story drifts of the test specimens were evaluated. They proved that both strengthened frames behaved
similarly under cyclic loading.

Yuksel et al. [8] presented the behavior of bare, infilled, and carbon fiber reinforced polymer CFRP retrofitted
infilled RC frames with different bracing configurations. The test results showed a significant increase in the yield and
ultimate strength capacities of the frames with a decrease in relative story drifts. The energy dissipation capacities of
the retrofitted frames turned out to be more than those of the unretrofitted infilled frame, thus reducing the seismic
demand imposed on the frames.

Chen and Yeh [9] studied the out-of-plane seismic behavior of reinforced concrete (RC) frames infilled with brick
walls. The test results showed that the contribution of the brick walls to the out-of-plane lateral strength of frames was
not straightforward, although the residual strength of frames infilled with brick walls was clear. Retrofitting enhanced
the peak lateral and residual strengths in tested specimens.

Many researchers have studied the effects of masonry panels on RC frames, in order to propose and validate some
analytical approaches that are able to evaluate the contribution of panels to the local and global behavior of structures.
Different approaches have been developed to analyze the behavior of masonry infilled frames. The modeling strategies
of infilled frames can be classified into micro- and macro-modeling, based on the detail by which they represent an
infill wall, the computational effort and the information they provide about the behavior of a structure. Micro-models
are used to reproduce and analyze the local behavior with great detail and require long computational time in the case
of models with a large number of elements. Macro-models, on the other hand, reproduce the global behavior of a
structural element, giving results in terms of stiffness and strength with relatively low computational time.

According to FEMA356 [10]. the elastic in-plane stiffness of a solid unreinforced masonry infill panel prior to
cracking shall be represented with an equivalent diagonal compression strut.

Fiore and Netti [11] showed that single strut models can provide an adequate estimation of the stiffness of infilled
frame, but cannot be used to obtain realistic values of bending moments and shear forces in frames. They proposed a
new approach by dividing the calculated width equally between the two non-parallel struts, which is able to take into
account the local effects. Asteris et al. [12] proposed a reduction factor able to take the effect of openings in an infill
panel to calculate the effective width.

On the Micro-modeling level, Alam et al. [13] constructed micro models to analyze retrofitted and unretrofitted
masonry-infilled RC frames under in-plane lateral loading. A 2D plane stress elements was used. The frame and the
wall are connected by interface elements that are capable of transferring normal and shear stresses. The adopted
numerical model was fairly accurate in estimating the ultimate load carrying capacity of the retrofitted infilled frame.

D'Ayala et al. [14] modeled the infill panel as a homogenous material where the effects of the bricks and mortar are
smeared into a continuum referred to as a ‘meso' model. They also showed that the simulation of the panel behavior
with a more generic tool than the compressive strut is critical to the correct interpretation of the load paths through the
composite structures.

Doudoumis [15] investigated analytically the effects of the alternative modeling of the interface conditions, the
density of discretization mesh, the size of friction coefficient, the relative beam-column stiffness, the relative frame-
infill size and the orthotropy of the infill panel are evaluated. It is concluded that all these modeling parameters
considerably affect the behavior of the examined infilled frames, except for the parameter describing the infill’s
orthotropy. Asteris [16] proposed a criterion to describe the frame-infill separation. The basic characteristic of this
analysis is that the infill-frame contact lengths and the contact stresses.

268



Civil Engineering Journal Vol. 3, No. 4, April, 2017

Asteris et al. [17] presented a general classification scheme of the failure modes of infilled frames. Such a
classification of failure modes improves substantially the understanding of the earthquake resistant behavior of infilled
frames and leads to better methodological approaches regarding their modeling, analysis and design.

Using finite element modeling, Nwofor and Chinwah [18] investigated the contribution of openings in masonry
infill panels on the reduction of the shear strength of infilled frames. It was concluded that, the model was effective in
wind and seismic vulnerability analysis of reinforced concrete infilled frames with openings. Nwofor [19] constructed
a numerical model using explicit finite element method to study the behavior of masonry infilled reinforced concrete
frames. He compared obtained results against results from experimental test to ensure the ability of his model to
stimulate the shear strength response of masonry infill panel.

