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Abstract: Modern construction of high-rise and tall buildings depends on coupled shear walls system to resist the
lateral loads induced by wind and earthquake hazards. The lateral behavior of this system depends on the structural
behavior of its components including coupling beams and shear walls. Although many research studies in the
literature investigated coupling beams and shear walls, these studies stopped short of investigating the coupled
shear walls as a system. Therefore, in this research, the effect of the coupling beam parameters on the nonlinear
behavior of the coupled shear walls system was investigated. The full behavior of a 10-story coupled shear wall
system was modeled using a series of finite element analyses. The analysis comprised of testing several coupling
beam parameters to capture the effect of each parameter on system response including load-deflection behavior,
coupling ratio, crack pattern, and failure mechanism. The results indicated that a span-to-depth ratio equal to two
is a turning point for the coupling beam behavior. Specifically, the behavior is dominated by ordinary flexure for
a ratio of more than two and deep beam behavior for a ratio of less than two. This study showed that the coupling
beam width does not have a significant effect on the coupled shear wall response. Additionally, it was concluded
that the excessive coupling beam diagonal reinforcement could significantly affect the coupled shear walls
behavior and therefore an upper limit for the diagonal reinforcement was provided. Moreover, limitations on the
longitudinal and diagonal reinforcement and stirrups are presented herein. The analysis results presented in this
paper can provide guidance for practitioners in terms of making decisions about the coupling ratio of the coupled
shear walls.
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1. Introduction

Coupled Shear Walls (CSWs) enable two walls, or more, to act as one wall with a certain level of efficiency,
depending on how much coupling is provided by the Coupling Beam (CB) [1]. CBs are usually provided on each
floor to connect the walls and efficiently control their behavior. These beams limit the axial deformation in each
wall in terms of tension in one wall and compression in the other coupled wall. Such action induces an internal
couple thereby improving the overall behavior of the walls through better energy dissipation, less wall rotation, as
well as a reduction in inter-story drift, peak roof drift, and base shear while ensuring a more evenly distributed
heightwise deflection profile. Shear walls are used as a primary lateral load resisting system in high-rise buildings,
but sometimes they are designed and constructed with two or several walls connected with a deep short beam to
accommodate openings for windows or doors. This combination of walls and CBs is termed as a pier-spandrel
system. Typically, walls connected at different levels with CBs act as a frame where the piers represent columns
and the spandrels represent beams. Those spandrels are responsible for coupling the lateral load resistance of
adjacent walls. Therefore, a Reinforced Concrete (RC) CB with a certain reinforcement (RFT) layout can be used
as a mean of increasing the wall resistance and provide better energy dissipation.

In this context, the extent of coupling provided by a coupling beam is termed as the Coupling Ratio (CR) which
could be calculated using Eqg. (1) [2]. Figure 1 presents a schematic illustration of how the level of coupling affects
the axial stresses on the wall cross-section. In the case of no coupling, the overturning moment will be resisted
through the walls’ flexure strength. If there is enough coupling between the walls, end moments will be induced
and the accumulated shear in the CBs will contribute to resisting a portion of the total overturning moment.
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R TL B CL
T TL+(M,+M,) CL+(M,+M,) (1)

where T is the total tension in one wall and C is the total compression in the other wall and the value of tension
force is the same value of compression force due to symmetry as shown in Figure 1, which is equal the total
accumulated shear in the CBs (3 Vbeams ). L is the arm of the coupling force, which extends from the centroid of
the wall piers. The total overturning moment is the sum of the moment in each wall beside the moment induced
by the coupling action.

y
=
-
y

N SN
I\

/
7\

S| +

Shear force in

=
o )T O 0
N/
X
/N

T C | the coupling T \Z/ C
I l Beam Vbeam ‘[/ . l
M1 T T M2 R T w2
| S S — S —
Cgupling Ratio for CR = Zero Zero<CR< 1.0 CR=1.0
different levels of “No Coupling” "Medium Coupling" Completely Coupled

coupling

Axila stress on the @ @ @ @ @
walls sec for different . _
levels of coupling

Figure 1. Schematic representation of the different levels of coupling and their accompanied wall state of stresses.

Many researchers over the past decades found that this system provides high lateral stiffness and strength to the
structure, which makes it a preferable lateral load resisting system by most building designers [3—7]. Therefore,
such systems are particularly well suited for regions of moderate-to-high seismic risk. Various extensive studies
were conducted on RC CBs to differentiate their behavior from the ordinary flexure beam behavior. These studies
included experimental tests [8—13] and numerical studies [14-17]. A number of researchers have investigated the
CR in hybrid CSWs (HCSWs) (e.g. EI-Tawil and Kuenzli [18], EI-Tawil et al. [2], Wang et al. [19] and as well as
RC CSWs (e.g. Harries and McNeice [20]). Their findings concluded that, over-coupling a certain system of
HCSWs up to a CR=60% results in failure in the wall from cracking and crushing before the beams reach a certain
ductility level. However, an upper limit of 66% for the CR for HCSWs was proposed by Harries [16]. On the other
hand, RC CSWs of a 10-story uniform wall with an RC CBs having a CR=74% had been investigated by Harries
et al. [7]. This system exhibited good behavior and satisfied all articulated performance criteria. A 30-story RC
structure with CR ranges between 67% and 78% was investigated by Harries and McNeice [20] to evaluate the
current strength-based design method which ended with exceptional high coupling beam shear demands that
exceeded the prescribed code limits due to the used high coupling ratio which in turn resulted in large wall
overstrength factor. EI-Tawil and Kuenzli [18] tested several CBs to investigate the effect of the CR on the inelastic
response of the CSWs. It was concluded that, if the CR=0% (uncoupled), the system will show very poor behavior
from the point of ductility (deflection, wall rotation, and drift) in addition to crushing failure at the lower part of
walls (plastic hinge region). On the other hand, the Hybrid Coupled Shear Wall (HCSW) systems with CRs 30-
40% have been shown to provide optimal performance for the economy because it requires less concrete and steel
materials and its behavior is better than other lateral load resisting systems [21].

