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Abstract: Reinforced concrete (RC) shear walls are considered to be one of the most major elements in the 
lateral force resisting systems. The existence of openings in RC shear walls becomes essential in some cases 
that relate basically to architectural or mechanical requirements although they are not preferred to be 
constructed from the structural point of view. In this current work, massive numbers of numerical models are 
conducted using the well-known finite element software (ANSYS) for achieving an obvious conclusion about the 
influence of positions and dimensions of openings on the nonlinear behavior of shear walls under lateral 
monotonic loads. Furthermore, the efficiency of a proposed configuration of CFRP strips in retrofitting these 
RC walls with openings is investigated. 
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I. Introduction 
High-rise reinforced concrete buildings contribute a considerable share of the real estates all over the 

world. In order to resist lateral loads; either wind or seismic loads, different structural systems are used such as 
reinforced concrete (RC) moment resisting frames, braced frames and shear walls. RC moment resisting frames 
are popular forms of construction in multi-story buildings. This system resists lateral forces depending on the 
fixed connections between girders and columns that work on distributing the moment between them according to 
their relative stiffness. On the other side, RC braced frames depend on the existence of vertical truss systems. 
Beside the economic and safety issues, there is no doubt that the used lateral force resisting system has to achieve 
all architectural and mechanical requirements. Accordingly, when the frames systems are insufficient, 
uneconomical or in conflict with architectural needs, reinforced concrete (RC) shear walls are the suitable 
structural systems for improving the ability of high-rise RC buildings in resisting lateral forces. 

RC shear walls are vertical structural elements in the lateral forces resisting system. Due to their in-plane 
rigidity, they transmit lateral forces from diaphragms above to the foundation. These walls are usually located 
regularly in plan and in elevation to minimize the torsion's effects in each story due to the existence of an offset 
between the center of mass and the center of rigidity of the building. The height-to-length ratio (aspect ratio) of 
RC shear walls affects mainly the mode in which these walls fail. For slender walls with aspect ratio equals (3 to 
4), the main behavior is flexural behavior. Moderately slender walls have aspect ratio ranges between 1.5 and 3 
their nonlinear behavior tends essentially to the flexure with a limited contribution of the shear behavior. In case 
of squat shear walls that have aspect ratio less than 1.5, the nonlinear shear deformation is the reason for the 
highest percentage of walls' lateral displacement.  [1] 

In the last few decades, the behavior of RC shear walls-without openings- was studied for the first time 
after the design codes had recognized the urgent need for considering the effects of seismic loads on the buildings 
especially RC high-rise buildings. The life safety of residents of these buildings was the main concern as the 
structural design of buildings without including seismic forces had caused thousands of people to die during 
strong seismic strikes all over the world. Researchers  [7]studied experimentally RC shear walls with different 
aspect ratios under a constant axial loading and lateral incremental loads; they aimed to put design guidelines of 
shear walls and figure out the nonlinear response of shear walls under different regimes of lateral cyclic loads. 
“The existence of transverse confining stirrups in shear walls improves obviously the seismic performance of 
structural walls under quasi-static loading”; this was the conclusion that researchers [8] had obtained. Other 
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researchers [9]developed special reinforcement system (concealed steel frame and steel truss); the proposed 
system improved ductility, strength and energy dissipation of the tested shear walls. 

The usage of Fiber Reinforced Polymers (FRP) in retrofitting and repairing a lot of structural elements 
occupied a top priority in research topics. The remarkable pursuit of achieving the maximum benefits of FRP 
regards to its unique advantages like corrosion resistance, non-magnetic properties, high tensile strength, light 
weight and ease of handling. One of the most precious contributions in evaluating the effect of FRP sheets on 
seismic performance of shear walls was Lombard and Hiotakis' experimental researches  [10]. Researchers  [12] 
studied the hysteresis behavior of strengthened  shear walls using X-shaped diagonal strips of FRP. Other 
researchers  [13] were interested in studying the nonlinear response of GFRP reinforced shear walls. A 
research [14] was conducted for investigating the ability of FRP in strengthening deficient shear walls with 
insufficient shear reinforcement, poor confinement at boundary zones and lap splices at plastic hinge. 
Researchers  [15][16] studied analytically the retrofitting of shear walls with steel plates and CFRP sheets. Other 
researchers  [17] used numerical models for studying the effect of confining of slender walls' boundary zones on 
the nonlinear behavior of shear walls. 