Mohyeddin et al. [20] introduced a detailed presentation of a generic three-dimensional discrete-finite-element
model that has been constructed to model reinforced-concrete frames with masonry infill using ANSYS. A simple
method was proposed to overcome convergence issues which are related to the Newton—Raphson algorithm. Dehghani
et al. [21] used engineered cementitious composite (ECC) to strengthen infilled RC frames. Erol [22] investigated
seismic strengthening of non-structural brittle masonry infill walls of RC frames by CFRP. Kakaletsis [23] made a
comparison of CFRP and alternative seismic retrofitting techniques for bare and infilled RC frames. Another research
presented a technique for strengthening of reinforced concrete infilled frames with textile-reinforced mortar (TRM)
jacketing [24]. Strepelias et al. [25] experimentally investigated the behavior of concrete frames infilled with RC for
seismic rehabilitation. Akin [26] studied the effects of various parameters on CFRP strengthening of infilled RC
frames.

At the numerical analysis level, many researchers studied the behavior of infilled frames using either micro- or
macro-models. For example, Akin et al. [27] performed a numerical study on CFRP strengthening of reinforced
concrete frames with masonry infill walls. These numerical methods achieved good agreement with the experimental
work, providing strong tools to study the behavior of infilled frames, whether the overall behavior using macro-models
or the local behavior using micro-models.

As described later in the literature review, many studies reported experimentally the results and benefits of infilled
frames for the seismic behavior of structures, as well as the benefits of CFRP strengthening for the infilled frames to
increase their in-plane shear capacity and dissipated energy. The observed CFRP debonding failure mode is considered
an obstacle to achieve the maximum benefit from the high resistance of the CFRP materials.

To the author knowledge, there is no previous numerical study on modeling the behavior of CFRP retrofitted
infilled frames, capable of simulating the debonding mode of failure and crack progress through the adhesive layer.
The current study aims to fill this gap. In this study, the behavior of CFRP retrofitted infilled RC frames was studied
numerically using a finite element 3D shell model. The interaction between concrete frame and infill panel was
modeled. Nonlinearities of the concrete, infill panel, steel and CFRP sheets were considered. To allow the occurrence
of debonding mode of failure, a cohesive surface-to-surface interaction model was used to model the adhesive layer.
This interaction model assumes that the failure of cohesive bond is characterized by progressive degradation of the
cohesive stiffhess, which is driven by a damage process based on the fracture energy.

2. Finite Element Analysis

The finite element analysis package ABAQUS/standard [28] was used to model a CFRP retrofitted infilled RC
frame. A brief description of the constitutive models that are used in the model is presented below. Figure 1. illustrates
the components of the CFRP retrofitted infilled frame.

RC frame
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Figure 1. Components of the CFRP retrofitted infilled frame
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2.1. Constitutive models

The concrete damage plasticity model was used to model the concrete behaviour. This model assumes that the
main two failure modes are tensile cracking and compressive crushing [28]. The elastic parameters required to
establish the tension stress-strain curve are elastic modulus, E., and tensile strength, .. According to the (ACI 318-99)
[29] E. and fy were calculated. To specify the post-peak tension failure behaviour of concrete, the fracture energy
method was used. For the uni-axial compression stress-strain curve of the concrete, the stress—strain relationship
proposed by Saenz [30] was used. To specify the post-peak tension failure behaviour of concrete, the fracture energy
method was used, as shown in Figure 2, where the fracture energy, Gt, is the area under the softening curve.
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Figure 2. Concrete behavior for uniaxial tension

The steel was assumed to be bilinear elastic-plastic material identical in tension and compression. The "concrete
damage plasticity model™ was used to model the infill panel, as shown in Figure 6. The CFRP material was considered
as linear elastic isotropic until rupture [31].

2.2. Interaction between Concrete Frame and Infill Panel

Experiments have shown that under lateral forces, the concrete frame tends to separate from the infill near
windward lower and leeward upper corners of the infill panels, causing compressive contact stresses to develop
between the frame and the infill at the other diagonally opposite corners, in addition to the transverse component
which represent the shear stress. ABAQUS/standard provides a node-to-node interaction method using Cartesian
connector element. Cartesian connector element provides a connector between two nodes that allows independent
behaviour in the three local Cartesian directions. To define the Cartesian connectors’ properties in the present model,
the normal and tangential mechanical behaviour must be defined. For the normal behaviour, an elastic-plastic
connector was used. To prevent the connector element of transmitting the tension force, a Force/Moment failure
criteria has been defined. The tangential behaviour was defined using the penalty friction formulation with a friction
coefficient equal to 0.25 as specified in [11].