Several experimental studies investigated the coupled shear wall system in terms of the reinforcement layout
for the coupling beams [8,22,23]. In terms of the numerical modeling of CBs, a number of studies over the previous
decades have been conducted with CB’s modeled as an equivalent continuous shear medium (e.g. Gliick [24],
Paulay [25], Pekau and Gocevski [26]) and strut-and-tie model [27]. Other researchers used linear elasto-plastic
analysis based on the wide column frame analogy (e.g. Kwan and Zhao [28], Kwan [29], Nayar and Coull [30],
Ping and Sheliang [31]). Discrete lumped mass plasticity models have also been used to model the CB’s as an
element with a concentrated shear or flexure stiffness spring according to the predominated behavior in the regions
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under consideration and arms to simulate the rigid portions (e.g. Harries et al. [32], Pala and Ozmen [33]). All
these studies have provided significant contributions in modeling the nonlinear behavior of CB’s because of their
unique behavior compared to ordinary beams.

For an accurate assessment of the behavior of CBs and their modes of failure (shear or flexure), modeling CB
as a discrete frame element should be avoided. This is because using discrete frame elements will not allow
capturing beam-wall interaction including the effect of reinforcement (RFT) layout which has a substantial effect
on the predicted behavior. The interaction zone between the CB and walls is critical and must be accurately
modeled to capture the stress concentration at the beam-wall joint since it will impact the overall behavior of the
CSWs [34]. The beam-wall joint must also include modeling of the wall panel near the CB for better accuracy.
RFT Modeling was ranged from modeling it as discrete reinforcing bars [35,36] to a smeared representation [14].
However, for better bond-slip behavior representation, steel bars can be modeled as discrete reinforcing bars. Such
representation allows for the dowel action to be incorporated in the model, which is an important component of
shear transfer in the cracked concrete [36]. Finally, confinement should also be included in the concrete model by
adjusting the stress-strain relationship, which has been shown to have a substantial influence on the overall
behavior of the wall [37]. Analytical models of the reinforced concrete coupled shear walls and coupling beams
were developed using beam-shell model [38] A number of nonlinear finite element analyses of reinforced concrete
CSWs were conducted using discrete crack models but recently the smeared crack model has become the
predominant approach after including the dowel action in the smeared crack representation [15] and the bond-slip
action [39].

While all these studies provided valuable insight into the behavior of CBs as an element and showed how the CB
parameters will affect CBs behavior, they have stopped short of investigating the effect of the CB parameters as an
element on the response of the CSWs as a system. Therefore, this study did not only focus on CBs behavior but also
included the impact of CBs parameters as an element on the CSWs behavior as a system. The main objective of this
study is to provide detailed quantification of the amount of coupling exhibited by the coupled shear walls under
different CBs parameters. This was done by conducting a detailed investigation of the parameters that have a
dominant effect on the extent of coupling including the CB depth, width, diagonal RFT, longitudinal RFT, and
stirrups. Recommended values of these parameters were provided to achieve an optimal CSWSs behavior in terms
of load-deflection behavior, coupling ratio, crack pattern, and failure mechanism.

2. Material and load models verification

A finite element model for the CB was developed using VecTor2 [40]. VecTor2 is a state-of-the-art nonlinear
finite element analysis of two-dimensional reinforced concrete membrane structures subjected to quasi-static load
conditions. VecTor2 is based on the Disturbed Stress Field Model (DSFM) [41] and the Modified Compression
Field Theory (MCFT) [42]. The use of the Modified Compression Field Theory enabled models to accurately
capture cracking, compression-softening, tension-stiffening, the confining of the reinforcing bars, dowel action, and
the crack slip action. In this study, VecTor2 was utilized to numerically model previous experimental tests of CBs
to verify the materials” models that will be used in this study. These experimental tests were done by Galano and
Vignoli [8] to quantify the significance of the CB’s RFT configurations and to what extent these different
configurations could affect the CB behavior. Galano and Vignoli [8] tested four different RFT configurations for
the coupling beams, however, one RFT configuration of diagonally reinforced specimen P05(b1) was selected for
this verification. PO5(b1) consists of two loading blocks 930 mm (height) x 1100 mm (length) x 150 mm (width)
and a CB 400 mm (height) x 600 mm (length) x 150 mm (width) as shown in Figure 2. The span-depth ratio is 1.5
and the main RFT is 10 mm diagonal 4 bars with 6 mm horizontal bars and 5 bars of 6 mm diameter were used.
The reported average value of the steel yield strength was fsy = 567 MPa and the ultimate strength was fs; = 660
MPa, and the steel modulus of elasticity was found to be Es = 206 x 10 MPa. The concrete had a 10 mm maximum
aggregate size with complete grain size distribution and the average modulus of elasticity was E; = 24,400 MPa.
The specimen used for material and load model validation has longitudinal and transversal RFT ratios of 0.524
and 0.39, respectively. The used concrete density was 20.76 kN/m?, and the mean cylinder compressive was 39.9
MPa.