Regarding the probability the existence of openings in RC shear walls for achieving architectural or 
mechanical requirements, the effect of these openings on the seismic response of walls was a vital topic for 
researches. The behavior of RC shear walls with staggered openings was studied experimentally [18] under quasi-
static loads. Other researchers, [19], proposed a strengthening scheme for RC shear walls with openings using 
information of conducted strut-and-tie with two different positions of opening. 

The objective of the current work is to study; analytically, the effects of openings on the nonlinear 
performance of reinforced concrete shear walls under vertical and lateral loads. A massive parametric study is 
conducted for figuring out the effect of changing openings' size, location and aspect ratio on the wall's lateral load 
carrying capacity, lateral drift and shear stress distribution of RC shear walls. Also this work aims to analyze the 
feasibility of using CFRP sheets for retrofitting these shear walls with different openings' location.  

 
II. Numerical Modelling 

The numerical simulations provide excellent tools for conducting accurate parametric studies instead of 
the traditional build-and-break models. In the current work, the well-known finite element software ANSYS- 
V14.5will be used. ANSYS is a large scale multipurpose program ; after it has been in commercial use in 1970, it 
has been recommended in the analytical scientific researches due to its ability for solving static, dynamics, steady 
state, transient heat transfer and mode-frequency analyses. It considers the effect of creep, large deflection, 
contact, large strain, swelling and plasticity. Besides, ANSYS supports the nonlinear analysis for structural 
elements using iterative process (the Newton-Raphson approach) [21]. 

 
III. Model verification 

In order to investigate the ability of the used numerical modeling in predicting the nonlinear behavior of 
RC shear walls, two distinguished experimental researches have been simulated using ANSYS. The analytical 
and experimental results are compared with each other in order to verify the reliability and the accuracy of the 
modeling to provide the basis on which the parametric study will be conducted. 

 
A. First verificatioun example 

Moderately slender RC shear wall that was tested experimentally by G.V. Ramo [23] and has been 
simulated in this numerical modeling is subjected to lateral monotonic load and a constant vertical load of 160kN. 
It is constructed with M30 grade concrete and Fe-415 steel reinforcement. Dimensions of the tested shear wall 
and the arrangement of longitudinal and transversal reinforcement are shown in Fig. 1. 

All detailed information about the test procedure and the mechanism of applying lateral loads can be 
obtained from G.V. Ramo  [22]. The tested RC shear wall has been simulated numerically as a volume with the 
same dimensions as those of the experimentally tested one; longitudinal and transversal reinforcement have been 
modeled as lines (Fig. 2). Before meshing all structure’s components, we aim to subdivide the whole volumes 
with the steel bars (lines) for ensuring a full bond between reinforcement and concrete.   

Solid65 is the most convenient element type for simulating the properties of concrete  [23]. In addition to 
its ability to consider the nonlinearity of materials, Solid65 is capable of cracking in tension and crushing in 
compression. This element type is defined by eight nodes having three degrees of freedom at each single node 
(translation in X, Y and Z directions). Link180 has been used as the element type for modeling the reinforcing 
steel bars; it is a uniaxial tension-compression element that has three degrees of freedom at each node (translation 
in X, Y and, Z directions). It considers plasticity, creep and large strain with neglecting bending of the element 
(Fig. 3). 
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Table I: Details of openings' sizes and locations. 

 
 

Model code 
Xo Yo X1 Y1 Opening area 

to Wall area (mm) (mm) (mm) (mm) 

Control Wall CON-Wall - - - - - 

O
p

en
in

g 
(2

00
x2

00
)m

m
 C-M 200 200 0 450 

4.94% 

C-T 200 200 0 800 
C-B 200 200 0 100 
R-M 200 200 250 450 
R-T 200 200 250 800 
R-B 200 200 250 100 
L-M 200 200 -250 450 
L-T 200 200 -250 800 
L-B 200 200 -250 100 

O
p

en
in

g 
(3

00
x3

00
)m

m
 C-M 300 300 0 450 

11.11% 

C-T 300 300 0 750 
C-B 300 300 0 150 
R-M 300 300 200 450 
R-T 300 300 200 750 
R-B 300 300 200 150 
L-M 300 300 -200 450 
L-T 300 300 -200 750 
L-B 300 300 -200 150 

O
p

en
in

g 
(3

50
x3

50
)m

m
 C-M 350 350 0 450 

15.12% 

C-T 350 350 0 725 
C-B 350 350 0 175 
R-M 350 350 175 450 
R-T 350 350 175 725 
R-B 350 350 175 175 
L-M 350 350 -175 450 
L-T 350 350 -175 725 
L-B 350 350 -175 175 