2.3. Interface between CFRP strips and the infilled frame surface

The interface between CFRP strips and the infilled frame surface was constructed using a cohesive interface by the
traction separation law to allow for the debonding failure mode, Figure 3. The available traction-separation model
assumes initially linear elastic behaviour followed by the initiation and evolution of damage.
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Figure 3. Description of the traction-separation behavior [26]
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Surface-based cohesive behaviour which is primarily intended for situations in which the interface thickness is
negligibly small, can be used to model the delamination at interfaces directly in terms of traction versus separation in
the three local directions; the normal and the two shear directions of the surface. It assumes that the failure of cohesive
bond is characterized by progressive degradation of the cohesive stiffness, which is driven by a damage process [32].
The interface thickness is considered negligibly small, and the initial stiffnesses K, K, and Ky , in the normal and
two shear directions, respectively, are defined as [31, 33]:

1
kss = ktt = T L.

oo )
where t; is the resin thickness, t. is the concrete thickness, and G; and G, are the shear modulus of resin and concrete,
respectively, and E; and E, are the modulus of elasticity of the resin and concrete, respectively. The upper limit for the
maximum shear stress tma.x Was provided by Obaidat et al. [34].

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 (as defined in the expression below) reaches a value of one. This criterion can be represented as:

Op Ts Tt
maxi— ,— ,—5(=1
Op TS T

= )
Where g , 2, and t? represent the peak values of the contact stress when the separation is either purely normal to the
interface or purely in the first or in the second shear direction, respectively. And g, is the cohesive tensile stress
and t,, and t, are the cohesive shear stress in the two perpendicular directions s and t.

From Figure 3, it is obvious that the relationship between the traction stress and effective opening displacement is
defined by the elastic stiffness, K,n, Ks and Ky, the local strength of the material, o2 ,72 and 7? and the energy
needed for opening the crack, G, 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 the
ABAQUS material library [32]. The dependence of the fracture energy on the mode mix was defined based on the
Benzaggah—Kenane fracture criterion[32].

Benzaggah—Kenane fracture criterion is particularly useful when the critical fracture energies during deformation
purely along the first and the second shear directions are the same [31]; i.e. G¢ = G£. Itis given by:

GA"

65 + 6 - D) =6 (3)
Gr

Where Gg = G; + G, , Gy = G, + G,, and 1 is a cohesive property parameter.

2.4. Elements and Meshing

Four-node doubly curved thin or thick shell, reduced integration, finite membrane strains (S4R) was used for
modelling the concrete, infill panel, CFRP sheets. While a 2-node linear 3-D truss (T3D2) element was used for
modelling the reinforcement steel. A sensitivity analysis was carried out to get the optimum mesh size. The optimum
meshes size it is illustrated in Table 1. The bond between steel reinforcement and concrete was assumed as a perfect
bond.

Table 1. The approximate mesh size used in the model

Approximate mesh Boundary

Part Element Type global size (mm) Conditions

A 4-node doubly curved thin or thick shell, reduced integration,

30
Concrete hourglass control, finite membrane strains.

RFT steel A 2-node linear 3-D truss 40
According to
A 4-node doubly curved thin or thick shell, reduced integration, Min. 15 and Max. Figure 5.
Infill Panel hourglass control, finite membrane strains 30

A 4-node quadrilateral membrane, reduced integration, hourglass .
CFRP sheets ol Min. 8 and Max. 25
control.
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3. Verification of the Model with Previous Work

Experimental data was obtained from previous work by Yuksel [8]. This experimental study focused on the
behaviour of bare and CFPR retrofitted infilled RC frames with different bracing configurations. Quasi-static
experimental results were presented and discussed for six 1/3-scaled infilled RC frames that were retrofitted using
CFRP material in various schemes. The cross bracing retrofitting scheme was selected to perform that study. The
dimensions and RFT details of the infilled frame are shown in Figure 4 and 5. shows the pre-loads, configuration and
dimensions of Yuksel cross-braced retrofitted infilled frame.
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Figure 4. Dimensions and RFT details of Yuksel infilled frame [8]
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Figure 5. (a)-Pre-loads and boundary conditions, (b)- Configuration and dimensions of Yuksel cross-braced retrofitted
infilled frame [8]

