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Reinforced concrete shear walls connected by coupling beams are considered an efficient structural system for tall buildings
subjected to lateral loads. For seismic design of such buildings, performance-based design has been commonly used in regions with
strong earthquakes for its ability to achieve economical and safe design, however the use of performance-based wind design
(PBWD), which permits nonlinear response of ductile elements at specific locations under wind loads is still hindered due to the
lack of information regarding the performance of these elements. In addition to that, there is still a need for developing an
analytical model that can represent nonlinear behavior of these elements when subjected to wind loads. Therefore, in this study two
analytical models using two different methods to consider bond slip effect (Bond SP01 (BS) model and steel modification factor
(SMF) model) were developed and implemented in OpenSees software and validated with a tested specimen of reinforced concrete
coupling beam subjected to a simulated windstorm loading protocol. Then, a parametric study was conducted using the SMF
model to investigate the effect of axial restraint, and modification of the ductility demand. Results showed that both of the models
showed good agreement with the experiment, however results of the SMF model were more accurate. As for the parametric study, it
was concluded that with axial restraint, the beam behavior was dominated by shear, and a slight increase of strength was observed.

At ductility demand of 1.80,, the beam performed well with no significant damage and minor residual rotations.

1. Introduction

In shear wall systems subjected to the lateral loads; coupling
beams through their inelastic behavior are considered as a
reliable source of ductility and energy dissipation. Seismic
design in most building permits nonlinear behavior of cou-
pling beams contrary to the wind design which only permits
linear behavior of these elements [1].

The current wind design codes often lead to an overesti-
mation of strength and stiffness of the horizontal members
such as beams, coupling beams, and braces, and because of
that the design requirements of vertical members and joints
under the seismic loads would also increase [2].

In recent research, performance-based wind design (PBWD)
was introduced and nonlinear behavior of coupling beams has
been permitted in buildings subjected to wind loads. However,
studies are still in progress in order to investigate whether this
limited nonlinearity is acceptable and if coupling beams can be

pushed to greater ductility demands without resulting to an
unacceptable behavior [1].

There has been many experimental research about per-
formance of coupling beams under the seismic loads but very
few under wind loads, Abdullah et al. [1] studied the behav-
ior of reinforced concrete coupling beams with aspect ratios
of 2.5 and 3.67 subjected to a wind loading protocol based on
the results of nonlinear response history analysis of a coupled
core wall system subjected to loading histories taken from a
wind tunnel test. They also studied the effect of various
parameters such as presence of floor slab and seismic detail-
ing of reinforcement. The beams performed well under wind
loads with minor damage, however none of the parameters
included in the study had a significant impact on the behav-
ior of the beams and all the tests were done without applying
axial load (axial restraint).

In the past few years, analytical modeling has been widely
used to study the seismic performance of many structural
elements such as coupling beams. According to many
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FIGURE 1: Reinforcement layout and geometry of specimen CB3 [1].

studies, there are four components that contribute to the
total deformation of concrete coupling beams which are flex-
ure, bond slip, shear distortion, and shear sliding. Each com-
ponent’s contribution depends on the aspect ratio of the
beam and reinforcement layout [1, 3].

Huan et al. [4] performed cyclic analysis on deep con-
ventional coupling beams with aspect ratios ranging from 1
to 3.5 using OpenSees software [5]. The developed model
was able to consider the interaction between flexure and
shear at the element level. The hysteretic shear model
included cracking, yielding, ultimate, and failure as the
main four points of its envelope curve, and was implemented
in the software using Pinching4 material.

Ding et al. [6] also modeled conventional reinforced cou-
pling beams with aspect ratios from 1 to 4 using MSC.MARC
Version 2007rl software, with more detailed modeling of
shear distortion and shear sliding in addition to flexure.
The envelope curve of the hysteretic shear force—shear strain
model was trilinear with two key feature points: the cracking
and the peak point. As for modeling shear sliding, a simpli-
fied polyline curve describing the shear force—shear sliding
displacement relationship was assigned to an element at the
fixed ends of the beam.

However, until this day there has been no development
of an analytical model to represent the behavior of these
elements when subjected to wind loads.

In this paper, two numerical models (Bond SP01 (BS)
model and steel modification factor (SMF) model) of con-
ventional reinforced concrete coupling beams subjected to a
wind loading protocol were developed and implemented in
the OpenSees software [5]. The experimental program of
Abdullah et al. [1] was used for the validation of results.

The two models only differ in bond slip modeling, as for
flexure and shear distortion; the same modeling approach is
used in both.

A parametric study was then carried out with the use of
SMF model in order to investigate the effect of axial restraint

and modifying the ductility demand of the wind loading
protocol.