There are wide varieties of concrete and steel materials and constitutive models incorporated in VecTor2. These
constitutive models and materials were verified in a number of researches (e.g. Constantin [43], R. Hoult et al.
[44]). The chosen constitutive models for this research are tabulated in Table 1 with proper references for each
model and the readers are referred to VecTor2 User’s Manual [40] for more details about these models and the
applicability of each one.

Figure 3 (a and b) show the boundary conditions and deformed shape adopted for the numerical model. The
vertical loads due to the self-weight of the specimen were calculated and assigned as a prescribed load lumped at
the joints, which is constant at each load step. On the other hand, the vertical shear load on the right block was
assigned as a displacement-controlled load starting from zero and incrementally increase one mm
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upward/downward until the model becomes numerically unstable and fails. Two different finite element models (i
and ii) for specimen P05 (b1) were developed as shown in Figure 4. For the first analytical model (i), the 4 diagonal
bars were lumped into one discrete truss bar element as shown in Figure 4 (i). For the second analytical model (ii),
the 4 diagonal bars were modeled by taking into consideration their elevation and in-plane distance as shown in
Figure 4 (ii).
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Figure 2. Details and dimensions (mm) of specimen P05(b1)

Table 1. Material Models assignment for VecTor2

Constitutive Behavior Model

Compression Pre-Peak Parabola [45]

Compression Post-Peak Modified Park-Kent [46,47]
Compression Softening Vecchio 1992-A (el/e2-Form) [40]
Tension Stiffening Modified Benz 2003[48]
Tension Softening Linear

Tension Splitting Not Considered

Confinement Strength Kupfer / Richart Model [49-51]
Concrete Dilation Variable-Kupfer

Cracking Criterion Mohr-Coulomb (Stress)

Crack Stress Calc. Basic (DSFT/MCFT)

Crack Width Check Agg/2.5 Max Crack Width
Crack Slip Calc. Walraven (Monotonic) [42]
Concrete Hysteresis Non-Linear w/ Plastic Offsets
Steel Hysteresis Elastic-Plastic w/ Hardening
Rebar Dowel Action Tassios (Crack Slip) [52]
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Figure 3. The CB boundary conditions.
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Figure 4. The CB models type P05 (bl) in VecTor2.
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2.1 Load-deflection behavior

For the pre-peak stage, the two analytical models of PO5 showed an excellent match between the analytical and
experimental load-deflection curve before reaching the yielding load as shown in Fig. 5. However, analytical
models showed a slightly higher-yielding load than the experimental results. For post-peak response, the analytical
models underestimated the ultimate displacement of the specimens, but model (ii) showed a bit more ductile mode
of failure with a delayed collapse and a better match with the experimental results in the post-peak response. The
exact values of loads and deformations for experimental and analytical models at the yield and ultimate load are
tabulated in Table 2.

Expermental
300, . mmmmmeneas Analytical (I)
Analytical (ii)
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©
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Deflection (mm)
Figure 5. The analytical and experimental load-deflection curves of the Galano and Vignoli P05(b)

Table 2. Experimental and analytical load-deflection relationship at yield and ultimate loads.

Experimental Analytical
Specimen  Type Yield Ultimate Yield Ultimate
Load Def. Load Def. Load Def. Load Def.
(kN) (mm) (kN) (mm) (kN) (mm) (kN) (mm)
P05 (i) b1l 212 5.0 239 17.0 219 4.5 248 7.0
P05 (ii) b1l 212 5.0 239 17.0 216 4.7 249 10.0

The accuracy of the analytical model is deemed acceptable. The results from VVecTor2 provide a good prediction
of the model response from the yield point up to the ultimate load. However, the ultimate displacement is
underpredicted and the published experimental results showed a more ductile mode of failure than the analytical
models. Table 3 summarizes the response of the two tested numerical models with respect to the published
experimental results which confirmed the accuracy of the chosen material and constitutive modes of concrete and
steel using VecTor2.

Table 3. Experimental vs. analytical results in terms of load and deformation ratios.

Specimen Type Vy/Vye Ay/Aye VulVie Av/Ave
P05(i) bl 1.03 0.9 1.036 0.41
PO5(ii) bl 1.02 0.94 1.04 0.59

Both models P0O5(i) and PO5(ii) deliver almost the same level of results accuracy in the pre-peak stage in terms
of yield shear stresses and deflections. However, PO5(ii) shows a little better post-peak response than PO5(i). Yet,
model PO5(ii) is more computationally intensive than model PO5(i) with more mesh refining in between the two
bars which will consume more elements from the reserved 6000 allowable elements within VecTor2 program
capability. Therefore, if it comes to a bigger scale model of 10-story coupled shear walls, there will be much more
need for better allocation of the reserved 6000 elements to be perfectly allocated for developing the whole 10-story
model.