3.1. Material Properties and Applied Loads

The compressive strength, ., was, in the experimental work, 19 MPa. E; and oy were then calculated according to

Figure 2. Poisson’s ratio for concrete was assumed to be 0.20. For the RFT steel, the elastic modulus, Es, and yield
stress oy, was in the experimental work for the main steel and stirrups Es= 209 GPa and oy = 420 MPa and ¢,=500
MPa. A Poisson’s ratio of 0.3 was used.
The infill panel was represented as an isotropic material, the average compressive strength of the infill panel was
assumed to be 4.14 MPa as the average of the two directions’ compressive strengths and the Elastic modulus was
taken 7000 MPa. Tensile strength for the concrete masonry used in the referenced experimental work was not
provided, and as it is usually a parameter subjected to relatively high uncertainty, especially for low engineered
masonry infilled frames, a conservative failure value of 0.65 N/mm? for tensile cracking was used [14]. To specify the
post-peak tension failure behaviour of concrete masonry, the fracture energy method was used. Many trials have been
carried out to find the optimum value of the fracture energy of infill and were found to equal 422 J/m, Figure 6.
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Figure 6. Stress—strain relationships for an infill panel

According to [8], the fiber density is 1.79x10° N/mm?. Also, the modulus of elasticity of the CFRP is 230 GPa

and the tensile strength and ultimate elongation capacities are 3900 MPa and 1.5%, respectively. The width of strip is
150 mm and its thickness is 0.165 mm. It was bonded to the surface using epoxy resin.
The values used for the resin thickness t; is 1 mm, and the concrete thickness t. is 5 mm, G; = 0.665 GPa, G.= 10.8
GPa, E; = 2.5 GPa, E, = 20487 MPa. A value of 2.00 MPa was used for the maximum shear stress, tmax. FOr the
maximum normal stress, it was taken equal to the concrete tensile strength with a value of 2.00 MPa. For the fracture
energy, G in the two shear directions, previous researches have indicated values from 300 J/m? up to 1500 J/m?® [34].
Different values were used in the current verification. These values are 100J/m?, 300 J/m? 500 J/m? 700 J/m® The
value used for the fracture energy G, in the normal direction equals 100 J/m? [34]. In the experimental work, the
specimens were subjected to unidirectional cyclic lateral loading under 40 kN constant axial load, representing 10% of
the column’s axial load bearing capacity, applied on each column. The actuator was fixed to the specimen by using
two post-tensioned rods of 20 mm in diameter producing approximately 60 kN axial force on the beam, Figure 5 [8].
The envelopes of lateral load versus story drift displacement cycles are given in the reference work of Yuksel [8],
which represent the pushover curves of the bare frame (BF), infilled frame (IF) and CFRP retrofitted infilled frame
(RF). This can be used for verifying the finite element model under monotonic lateral load with the experimental
work. Automatic stabilization and small time increment were also used to avoid a diverged solution.

3.2. Bare and infilled frame (BF - IF)

The Lateral load vs. lateral drift curves obtained for bare and infilled frames from experimental and FEM analysis
are shown in Figure 7. Also, Figure 8. demonstrate the yielding zones of the longitudinal RFT in the bare and infilled
frames, respectively. Figure 9 and 10. compare between the modes of failure of the bare and infilled frames. The
analysis shows a good agreement between FEM and experimental results, the error in predicting the ultimate load in
the IF model was about 4.20%. The good agreement indicates that the constitutive models used for concrete and
reinforcement can reasonably capture the mechanical behaviour.
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Figure 7. Lateral load vs. story drift curve for bare and infilled frames
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Figure 8. Yielding stress zones in the RFT steel in the bare and infilled frames
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Figure 9. Modes of failure and crack survey - (a) Damage pattern for bare frame (Experimental [8]) — (b) Plastic strain
pattern represents cracks (Finite element)
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Figure 10. Modes of failure and crack survey - (a) Damage pattern for infilled frame (Experimental [8]) - (b) Plastic strain
pattern represents cracks (Finite element)

3.3. Cross Braced CFRP Retrofitted Infilled Frame

The CFRP-concrete interface surface was modelled using cohesive interaction (RF-G. =XX) with different
fracture energy values, where the symbol XX refers to the fracture energy value. It is very important to notice that, in
the experimental work, the CFRP was installed on the both faces of the infilled frame. The 3D shell model doesn'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 the CFRP was installed on one face.