2. Experimental Program and
Numerical Analysis

2.1. Experimental Coupling Beam Properties and Wind-
Loading Protocol. The specimen CB3 from the experimental
tests conducted by Abdullah et al. [1] was chosen to validate
the numerical model presented in this paper. The length to
depth ratio of the coupling beam is 3.67 with standard rein-
forcement detailing and without floor slab or any axial
restraint. The beam was considered to be located in a build-
ing in low-seismic hazard area and was designed according
to ACI 318-14 [7]. The geometry of the beam and reinforce-
ment layout is illustrated in Figure 1.

The wind loading protocol used in the experimental test
was based on a representative wind hazard curve (Figure 2(a)),
and the results of a nonlinear response history analysis of a tall
coupled core wall building subjected to loading histories
recorded from a wind tunnel test (Figure 2(b)) [1].

Developing this protocol firstly involved specifying the
amplitude of peak loading cycles by comparing expected
demands for a building subjected to a “collapse-level” wind-
storm with an MRI of approximately 3,000 years to demands
from an “infrequent” (but more often occurring) windstorm
with an MRI of 100 years using the relationship that wind
demands are approximately proportional to the square of the
wind speed, then dividing the collapse-level force amplifica-
tion by the beam overstrength ratio (1.3 or 1.35) which
results to the required beam ductility demand. Second, the
number and amplitude of cycles before and after the peak
cycles were determined by calculating the core wall demands
at several stories, then counting and averaging the number of
times the demands exceeded several different fractions of the
peak demand in the positive and negative directions [1].
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FIGURE 2: Determination of wind loading protocol. (a) Representative wind hazard curve for Miami, FL, created with historical and hurricane
simulation data. (b) Example demand of core wall subjected to time histories recorded from wind tunnel tests [1].

The developed protocol consists of first three stages which
are applied as force controlled (ramping up from 15% to 75%
of the probable moment strength (M), then displacement
controlled for another three stages (1.2 then 1.5 followed by
another 1.2 time the yield rotation () to go back to a three
stages of force control. The details of the protocol are shown
in Figure 3(a). As for the test setup, a horizontal hydraulic
actuator was used to apply the lateral load using a steel loading
beam, and two vertical hydraulic actuators were used to
ensure a double-curvature loading condition. No axial load
(or axial restraint) was applied. To prevent out-of-plane rota-
tion, the steel loading beam was connected to two out-of-
plane actuators, which were attached to steel reaction braced
frames. the details of the test setup implementation are illus-
trated in Figure 3(b) [1].

2.2. Bond SP01 (BS) Model

2.2.1. Overall Finite Element Model. The first model used in
this study consists of one nonlinear beam column element
with 10 integration points. The two rigid blocks on both sides
of the beam were modeled using elastic beam column ele-
ments with large stiffnesses. The used fiber section consists of
a confined concrete core, unconfined concrete cover, and
steel rebars, their constitutive models are detailed in Section
2.2.2. To account for bond slip effects, a zero-length section
element was added to each end of the nonlinear beam col-
umn element, where a modified concrete model is used and
the material used for steel fibers is Bond SPO1. The zero-
length section element is furtherly discussed in Section
2.2.4, and the details of the model are shown in Figure 4.

2.2.2. Constitutive Models of Concrete and Steel Rebars. (1)
Concrete Material. There are many reported models of con-
crete’s behavior in the literature. For the confined concrete
core, Mander et al.’s [8] model illustrated in Figure 5 is used
for compression. The unconfined compressive strength f,
and the corresponding strain &, as well as the young modu-
lus E. is taken from the experimental tests. The tensile
strength of concrete is taken as f, = 0.62+/f! [9]. The model

was implemented in OpenSees by the available uniaxial
material Concrete 02 [5] shown in Figure 6(a).

For the unconfined concrete cover, Kent and Park model
[10] with zero tensile strength is used. The model is known as
concrete 01 in OpenSees [5] and is shown in Figure 6(b).

(2) Steel Material. For modeling steel rebars, uniaxial
material hysteretic illustrated in Figure 7 is used [5]. The
yield, ultimate, and rupture strength ( foys fows Frup) as well
as their corresponding strains (e, &gy, €grup) Of the rebars
were also taken from the experimental tests.

Defining the hysteretic behavior of the previous material
includes: pinching parameters (pinchx, pinchy), damage param-
eters (damage 1, damage 2), and parameter beta to determine the
degraded unloading stiffness based on ductility. These parame-
ters were specified by calibrating experimental results, and their
values are shown in Table 1.