2.2 Crack pattern and failure mechanism

For VecTor2, the theoretical cracks appeared as red thick lines within the elements. The length and thickness
of lines represent the tensile strain normal to the crack, which will control the crack width. The analytical crack
pattern at the ultimate load stage for the two models of specimen P05 is shown in Fig. 6. Both experimental and
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analytical models showed that the dominant crack pattern is flexural cracks. These cracks will reduce the shear
capacity of the concrete section at the beam-wall joint interface with more than 50% of the total beam shear
capacity. Thereby, increasing the failure probability of the CB in the shear-sliding failure mode if shear RFT is not
sufficient to prevent this action. According to Galano and Vignoli [8], the experiment showed that the flexure
failure mode for P05 specimen will dominate. After shear cracks begin to open, two main vertical cracks form at
the tension side exactly at the beam-wall joint, where the maximum bending moment is present. Such behavior
allowed the CB high rotation after yielding without significant losses in strength. By the end of the load history,
the width of the vertical crack became larger and the compression strut became unstable resulting in failure due to
shear tension splitting as shown in Figure 6.
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Figure 6. The analytical crack pattern of specimen P05
3. Methodology

In order to work with realistic dimensions of a CSWs, a prototype of a 30 m 10-story commercial building was
analyzed and designed with a main lateral load resisting system consisting of four 6.0 m shear walls in the X-
direction and a group of 3.0 m CSWs in the Y-direction using 1.8 m CB as shown in Fig. 7. The wall thickness is
30.0 cm. These dimensions were selected to accommodate the expected lateral loads for the building. A 25.0 cm
thick flat slab with marginal beams on the perimeter was selected for the gravity system. Interior and exterior
columns dimensions were assumed and there were two symmetrical voids to accommodate the stairwell and
elevator shaft.
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Figure. 7. A plan shows full dimensions of the chosen prototype.
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3.1 Design of the CSWs elements

Lateral load analysis was performed using ETABS 2016 to obtain design forces on the coupled wall system
elements using the equivalent lateral forces procedures. Details of the analysis are available in Nofal et al. (2017).
Modeling the CB as a spandrel in ETABS 2016 made it easy to extract the design forces as if it was a frame
element. The results on the shear walls and CB are tabulated in Table 4. The design forces were then used to design
both the shear wall and CB.

For the wall, two sections were designed according to the ACI 318-14 code [54] using spWall software [55].
One section in the plastic hinge region extends from the wall base up to 3.0 m above the base. The plastic hinge
section is represented by the hatched area in Fig. 8(a) which was designed to resist a certain probable shear and
moment which was set equal to 1.25 of the value of the design forces because this region is expected to form a
plastic hinge with excessive cracking. The other section represents the rest of the wall and was designed for the
calculated design forces without any scaling. Full details of the coupling beam and the wall profile and cross-
section are shown in Fig. 8.

Table 4. Straining actions in the CSW system.

Section Cut N, (KN) Qu(kN) My (KN.m)
Wall (Single Wall) 1116 11272 3228
CB (Max Internal Forces) -- 833 355
* N, for the axial load, Q. for the shear load, and M, for bending moment
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Figure 8. A complete profile and sections for the CB and CSWSs: (a) CSWs profile; (b) CB profile and section; (c)
Section in one wall outside plastic hinge region; (c) Section in one wall inside

3.2 Parametric study using nonlinear static pushover analysis

In this research, a parametric study was conducted on five important parameters of the coupling beam (depth,
width, diagonal RFT, top and bottom RFT, and RFT shear stirrups). The base coupling beam parameters are 1000
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mm depth, 250 mm width, 4T25 diagonal RFT, 3T16 top and bottom RFT, and 8Y8 shear stirrups RFT. For each
parameter, it will be changed according to Table 5 and the other four parameters will remain the same as the base
coupling beam parameters which are in red in Table 5. Therefore, 25 CSWs models were developed to accomplish
the parametric study.

Table 5. The parametric study models’ parameters

Depth (mm) Width (mm) Diagonal RFT Top and Bottom RFT Shear Stirrups RFT
800 150 4T20t 3T10 4Y8*
900 200 4722 3T12 6Y8
1000 250 4725 3T16 8Y8
1100 300 4730 3T20 10Y8
1200 350 4735 37125 12Y8

tFour bars of 20 mm diameter rebar and T means Fy/Fu=400/600 MPa
*Four bars of 8 mm diameter rebar and Y means Fy/Fu=280/360 MPa

The CSWs model had been developed using finite element analysis using VecTor2. The maximum allowable
number of elements within VecTor2 is 6000 elements. Different mesh sizes were utilized to accommodate a 10-
story model without losing accuracy. Since CB is a major element of this study and the beam-wall interaction zone
is very critical, so more fine mesh was used to enable capturing the accumulated stresses in this zone. Therefore,
a small mesh size of 20 cm triangular element was utilized in the coupling beam zone and the wall boundary
elements at the beam-wall interaction zone. A bigger mesh size of 25 cm was used at the free wall boundary
elements and a coarser mesh of 50 cm was used in the mid part of the wall. For RFT modeling, there were two
types of RFT had been used in the modeling of the shear wall. The first type is the smeared RFT which was used
to model the distributed RFT and it has three values with three different colors in Fig. 9 depending on RFT setting
angle and its ratio. The second type was the discrete RFT, which was used for the main lumped RFT (diagonal,
top, and bottom RFT) of CBs. Table 6 shows the five different concrete material models which appear in different
colors distinguishing different smeared RFT values within each material model. The first story of the coupled
shear walls was reinforced with plastic hinge RFT which is bigger than the RFT in the rest of the wall.