Lateral load vs. lateral drift curves
The Lateral load vs. lateral drift curves obtained for the CFRP retrofitted infilled frames from experimental and
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FEM results with full bond and different values of the fracture energies are shown in Figure 11. The initial stiffness of
the models was close to experimental result. The stiffness of the adopted finite element models at intermediate loading
varied slightly from the experimental results, Figure 11. For the cohesive models with different fracture energy values,
matching of the four models was observed up to the debonding of each individual case. After debonding, the
retrofitted frame behaved as an infilled frame. Increasing the fracture energy value leads to delay of the occurrence of
debonding, and thus increases the ultimate load and the corresponding story drift, Figure 11.

The full bond model overestimates the stiffness at the intermediate loading stage, and also the ultimate load of the
retrofitted infilled frame compared to cohesive models. This is due to the fact that the perfect bond does not take into
consideration the shear strain between CFRP sheets and the installation surface. The full bond models fail to capture
the softening of the retrofitted frame. Between the previous finite element models, the cohesive model with fracture
energy equal 500 J/m? show good agreement with the experimental results. The error in predicting the ultimate load in
the IF model was about 4.00%.
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Figure 11. Lateral load vs. story drift obtained for the CFRP retrofitted infilled frames

Failure Modes

The assumption of full bond between CFRP and concrete is unable to model the debonding fracture mode, on the
other hand, when the cohesive bond model was used, debonding fracture occurred, just like in the experiments. This is
illustrated in Figure 12 and 13.
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Figure 12. Modes of failure and crack survey - (a) Damage pattern for CFRP retrofitted infilled frame (Experimental [8]) -
(b) Plastic strain pattern represents cracks (Finite element)
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Figure 13. Debonding zones of CFRP sheets (a) experimental [8] (b) finite element analysis (contact open at surface nodes )

Stress in the bond layer

Debonding of CFRP is likely to initiate at the stress concentration in the bond layer, which occurs either at the end

of the plate or at any intermediate crack. In the first case, it is called end plate debonding mechanism, where in the
second case; it is call intermediate crack debonding mechanism. In the infilled frames, the occurred gap between the
concrete frame and the infill panel can play the role of the intermediate crack where the debonding may occur, as
shown in Figure 14. and 15. These figures indicate the transfer of shear stress at the interface layer from the beginning
of debonding up to a complete failure. It is very important to notice that not all the interface area is effective, but only
the area nearby the separation point. When it failed by debonding, the stress relocates to the neighboured non stressed
zone up to complete failure, Figure 14.
With the beginning of loading and up to a load of 87 KN, the debonding begins at the point of maximum shear stress
concentration near the gap, Figure 14. (1-8). By increasing the load gradually after the initiation of debonding, a
transition of maximum shear stress to neighbouring points occurs up to the end of the CFRP sheet. From Figurel5, it
was observed that the shear stress zone on the infill panel surface doesn't transfer, as the max shear stress cannot reach
the strength value. In other words, no damage has occurred. On the other hand, the shear stress at the concrete surface
transferred up to complete debonding, resulting in the occurrence of failure.
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Figure 14. Transfer of the shear stress from the start of debonding up to complete failure
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It was also noticed that the stress range illustrated from -3.95 MPa up to +3.95 MPa, as the shear strength which
equals 2.00 MPa was multiplied by two to get the effect of the two surfaces on just one surface of the shell element.