2.2.3. Shear Model. A trilinear backbone curve describing the
force—strain relationship on section level is proposed to
model shear behavior of conventional intermediate length
coupling beams, the material hysteretic is used to represent
the relationship and is aggregated with the fiber section using
the command section aggregator. As shown in Figure 8, three
main points are defined on the curve: the cracking point (V,,
Yo ), the peak point (Vy, 7). and the failure point (Vf Yf)-

The values of V., and V, are taken as shown in Equations
(1) and (2) [6], as for V; the value 0.2V, is reccommended [4].

Nabilah and Koh [11] found that before the cracking
point, the initial shear stiffness (K; = G.A,/1.2) for interme-
diate coupling beams reduces to approximately 0.2K at the
first diagonal crack, therefore y., is computed by Equation
(3). As for y, Equation (4) proposed by Gong and Fang [12]
to compute the peak shear strain is used. Finally, the stiffness
of the descending branch is taken as 0.001K; [6].

V, = (0.158 £+ 17.2psvd/a> bd <0.29+/f.bd,
(1)
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FIGURE 3: Details of the wind loading test: (a) wind loading protocol and (b) test setup [1].
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where b, h, and d: width, height and effective height of the

section, respectively, a: shear span = half of the length [, A:

area of the section, Ay, fi, s, P, : area, yield stress, spacing,
and ratio of transverse reinforcement, respectively, where

P =Agy/b.s, fl: cylinder concrete compressive strength, G:

concrete shear modulus = 0.4E,, where E: concrete elastic
modulus, Ki,: initial section shear stiffness, K. : section
shear stiffness after diagonal cracking, Ky, : slope of des-
cending branch.

2.2.4. Bond Slip Model. To consider the bond slip effect
between rebars and the surrounding concrete in the BS model,
two-zero length section elements were implemented at the
ends of the beam column element. A zero-length section ele-
ment is a fiber discretization of the cross-section of a struc-
tural member, and has the ability to incorporate the fixed-end
rotation caused by strain penetration to the beam column
element, because a zero-length section element is assumed
to have a unit length such that the element deformation (for
example, rotation) would be equal to the section deformation
(for example, curvature) [13].

The materials used in the fiber section of these elements
for core and cover concrete are the same as the fiber section
of the beam column element but with different inputs as will
be discussed later. The hysteretic material Bond SPO1 devel-
oped by Zhao and Sritharan [13] is applied to describe the
cyclic response of steel. The details of the model are illus-
trated in Figure 9.
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The yield and ultimate stress hold the same values as those
of the steel rebars in the beam element fiber section. However,
the corresponding slip values were calculated using Equations
(5) =(15) recommended by Naish et al. [14] as follows:

440X A fy
47 K x \/F 400

[mm], (5)

where K =3.d,
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Further improvement of Zhao and Sritharan [13] method
was suggested by Ghannoum [15]. A modification factor r
computed using Equation (16) is used to scale the material
strain in the bar-slip element (zero length section element),
which was used to modify the input data of concrete. Further
details of the method’s implementation are explained in the
previous studies [15, 16].

r, = E _S ’ :&. (16)
g Eslip Esy P Sy
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Where E,: Young’s modulus of steel, f, : yield stress of
steel, &, :strain at yield of steel, and S, :amount of slip of steel
out of anchorage at yield stress.

2.3. Steel Modification Factor (SMF) Model. The SMF model
is the same as the previous BS model except for the bond slip
effect. As it is shown in Figure 10, there is no need for a zero-
length section element at the ends of the beam column ele-
ment which was needed in the previous model. Other details
such as materials and the shear model remain the same.

In order to consider the bond slip effect, the method
proposed by Sharifi et al. [17] is used. The developed method
modifies the rebar elastic modulus E; by a modification coef-
ficient 4 determined by Equation (17).

SSY
)« = B
&+ €y (17)

where &, is the yield strain of steel, ¢, is the equivalent
bond-slip strain taken as Equation (18).

o Syeild
“=,
P

(18)

where Syjq is the maximum slip value for yield rebar stress
computed using Equation (19). L, is the equivalent plastic
hinge length approximated by Equation (20) which is pro-
posed by Priestley et al. [18].

(14 ap)dpSy"
8(1 + npe)EsTbmax 4

1
) T+ay,

: (19)

Syeild =

where the values of @y, Tjmay, S; can be taken from CEB-FIP
[19].
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where f, is the rebar yield strength, f;, is the rebar ultimate
strength, and L, is the length from the maximum moment
section to the moment diagram’s inflexion point.