Concrete and steel materials and constitutive models are the same ones used for the verification in Table 2.
Gravity loads were calculated and then assigned as lumped forces on the joints. Then, the CSWs model was
analyzed under lateral force using nonlinear static pushover analysis to quantify the resulted non-linear behavior
of this system. To do so, a displacement-controlled load pattern was utilized for the pushover analysis using an
inverted triangle displacement starting from zero displacement at the base and 10 mm displacement at the roof.
This displacement is monotonically increased by one mm in each time step until the system failure. The pushover
displacement profile is shown in Fig. 9.

10 mm

Material [3] Material [4]

T ] -
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Material [5]
Material [1] Material [2]
= L
— =
S

Figure 9. 2D Model of the CSW showing the pushover displacement, the diagonal reinforcement layout, and the
different concrete material in different colors.
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Table 6. Concrete material properties used to model CSWs in VecTor2

Material f'e fy E. Ye Es Fy/Fy pv Dy Ph Dn
No. (MPa) (MPa) (MPa) (kg/m3) (MPa) (MPa) (%) (mm) (%) (mm)
1 24 2.4 24100 2500 200000  400/600 2 20 0.75 12
2 24 2.4 24100 2500 200000 400/600 7.9 25 1.13 12
3 24 2.4 24100 2500 200000 400/600 1.3 16 0.37 12
4 24 2.4 24100 2500 200000  400/600 6 22 0.75 12
5 24 2.4 24100 2500 200000  280/360 0.2 8 - -

4. Results

In this study, a quantitative examination into five different parameters and their effect on the CSWs system
behavior was conducted. The summary of results is presented herein and readers interested in more detailed results
are referred to [53].

4.1 Effect of CB depth

From the analysis, any increase in the CB span-to-depth ratio will be followed by an increase in the CSWs
system shear and moment capacity. This increase had jumped after utilizing 2000 mm CB depth at a span-to-depth
ratio of 1.8 as shown in Fig. 10. This jump could be interpreted as a point of change in the system stiffness due to
the significant increase in the shear capacity of the CB. This value of span-to-depth ratio converted the ordinary
beam to a deep beam which increased the CSWs system stiffness, and the shear capacity. Any further increase
beyond 1000 mm for the CB depth at a span-to-depth ratio of 1.8 will not affect the lateral load resistance
significantly, because the system stiffness is nearly constant, and the ultimate lateral load resistance is considered
the same at CB models with a depth of 1000, 1100, and 1200 mm.

The exhibited behavior could be interpreted by investigating the crack pattern and failure mechanism of the
CSWs system. For CBs with a span-to-depth ratio of more than two, after the assigned loads exceed the wall yield
capacity, flexure hair cracks (with size less than 0.5mm) start to propagate in the windward wall of the coupled
wall system, which is subjected to tension. Those small cracks spread out in this wall, at the same time with flexure
cracks at the beam-wall joint. The pattern of flexure cracks in the wall and CBs are as shown in Fig.11(a). The
CB did not have enough depth to form a strut action. Therefore, it will provide a low level of coupling and it will
behave like any ordinary flexure beam. Flexure cracks become wider after increasing the assigned loads more than
the yielding load. The beams start to form plastic hinges at the beam-wall joint after suffering from additional
flexure stresses, which lead to major cracks in the tension sides. On the other hand, the walls are still stiff enough
to resist more loads without any major cracks. Reaching the ultimate load, the CB cracks get joined to each other
and form a single vertical crack leading to a failure surface at the beam-wall joint. A complete plastic hinge will
be formed, and the CBs start to fail one by one in a ductile failure mode (flexure failure). After losing many CBs,
the walls start to carry the loads as separate weak cracked walls. Meanwhile, the wall minor cracks in the windward
wall turned to be major cracks after exceeding the wall flexure capacity. The failure starts when the zone above
the wall plastic hinge gets subjected to stresses more than the section capacity leading to major cracks. Those
cracks decrease the wall flexure capacity and then the wall starts to fail.

For a span-to-depth ratio of less than two, after assigning the lateral load, flexure hair cracks will start to open
in the CBs at the tension sides at the same time with wall flexure hair cracks. Then, two types of failure will
compete to dominate the CB failure mode (flexure failure and shear tension failure), but the flexure cracks will
not completely open until overcoming the compression diagonal strut. Therefore, diagonal cracks will start to open
at the same time with flexure cracks. The CB flexure stiffness is enough to resist the applied flexure stresses.
However, the compression diagonal strut will suffer excessive cracking due to exceeding the compression capacity
as shown in Figure 11(b). Diagonal cracks will open after increasing the lateral load step by step to reach the
ultimate capacity of the coupled wall system. The CBs will start to fail one by one due to the instability of the
compression strut and finally, a shear tension failure will be dominated.

After testing five CB depths, the findings were that there is a nearly linear relationship between the CB depth
and the CR as shown in Fig. 12. For CB depth of 800 mm at a span-to-depth ratio of 2.25, the CR was 56%. Any
further 100 mm increase in the CB depth will increase the CR by nearly 4%. This could be interpreted by any
increase in the CB depth will increase the capability of these beams to restrain more axial deformations. Therefore,
the connected shear walls had to exert more effort to overcome the restrained axial deformation by the CBs, which
means higher resisting to external lateral load. Finally, the CR will equal 72% at a span-to-depth ratio of 1.5.
However, increasing the CR up to 72% in the current case is not good from the ductile behavior perspective. Such
a high level of coupling will lead to a wall failure before the failure of sufficient numbers of coupling beams which
is not the intended failure mechanism.
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Figure 10. The effect of CB span-to-depth ratio (S/D) on the CSWs shear capacity.