Infill Panel

surface
Concrete frame

surface

500 -400

-300 -200 -100

Shear stress at contact surface nodes (MPa)
-1

Distance from Infill-concrete separation surface ( mm)

—— @ P =87 KN & Displacement = 1.95 mm
@ P =116 KN & Displacement = 4.33 mm
—— @ P =130 KN & Displacement = 6.10 mm
—— @ P =144 KN & Displacement = 8.94 mm
—— @ P =147 KN & Displacement = 11.52 mm
O— @ P = 148 KN & Displacement = 13.60 mm
—— @ P =151 KN & Displacement = 16.33 mm

Figure 15. Transfer of the shear stress at different loads and its corresponding displacement

4. Parametric Study

To investigate some of the factors which could affect the transfer of shear stress at the bond layer, three different
parameters have been studied. These parameters are:
1. Partial bonding of the CFRP sheets to the infill panel surface.
2. Effect of the end supporting sheets on the ultimate load.
3. A proposed CFRP anchor location, based on the transfer of shear stress at the bond layer, to delay the
debonding.

Symbolic meanings and configuration of the different parameters are summarized in Table 2. The value of the

277



Civil Engineering Journal Vol. 3, No. 4, April, 2017
adhesive layer fracture energy used in all next parameters is constant and equal to 500J/m?.

Table 2. Symbolic meaning and configuration of different perameters

NO Symbolic meaning Configuration

Partial bonding of the CFRP sheet to the infill panel surface

1 A
with unbounded length "L" (RF-UB-L).
-
Effect of the end supporting sheet on the behavior of CFRP
2 retrofitted cross braced infilled frame (RF-with) and (RF-
without) 7
RF-with RF-without
3 Proposed location of anchors to delay the debonding (RF-A)

4.1. Partial bonding of the CFRP Sheet to the Infill Panel surface

The cross bracing CFRP retrofitted infilled frame of Yuksel [8] was reanalysed, but in the presence of a new
variable which is the unbonded length (L), as shown in Table 2. The unbonded length varied as 300 mm, 600 mm, 850
mm, and totally unbonded. Figure 16. shows a complete convergence between the behaviour of the reference model

RF-G=500 totally bonded, and RF-UB-300, and RF-UB-600 models. But there is a slight difference in the behaviour
of RF-UB-850, and RF-UB-Totally.

160
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L2 80 -
g 60 IF S R R B BT IIRY RF-Gcr=500 -
T — . RF-UB-300
- 40 —x+ RF-UB - 600 —
20 = = =RF-UB -850 |
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0 % ! ! !
0 5 10 15 20 25 30 35
lateral drift- (mm)

Figure 16. Lateral load vs. lateral drift obtained for (RF-Gcr=500) and (RF-UB-L) with different unbonded length
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The first group, (RF-G=500 totally bonded, RF-UB-300, and RF-UB-600) achieved almost the same debonding
load 150 kN at the same story drift of 17.00 mm. The second group, ( RF-UB-850 and RF-UB-Totally) achieved a
maximum debonding load about 147 kN, which is slightly less than the debonding load value of the reference model,
at a lateral drift equal to 16.00 mm. The stiffness is considered fully identical in all stages of loading.

From that result, the minimum bonding length of the CFRP sheet on the infill panel to get the same behavior of the
totally bonded model was about 25% of the infill panel diagonal length. Decreasing that length will slightly affect the
ultimate behaviour. Installing the CFRP sheet on a part of infill panel surface, about 25% of diagonal length, leads to
delay of the onset of separation between the frame and infill wall, this delays the debonding process. By observing the
values of the stresses generated on the wall in Figure 15, one can found that the stress didn't reach the shear strength
value on the whole contact surface and that it is concentrated near the gap between the concrete frame and the infill
panel and don't transmit to neighbouring areas, i.e. a small length of about 25% of the diagonal length is sufficient to
maintain that balancing. This, together with the experimental observation shown in Figure 13 (a), confirms the
correctness of the obtained results. Figure 17. illustrates the contact shear stress at the ultimate load for different
debonding length. It is clear that, the bonded length on the infill panel surface has almost a negligible contact shear
stress compared to that on the concrete frame surface.
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Figure 17. Contact shear stress for different models at the ultimate load

4.2. Effect of the end supporting sheet on the behavior of CFRP retrofitted cross braced infilled frame

With reference to Figure 5, the experimental cross bracing retrofitting system includes a square end supporting
CFRP sheet bonded at the end of the CFRP strip. CFRP retrofitted infilled frame without this square sheet having the
same mechanical and geometrical properties of the CFRP strip was modelled, as shown in Table 1.