3. Analysis Results and Discussions

3.1. Pushover Analysis Results. A pushover analysis was first
conducted for both models as shown in Figure 11. Results
were compared with the corresponding backbone curve
taken from the experiment. Figures 11(a) and 11(b) show
that the initial stiffness of the pushover curves for both mod-
els is very close to the experimental one. However, in the
nonlinear part, a slight difference is observed in the SMF

model. As can be seen the maximum strength in BS model
reached 940 KN compared to 954 KN from the experiment
with a difference of 1.46%. However, for SMF model the
value reached 977 KN with a difference of 2.4%.

3.2. Cyclic Wind Loading Analysis Results. The cyclic wind
loading protocol described in Section 2.1 was applied. For this
study, the first six stages of the protocol were fully applied just
like the experiment. However, for the last three stages only
one cycle of each peak was applied as displacement controlled
in the negative and positive direction. Figure 12 shows the
hysteretic response of the numerical analysis compared to the
experimental results.

Both of the models gave good results in predicting the
backbone curve, including various important characteristics.
First, the chord rotation values corresponding to the last
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cycle of 0.75Mj, in the positive and negative direction, respec-
tively, were underestimated by approximately 9.5% and 8.7%
for the BS model and 2.3% and 9.3% for the SMF model.
Second, for the strength corresponding to the second cycle
of 1.50,, both models matched well with the results with a
difference of 1.05% and 0.65% for the BS model and 1.26%
and 4.36% for the SMF model. SMF model was also able to
predict residual rotations and model pinching behavior which

appears notably in the case of wind loads, showing much
better results than BS model.

As shown in Figure 13, the relation between axial
growth and chord rotation was also compared with the
experimental ones. Figure 13(a) shows the results of the
BS model where the percentage of the maximum axial
growth to beam length is greatly underestimated by approx-
imately 76% in comparison with the test. As for the SMF
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model, Figure 13(b) shows much better results with a dif-
ference of about 36%.

It can be concluded from the previous comparisons that
both of the models showed overall good results. However, the
SMF model can predict with more accuracy the hysteretic
behavior of reinforced concrete coupling beams subjected to
wind loads, therefore it is more suited for use in the paramet-
ric studies related to concrete coupling beams.

4. Parametric Study

4.1. Parameters Included in the Study. The proposed SMF
model mentioned above was used to conduct a parametric
study on the behavior of coupling beams subjected to wind
loads. Two parameters including axial restraint and modify-
ing peak ductility demand were taken into account.

In general, coupling beams in coupled wall systems are
not free to elongate as there is a level of axial restraint applied
from the adjacent walls. The axial force corresponding to this
restraint is expected to affect the strength of the coupling
beam and its general behavior hence the possibility of alter-
ing the behavior of the coupled wall by preventing yielding in
the coupling beams and transferring larger axial forces into
the walls [20]. Therefore, a full axial restraint is applied in
this study to investigate its effect on the behavior of the
coupling beam subjected to wind loads.

In addition to that, experimental results from Abdullah
et al. [1] showed that the tested coupling beams performed
well with minor damage and it was suggested that if they
were to be pushed to a greater ductility demand they would
reach higher lateral strengths. Therefore, two cycles of a
ductility demand equal to 1.86, is applied in this section
followed by two cycles of 1.50, to achieve symmetry. For
the rest of the cycles, they remain the same as before as
shown in Figure 14.

4.2. Results and Discussions of the Parametric Study

4.2.1. Effect of Axial Restraint. Figure 15 illustrates the effect
of axial restraint on the behavior of the coupling beam sub-
jected to wind loads. As can be seen from the backbone curves
in Figure 15(a) with axial restraint, a slight increase in initial
stiffness and strength can be observed indicating an improve-
ment of the beam’s moment resistance due to the axial force.
The maximum strength of 1,024 KN was recorded at a chord
rotation of 1.116, with an increase of about 13% in compari-
son with no axial restraint. However, after this value the
strength of the beam begins to decrease until it reaches a value
of 1,000 versus 969 KN for the case of no axial restraint with a
minor difference of about 3% at rotation 1.5¢,. This may be
the result of the shear force at probable moment V gy, being
greater than the nominal shear strength Vy, and thus result-
ing of shear dominating the behavior of the beam.

From Figure 15(b), it can be seen that with axial
restraint, the pinching behavior was slightly less and the
residual rotations increased to reach approximately 0.0058.
Lastly, a slight increase of post peak strength degradation has
occurred.
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4.2.2. Effect of Modifying the Ductility Demand. As expected,
it can be seen from Figure 16(a) that the strength of the beam
at the peak ductility demand of 1.86,, reached a higher value
of 986 KN due to strain hardening of longitudinal reinforce-
ment. As for the last cycle of chord rotation 1.20, in the
ramp down, the strength of the beam decreased to approxi-
mately 620 versus 740 KN for the case of maximum ductility
of 1.5¢, with a difference of 15%.