O
p

en
in

g 
(4

00
x4

00
)m

m
 C-M 400 400 0 450 

19.75% 

C-T 400 400 0 700 
C-B 400 400 0 200 
R-M 400 400 150 450 
R-T 400 400 150 700 
R-B 400 400 150 200 
L-M 400 400 -150 450 
L-T 400 400 -150 700 
L-B 400 400 -150 200 

 
C. Configuration of the strengthened shear walls with openings 

In the present study, a single strengthening proposal has been used for improving the nonlinear response 
of RC shear walls with openings that has been demonstrated previously in Table I. Every RC wall has been 
retrofitted using bi-directional CFRP sheets; in the proposed strengthening scheme, 100mm-wide CFRP sheets 
with a thickness of 1mm have applied vertically and horizontally around the opening in both sides of every shear 
walls. The configuration of CFRP sheets with the different positions of openings is illustrated in Fig.14.  

 
D. Material properties 

Modified Hognestad equation  [25] has been used to define the nonlinear behavior of concrete while the 
well-known nonlinear steel model that proposed by K. J. Thompson and R. Park  [26] has been used for defining  
the material properties of reinforcing steel. Only the elastic behavior of the bi-directional CFRP sheets has been 
considered; mechanical properties of the used materials are presented in Table II. 

 
E. Finite element models 

As mentioned previously, the numerical modeling is the backbone of the current work; all of the 
obtained results and recommendations of this work have been concluded based on the numerical models that have 
been studied with ANSYS. It is worth to mention that the procedure of simulation that has been used in 
constructing the verification models is the same one as that has been used in the parametric study. The type of the 
current analysis has been considered to be static; all numerically tested walls have been solved under a vertical 
constant load equals to 150kN then lateral monotonic loads have been applied at four joints at corners and have 
been increased; till failure, Fig. 16. 
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VI. Conclusions 

For achieving architectural and mechanical needs, it becomes inescapable matter in some situations to 
make openings in RC shear walls. So, it is necessary to study the effect of these openings on the behavior of shear 
walls. The present study focused on investigating the influence of locations, and dimension of openings on the 
lateral load carrying capacity of squat RC shear walls under the application of lateral monotonic loads along with 
the existence of vertical loads. This study also presented a proposed scheme of CFRP strips for retrofitting these 
shear walls with openings. The current work was based mainly on numerical modeling of the shear walls using 
the well-known finite element program ANSYS; verification models were conducted for ensuring the accuracy of 
these numerical models. The obtained conclusions from this study can be summarized as follows: 
1- The height-to-length ratio (aspect ratio) of RC shear walls affects mainly the mode in which these walls fail. 

In case of squat shear walls that have aspect ratio less than 1.5, the nonlinear shear deformation is the reason 
for the highest percentage of walls' lateral displacement. Paths of compressive stresses (strut) and tensile 
stresses (tie) appears clearly during the application of lateral monotonic loads on RC walls.  

2- For the same opening size, the existence of a square opening in top positions (C-T, R-T and L-T) results in 
the minimum loss in the load carrying capacity among all the studied locations. For the studied square 
openings whose area ranges from 4.9% to 19.8% of the total area of the reference wall and located in the 
position of (L-T), the reduction percentages of the obtained base shear ranges between 1.8% and 28.1% of 
the base shear obtained from the reference wall. When these openings are located in the position of (R-T), the 
reduction percentages range between 6% and 21.8%. Constructing these square openings in the position of 
(C-T) causes a reduction in the shear capacity of percentages of 6.7% to 32.4%.   

3- It is not preferred to locate an opening in the position of (L-B) where the maximum compression stresses 
concentrate; the studied square openings in this position cause the maximum reduction in the wall's shear 
capacity. When the opening with the smallest size is located in this position, the lateral load carrying capacity 
decreases by a percentage of 31% of the reference wall's base shear; this percentage increases with increasing 
the opening size till 49% in case of the largest opening, 400x400mm2. 

4- The proposed configuration of CFRP sheets proves its effectiveness in retrofiring RC shear walls with 
openings. The greatest improvement in the nonlinear behavior of retrofitted shear wall with opening causes 
in case of shear walls with right-bottom (R-B) located openings in which the percentage of increasing shear 
capacity reaches 24% of the obtained shear capacity of un-strengthened walls. 
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