Figure 18. illustrates the lateral load vs. lateral drift of the new proposed retrofitted infilled frame. The additional
square part has a great effect on the retrofitted frame response. The original retrofitted frame (RF-G,=500) has an
ultimate debonding load about 148 kN, while the frame without the square part (RF-without) has about 138 kN, i.e.
the decrease in the ultimate load was about 6.75%, Figure 19 (a).

The ability of a structure to dissipate the seismic input energy is an accurate measure of its expected seismic
performance. The amount of dissipated energy is determined as the area enclosed by the load-displacement curve up to
a certain displacement or drift ratio [8]. The dissipated energy vs. lateral drift relations for the two models is shown in
Figure 19 (b). The amount of dissipated energy of the two models at 1.0% drift ratio is the same, as no debonding has
occurred yet. At 1.5% and higher drift ratios, RF-G,=500 dissipates higher energy due to the delay of debonding,
Figure 19 (b).
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Figure 18. Lateral load vs. lateral drift obtained for strip configuration parameter
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Figure 19. Change in the dissipated energy
The dissipated energy in the debonding failure is the contact area multiblied by the fracture energy needed to make
a complete debonding. With reference to Figure 14 and 20, which illustrates the contact area at a different lateral load
levels, the area which have the contact shear stress near the capacity of the surface for RF-Without is smaller than that
of RF-With which leads to a significant reduction in the dissipative energy. Therefore, the amount of energy needed to
cause a complete debonding in RF-Without is less than that needed in RF-with.
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Figure 20. Contact shear stress between CFRP and concrete surface at different load levels for RF-Without at the top right corner
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4.3. Proposed Location of Anchors to Delay the Debonding

The tension stresses that can be developed in CFRP sheets bonded to concrete represent only a fraction of the
rupture strength of the sheet due to the premature failure by debonding. In order to make CFRP strengthening
applications more efficient, a ways to anchor the sheets should proposed so that failure by debonding was precluded.
Various ways of anchoring the CFRP sheets to concrete have been investigated by researchers, including the use of
transverse sheets or straps, using mechanical anchors, wrapping the end of sheets in rods embedded in grooves formed
into the concrete , or using CFRP anchors [35].

Laboratory investigations performed by Niemitz et al. [36] indicated three primary FRP anchor failure modes: FRP
anchor splay delamination, FRP anchor shear rupture, and FRP anchor pull out. FRP anchor delamination is a failure
mode that occurred between fibres forming the anchor splay and the FRP sheet surface. FRP anchor shear rupture
consists of anchor failure just below the FRP sheet surface, while the splay remained attached to the upper face of the
FRP sheet. FRP anchor pull out was not a common failure mode and occurred only in the cases where insertion holes
in the concrete were perhaps improperly cleaned.

In order to model the mechanical representation of the CFRP anchor response, Sergio et al. [35] proposed force-
deformation relationship for modeling the CFRP anchors for shear rupture failure mode. They proposed two types of
CFRP anchors, the first type was 13 mm anchor diameter with 51 mm splay diameter, where the second type was 19
mm anchor diameter and 102 mm splay diameter, as shown in Figure 21. The tension behavior of the anchor is the
axial tension strength of the CFRP sheet used to make the anchor.

In order to convert this force-displacement behavior to a traction separation behavior, the elastic traction separation
behavior was defined, and then the initiation of damage, and finally damage evolution part, Figure 22. (with reference
to Figure 3).

Fin
F
Fpaak
(a) Rolling of dry fibres (b) Tying of anchor dowel fibres
: O mm
. g
8\,' al'I'IEI)C
CFRP anchor Force- Deformation
(¢c) Completed anchor response

Figure 21. Proposed force-deformation relationship for the modeling of the CFRP anchors [30]

For damage evolution, the maximum displacement criteria was used instead of the maximum dissipated energy
where Shax = 1.78 mm.
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Figure 22. Traction separation behavior of the CFRP 13 mm anchor
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Observing the transfer of contact shear stress in Figure 15, it can be anticipated that, by preventing the transfer of
shear stress at the onset of debonding, a delay of the complete debonding can be achieved. Therefore, an anchor
location at the point of maximum shear stress is proposed to delay the debonding mode of failure. Two anchors were
used in the CFRP retrofitted frame without the end supporting sheet, RF-Without, near each end of CFRP strip at the
shown distances, Table 1. The choice of that distance was selected to guarantee a sufficient concrete part to prevent
concrete spalling.