(a) S/D= (b) S/D=1.50

Figure 11. The crack pattern of the CSWs system at the ultimate load: (a) S/D of the CB=2.25; (b) S/D of the
CB=1.
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Figure 12. The effect of CB span-to-depth ratio on the CSWSs system CR.

4.2 Effect of CB width

The shear resistance of the CSWs will slightly get increased with increasing the CB width. The CSWs system
stiffness did not highly get affected by increasing the CB width as shown in Figure 13. A little increase in the CB
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width from 200 mm to 300 mm will make a 3.0% increase in the lateral shear resistance, which is not considered
a high percentage in comparison with a small increase in the CB depth. Theoretically, increasing the CBs width
will increase the whole system stiffness; However, this stiffness increase is not as high as increasing the CB depth.
Since, the major parameter that affects the CB participating stiffness is its depth, while the width is a less effective
parameter. However, it is highly recommended for the best engineering practice to use CBs width equal to the
width of the connected walls.
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Figure 13. The effect of CB width ratio (width of the beam to the width of the wall Wb/Ww) on the CSWs capacity
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Figure 14. The crack pattern of the CSWSs system at the ultimate load: (a) CB width = 200 mm; (b) CB width =
300 mm

As discussed above, the CB width will have a little effect on the CB shear resistance. Therefore, the failure
mechanism will not get affected by the increase of the CB width. As shown in Fig. 14, the coupled wall system
fails in combined diagonal shear tension failure and flexure failure in most of the CBs. Therefore, the coupled wall
systems with different CB widths exhibited almost the same performance and same lateral load resistance.
Increasing CB width has a little effect on the coupled wall system behavior than increasing the CB depth. The
overall increase of CR from CB width 200 mm up to 300 mm is 4.0% as shown in Fig. 15. This increase in CB
width will not affect the failure mechanism of the CSWs system as discussed earlier. Therefore, it is better to
choose CB width equals to the wall width. Such choice will give the highest CR and highest lateral load resistance
in terms of shear and moment capacity of the coupled wall system in addition to following the best engineering
practice.

4.3 Effect of CB diagonal RFT

Increasing the CB diagonal RFT will increase the beam shear resistance and make it stiffer to resist lateral loads
and delay the CSWs system failure. As shown in Fig. 16, increasing the diagonal RFT ratio (i) (the area steel of
one group of diagonal bars divided by the area of the cross-section) from four bars of diameter 20 mm (1256 mm?)
at u=0.5% (CB 4®20) to four bars of diameter 25 mm (1963 mm?) at u=0.8% (CB 4®25) will result in a great
effect on the coupled wall system shear capacity. Any further increase in the area steel of diagonal RFT beyond
p=0.8% will have a lower effect on the moment and shear capacity of the CSWs system with minor changes in the

207



O. M. Nofal et al. Journal of Civil Engineering and Construction 2021,10(4):197-215

system stiffness. After the coupled walls reach the yield load, cracks will propagate in the walls and the connecting
CBs. From the load-roof drift history in Fig. 16, each coupled wall model has a different stiffness after the yield
load. These different stiffnesses are due to the different plastic mechanisms, which were exhibited by each coupled
wall model according to each different shear resistance of the CBs.

< 80
@
O
60
50
0.66 0.76 0.86 0.96
Wb /Ww
Figure 15. The effect of CB width ratio (width of the beam to the width of the wall) on the wall system CR
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Figure 16. The effect of CB diagonal RFT ratio on the CSW shear capacity (using inverted triangle load).

For CB 4®20 up to CB 4®25, all the CBs failed before major failure in the connected walls, which means that
walls are still strong and work with high efficiency in resisting the assigned lateral loads as shown in Fig. 17(a).
However, if the diagonal RFT ratio exceeded 0.8%, the CBs will suffer major cracks in the walls without failure
of one-half of the connecting CBs, which mean that the main resisting elements lost a great portion of their stiffness
in resisting the applied loads as shown in Fig. 17(b). The action of wall failure before the failure of most of the
CBs is called over-coupling and this behavior should be avoided. Therefore, any further increase in the CB
diagonal RFT will increase the coupled wall system capacity and failure load, but it will result in an undesired
failure mechanism. So far, we could claim that the area steel of the CB diagonal RFT could change the coupled
wall system response significantly. Increasing the CB area steel of diagonal RFT will increase the compression
strut strength and the CB shear resistance which will make the CB exert more effort to overcome the strutting
action. Consequently, the flexure cracks will not start to open without overcoming the strut action which will
increase the capability of the beam to restrain more induced axial deformation in the walls. The coupled wall
behavior changes significantly at different levels of diagonal RFT. If there is not sufficient diagonal area steel, low
coupling action will be induced, and flexure failure will be dominated. If there is sufficient diagonal area steel, a
medium coupling will be induced, and combined flexure and shear tension failure will be dominated as happened
in the models reinforced with diagonal area steel up to 4®25 as shown in Figure 17(a). However, if the CB was
diagonally reinforced with steel amount above 4025, a higher level of coupling will be induced, and shear tension
failure will be dominated which is the same case for diagonal RFT of 4®30 and 4®35 as shown in Fig. 17(b).