Residual chord rotations reached a value of 0.005 which
was considered neglectable in Abdullah et al. [1].

From Figure 16(b), it can be observed that the maximum
axial growth was 0.24 at ductility demand of 1.86,, and a very
small change was observed in the cycles of the ramp down.

Just like the ductility demand of 1.56, in the tests of
Abdullah et al. [1], almost all of the axial growth takes place
before the maximum demand with no axial growth after it,
indicating that no new cracks formed in the ramp down
cycles.

From the results above it be can concluded that for con-
ventional reinforced concrete coupling beams, a ductility
demand of 1.8¢, was achieved with no significant damage
observed and minor residual rotations.

5. Conclusions

In this paper, two numerical models of conventional rein-
forced concrete coupling beams subjected to a wind loading
protocol were implemented and validated with experimental
results. Then a parametric study was conducted to investi-
gate the effect of axial restraint and modifying the ductility
demand.

Based on the results of this research, the following con-
clusions can be made:

(1) The proposed models in this study: the first including
zero length section element at the ends of the beam
with Bond SP01 to model steel (model BS), and the
second using a modification steel factor (model SMF),
produced pushover curves and an overall hysteretic
behavior that matched well with the experimental
results. The models differed only in modeling bond
slip effect and used the same modeling approach for
flexure and shear.

(2) SMF model showed better results in predicting pinch-
ing behavior, residual rotations, and axial growth of
the beams than model BS and therefore was deemed
more adequate for use in parametric studies.

(3) With axial restraint, the behavior of the beam was
dominated by shear. An increase of post peak strength
degradation as well as a slight increase in strength was
observed. The increase of strength reached a maxi-
mum value of about 13% at rotation 1.116,, and a
minimum of 3% only at rotation 1.56,.

(4) A ductility demand of 1.80, can be achieved with
minor residual rotations and no significant damage
in conventional reinforced concrete coupling beams
subjected to wind loads.
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Nomenclature and Notation

a:
Ab:
Ay
Agy:
b:
BS:

d
db:
h:
H;:

Y b

pcut

Ssrup:

Kipi:

Shear span

Area of longitudinal bar

Area of the section

Area of transverse reinforcement

Width of the section

Bond SP01

Effective height of the section

Diameter of longitudinal bar

Height of the section

Height of the lugs on the reinforcement
Modulus of elasticity of concrete

Modulus of elasticity of steel

Secant modulus of confined concrete at peak
stress

Compressive strength of unconfined concrete
Compressive strength of confined concrete
Compressive strength of concrete at 28 days
Ultimate compressive strength of concrete at 28
days

Rupture stress of steel

Ultimate stress of steel

Yield stress of transverse reinforcement

Yield stress of steel

Tensile strength of concrete

Shear modulus of concrete

Uncracked shear stiffness

Initial section shear stiffness

Section shear stiffness after diagonal cracking
Slope of descending branch

Length of the beam

The length from maximum moment section to
moment diagram’s inflection point
Development length

Elastic region length

Equivalent plastic hinge length

Post yield length

Probable moment strength

Mean recurrence interval

Performance-based wind design

Modification factor used to scale the material
strain in the bar slip element

Spacing of transverse reinforcement

Spacing of the lugs on the reinforcement
Rebar slip at member interface at the bar frac-
ture strength

Rebar slip at member interface under yield
stress

Maximum slip value for yield rebar stress

Slip when peak value of bond stress is obtained
Steel modification factor

Elastic bond stress

Peak bond stress

Shear strength at probable moment

Cracking shear force

Shear force at failure

Nominal shear strength

Advances in Civil Engineering

Vst Peak shear force

ap: Exponential factor

Yer: Cracking shear strain

Y Shear strain at failure

Yus: Peak shear strain

Oext: Extension of the bar due to accumulation of
strain along its length

Os: Slip of the reinforcement

Os1: Local slip at peak bond stress

Seot: Total displacement of the bar at the beam-wall
interface

Ep: Equivalent bond slip strain

£co=epsco: Strain at maximum stress f, of unconfined
concrete

Ecc =&yt Strain at maximum stress f.

Eu=Ey Ultimate concrete compressive strain

Esrup Rupture strain of steel

Esut Ultimate strain of steel

Egyt Yield strain of steel

0, Yield rotation

A Modification coefficient of rebar elastic
modulus

Psvi Ratio of transverse reinforcement

Thmax: Peak value of bond stress.
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