For the RF-A-13 mm model, using the discussed anchor mechanical properties, the behavior was greatly improved
comparing with the case of RF-Without in which no anchors were used, Figure 23. The location of debonding changed
from the upper right corner to the lower left corner after the damage of anchors, Figure 24.
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Figure 23. Lateral load vs. lateral drift obtained for RF-A-13 mm model
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Figure 24. Mode of failure for RF-A-13 mm anchor (Anchor shear rupture)

From Figure 23, It was noticed that there is no significant increase of the ultimate load (137 kN vs. 144.4 kN), and
there is a significant increase of the corresponding displacement (8.70 mm vs. 17.33 mm). This indicates that, using
four 13 mm anchors increased the ductility by about 100% which is very useful in case of seismic event. The amount
of dissipated energy is determined as the area enclosed by the load-displacement curve up to a certain displacement or
drift ratio. The dissipated energy versus lateral drift relation for all models is given in Table 3. Up to drift ratio of
1.0%, the dissipated energy is almost the same for the three models, as the CFRP sheet is fully bonded to the infilled
frame surface. By increasing the drift ratio over 1.5%, the occurrence of debonding in RF-XX model was reached,
where the other two models are still without debonding.
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Table 3. Dissipated energy for RF-A models at different drift ratios

Dissipated energy Dissipated energy Dissipated energy Dissipated energy

Model at 1.0% drift (J) at 1.5% drift (J) at2.0% drift (J)  at 2.5% drift (J)
RF-G4=500 1003 1660 2318 2763
RF-A-13 mm 993 1601 2233 2630
RF-without 988 1495 1908 2298

The transfer of contact shear stress at the debonding zones is illustrated in Figure 25. at different load and
displacement stages for the lower left corner where the debonding occurred. It is clear that the debonding started near
the gap between the infill panel and the concrete frame, and then the shear stress reached the capacity at that point and
dropped to reach zero and transferred to the adjacent zones. As the CFRP anchor permits some relative deformation
between the upper and the lower components, it allowed the transfer of shear stress behind it up to the end of the sheet,
while it was still carrying its loading capacity. By the increase of lateral load and consequently the story drift, the
connection reached to debonding by the anchor shear failure, Figure 25. The stages of contact shear stress at the upper
right joint are also shown in Figure 26.
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Figure 25. Transfer of the shear stress from the start of debonding up to complete failure at lower left joint for
RF-A-13 mm
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Figure 26. Transfer of the shear stress from the start of debonding up to complete failure at upper right joint for RF-A-13 mm

5. Conclusion

In this study, the behaviour of CFRP retrofitted infilled RC frames was studied numerically using a finite element 3D
shell model. The interaction between concrete frame and infill panel was modelled. Nonlinearities of the concrete,
infill panel, steel and CFRP sheets were considered. To allow the occurrence of debonding mode of failure, a cohesive
surface-to-surface interaction model was used to model the adhesive layer. Based on the results, the following
conclusions can be drawn:

The assumption of perfect bond model can’t represent successfully the CFRP infilled frame behaviour. On the
other hand, the cohesive models have the same pattern of collapse as in the experimental work. The value of
fracture energy of the adhesive layer gave a different collapse point whether for the collapse load or for the
lateral displacement at the debonding point, which resulted in different values of ductility and dissipated
energy.

Partial bonding of the CFRP sheet to the infill panel surface has a little effect on the overall behaviour of the
CFRP retrofitted infilled frame. The results showed that, to get the highest efficiency of the CFRP retrofitted
infilled frame, bonding about 25% only of the diagonal length from each end is sufficient to get the same
behaviour of the totally bonded sheet. So, determination of the fracture energy of adhesive layer should be
accurately estimated.

The increase of the CFRP strip end area with end supporting sheets has a positive effect on the overall
behaviour of the CFRP retrofitted infilled frame. It results in increasing the ultimate load and the dissipated
energy.

By identifying the position of the maximum contact shear stress, the perfect place of CFRP anchors can be
located to increase the capacity of retrofitted frame. Modelling the CFRP anchor must be capable of
representing the mode of failure of the real anchor.
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