Using diagonal RFT of 4®20 provides CR of 59% and any further increase in the area steel of diagonal RFT
will increase the CB shear resistance and enable the CBs to restrain more wall axial deformation until makes the
CR reach its maximum value of 78% at diagonal RFT 4®35. This high level of coupling is due to increasing the
strength of the compression strut by increasing its RFT, which forces the wall to exert more effort to overcome the
restrained axial deformation by CBs. Hence, any increase in the CB area steel of diagonal RFT, which means a
strong compression strut and a high level of coupling. This increase in the CR will be reflected on the failure
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mechanism as shown in Fig. 17. As shown in Fig. 18, there is a nearly linear relationship between increasing the
CB area steel of diagonal RFT and the CR and this will be reflected in the system capacity to resist lateral loads.
Although a high level of coupling at 78% when using diagonal RFT of 4®35 will increase the overall system
capacity to resist lateral load, it will not provide the desired failure mechanism as we discussed before for the over-
coupled CSWs.
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(a) Diagonal RFT = 4®20 (b) Diagonal RFT = 4®35

Figure 17. The crack pattern of the coupled wall system at the ultimate load: (a) Diagonal RFT = 4®20; (b)
Diagonal RFT = 4®35.
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Figure 18. The effect of CB diagonal RFT ratio on the wall system CR.

4.4 Effect of CB longitudinal RFT

Increasing the CB top and bottom RFT will not highly affect the CSWSs system stiffness as shown in Fig. 19.
However, the load-roof drift history of the coupled wall system after the yield load has a different stiffness. These
different stiffnesses after the yield load are due to the different plastic mechanisms, which had been exhibited by
each coupled wall model according to each different flexure resistance of CBs. So, increasing the CB area steel of
flexure top and bottom RFT will result in a little increase in the ultimate shear resistance of the CSWs. Also,
attention should be given to the failure mechanism induced due to the increase of the flexure top and bottom RFT.
Since, after the flexure RFT ratio (the area steel of the top or the bottom bars divided by the area of the cross-
section) exceeds 0.24%, the CB flexure strength will be high enough to change the coupled wall failure mode from
combined flexure and diagonal shear tension failure to a pure brittle shear tension failure. So, a maximum limit on
the CB flexure top and bottom RFT of 0.24% should be provided to avoid a brittle pure diagonal shear tension
failure. To that end, if there is a high amount of flexure RFT, the CB flexure strength will be increased enough to
change the failure mode of the CB from combined flexure and shear tension failure to a pure brittle shear tension
failure and this explains the pure brittle shear tension failure at longitudinal RFT ratio of 0.59% as shown in Fig.
20. Although increasing the CB area of flexure top and bottom RFT will not affect the model stiffness greatly, it
will increase the flexure resistance of the CB. Such an increase in flexure strength of the CB will not affect the
wall’s axial deformation. Therefore, there is no relationship between increasing the CB flexure RFT and the CR
as shown in Fig. 21.
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Figure 19. The effect of CB flexure RFT ratio (i) on the CSWs system capacity (Inverted Triangle load)

(3) CB Flex. RFT =3®10 (b) CB Flex. RFT = 3d25

Figure 20. The crack pattern of the coupled wall system at the ultimate load: (a) CB Flex. RFT = 3®10; (b) CB
Flex. RFT =3®25
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Figure 21. The effect of CB flexure reinforcement ratio (1) on the wall system CR

4.5 Effect of CB shear stirrups RFT

Any increase in the CB shear RFT stirrups will have a slight effect on the coupled wall resistance in terms of
lateral shear resistance as shown in Fig. 22. Increasing the shear RFT stirrups from 4®8/m’ at u=0.16% up to
1208/m’ at u=0.48% will have a little increase of 3.7% in the system moment capacity and 2.0% increase in the
shear capacity. On the other hand, increasing the shear RFT stirrups could change the failure mechanism of the
CSW dramatically. To that end, the different shear RFT stirrups exhibited almost the same shear capacity of the
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CSWs system. However, CBs with an amount of shear RFT stirrups that exceeds u=0.25% will suppress the shear
tension failure mode and enforced a shear sliding failure mechanism at the beam-wall joint of the CBs as shown
in Figure 23(b). So, attention should be given to the minimum and maximum level of shear RFT ratios to avoid
undesirable behavior. As shown in Fig. 24, the CR at shear stirrups RFT ratio p=0.16% is 65% while increasing
the shear RFT ratio to reach p=0.48% will result in a 2.0% increase in the CR to be 67%. This 2.0% increase in
the CR resulted from the suppressed shear tension failure and preventing the compression strut from the early
failure by the additional confinement which has a minor effect on the CR. Table 7 summarizes the study results in
terms of the CSWSs base shear capacity and CR for each parametric model. Additionally, Fig. 25 shows all the
results on the same plot with the x-axis represent the parametric model for the 25 tested models. Parametric Model
(3) which is in red is a common model parameter for each tested property which describes why all the curves
intersect at parametric model 3.
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Figure 22. The effect of CB shear RFT ratio on the CSWSs system capacity

(a) CB Shear RFT = 4®8/m’ (b) CB Shear RFT = 1208/m’

Figure 23. The crack pattern of the CSWs system at the ultimate load: (a) CB Shear RFT = 4®8/m’; (b) CB
Shear RFT = 1208/m’
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Figure 24. The effect of CB shear reinforcement ratio on the CSWs system CR
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Table 7. Results summary in terms of the CSWs base shear capacity and CR

Parametric Depth Width Diagonal RFT Flexure RFT Shear RFT
Model Vu CR Vu CR Vu CR Vu CR Vu CR
1 3602 56 4296 64 3832 59 4313 64 4326 65
2 3815 60 4324 65 4096 62 4346 64 4386 65
3* 4386 65 4386 65 4386 65 4386 65 4395 65
4 4394 68 4440 66 4599 72 4534 65 4451 67
s 4454 72 4511 68 4871 78 4541 64 4414 67

*The base coupling beam parameters are 1000 mm depth, 250 mm width, 4T25 diagonal RFT, 3T16 top and
bottom RFT, and 8Y8 shear stirrups RFT. The units for V, are kN and the unit for CR is %.
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Figure 25. Results summary in terms of the CSWSs base shear capacity and CR
5. Summary and conclusions

In this study, the coupled shear walls behavior was studied using finite element analysis along with the direct
application of the MCFT. The adopted finite element and material models were verified using previous
experimentally tested CBs. The verification showed an excellent match between the numerical and experimental
results in terms of the induced forces and the captured crack pattern. Following verifications, a full-scale 10-story
CSWs finite element model was developed to investigate the effect of the CB parameters on the whole response
of CSWs system. A nonlinear static pushover analysis method was used to quantify the effect of CB parameters
(depth, width, diagonal RFT, top and bottom RFT, and shear RFT stirrups) on the overall behavior of the CSWs
system. The following are observations about the effect of the CB strength on the CSWs behavior:

1) CB span-to-depth ratio has a substantial effect on the CB strength. A span-to-depth ratio of two was found
to be a transition point of the CB behavior. If the CB span-to-depth ratio was more than two, the CB behavior was
similar to the behavior of an ordinary flexural beam with a low level of coupling to the shear walls. However, if the
ratio was less than two, the behavior conformed to that of a deep beam because of the formation of a diagonal strut
which in turn forces the CB to exert more effort to overcome this strut action. So, it is recommended to use CBs
with a span-to-depth ratio between 2 to 1.8, thereby optimizing the overall performance of the CSWs and achieving
the failure mechanism at extreme loads.

2) Any increase in the CB depth will increase the system capacity. However, span-to-depth ratio of two is
considered optimal for CBs because it enables the CSWs system to maintain a higher level of ductility, high lateral
load resistance in terms of shear and moment capacity, and a medium level of coupling. Therefore, a medium
coupling will enable the wall to maintain the highest performance because the low level of coupling decreases the
strength of the wall to lateral loads, and high coupling reduces the system ductility.

3) CB depth should not be very shallow (span to depth ratio more than 4) and not enough to provide any
coupling, which makes CBs fail early. Besides, it should not be so deep enough to make CBs very stiff, which
makes the coupled wall system over coupled with less ductile failure mode. Thus, the wall will fail first before the
failure of a sufficient number of CBs.

4) CR is significantly affected by the span-to-depth ratio of the CB. Any small increase in the CB depth, which
means less span-to-depth ratio will be accompanied by a nearly linear increase in the CR. This increase will be
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reflected in the whole system failure mechanism.

5) The diagonal RFT pattern is a necessity, if the CB span-to-depth ratio is less than two, to avoid diagonal
shear tension failure. On the other hand, if the span-to-depth ratio is more than two, flexure failure mode will be
dominant and a conventional RFT could be used rather than the diagonal RFT.

6) The area steel of CB diagonal RFT could change the coupled wall system response significantly. Any increase
in the CB diagonal RFT will increase the system performance in terms of shear and moment capacity. However,
attention should be given to how this amount of RFT is going to affect the failure mechanism and check if this
mechanism is acceptable or unacceptable.

7) A nearly linear relationship between increasing the CB area steel of diagonal RFT and the CR and was
observed. The coupling level should be accurately selected to enable the desired failure mechanism.

8) Limitations on diagonal RFT should be provided to avoid undesired failure mechanisms. If the diagonal RFT
ratio of the CB is 0.8% for this case study, the coupled wall system was in a medium coupling, and the walls
showed an excellent behavior in terms of energy dissipation, wall rotation, inter-story drifts, and failure
mechanism.

9) Increasing the CB width, longitudinal, and shear stirrups RFT will not affect the behavior of the CSWs
significantly in terms of shear and moment capacity. It could be said, if these parameters got increased, the system
capacity will increase but at a slower rate than CB depth and diagonal RFT increase. However, it is highly
recommended to use CBs with equal width to that of the connected walls, and the shear RFT stirrups ratio does
not exceed 0.24%. This will enhance the overall performance of the CSWs.

10) An upper limit of 0.24% of the shear RFT stirrups ratio and flexure RFT ratio should be provided to ensure
the intended failure mechanism. The most desired failure mechanism concluded by this research is a ductile
diagonal shear tension failure mode at the same time with a flexure failure in the walls. Therefore, if there is a high
ratio of shear stirrups RFT, the diagonal tension failure of the CB could be suppressed and shear sliding failure at
the beam-wall joint could be dominated. Additionally, if the flexure RFT ratio exceeded 0.24%, the CB flexure
strength will be high enough to change the coupled wall failure mode from combined flexure and diagonal shear
tension failure to a pure brittle shear tension failure. Finally, either increasing the CB confinement or the flexure
RFT will not affect the CR and could be neglected, but it substantially affects the CSWs failure mechanism.
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