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Abstract

Many existing deep reinforced concrete coupling beams that have low span-to-depth ratios are not desirable for seismic design due to
their potential brittle failure with limited ductility and deformability. Previous experimental and numerical studies have demonstrated
that the laterally restrained steel plate retrofitting method could effectively enhance the seismic performance of deep coupling beams.
This article aims to develop a nonlinear finite element model based on the OpenSees software to accurately predict the behavior of
coupled shear walls with or without laterally restrained steel plate coupling beams. The numerical results reveal that the seismic per-
formance of the laterally restrained steel plate retrofitted coupled shear walls can be significantly enhanced. Furthermore, a genetic
algorithm is adopted to determine the optimal positions of laterally restrained steel plate coupling beams. It is found that desirable
seismic performance can be achieved by retrofitting coupling beams in the middle and higher floors of a building with coupled shear
walls. However, only retrofitting coupling beams on the lower floors should be avoided because this could result in the serious degra-
dation of the lateral load-carrying capacity and stiffness of the coupled shear walls.
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Introduction Harries et al. (1996) investigated the different ways
to fix a thin steel plate to one side of coupling beams
with a span-to-depth ratio of 3. Their study revealed
that a hybrid method of bolting and epoxy bonding to
e ) o attach steel plates both in the span of the beams and at
individual wall piers, are a critical component that the ends is more desirable. Su and Zhu (2005) con-
prov@es lateral sﬁrengt}l, . stiffness, and deformation ducted experimental and numerical studies on coupling
cap.amty to an entire bu11d1ng. .In the past decadeg, th@ beams with a span-to-depth ratio of 2.5 reinforced with
d.e sten O,f manlykcon}(;rete buﬂdmﬁs mn mOfiera‘Fe slelcsiml- bolted steel plates without adhesive bonding. In their
Ety regiréons, ldfl the Sc{n;t C 1;121 lrl(zglc?n ICUANE - study, minor buckling of the steel plates was observed

ong Kong, did not take earthquake actions Ito ¢ the effects of local buckling on the behavior of the

account.' lﬂjollowmg' the new seismic design cc?des, composite coupling beams were not investigated.
many existing coupling beams, especially those with a

low span-to-depth ratio (less than 1.5), are presumed
. . . I . .
to have inadequate earthquake resistance which could Bel!lng /.\dvance'd.lnno?/atlov Center for.Future Urbin Design, B.eljlng
fail in brittle shear modes and are not acceptable in 2Un|ver5|ty o.f .CIVI| Engineering a.nd ArchltecFure, le]lng, P.‘R. Chlna
.. School of Civil and Transportation Engineering, Beijing University of
seismic assessments of coupled shear wall systems Civil Engineering and Architecture, Beijing, PR. China
(Kwan and Zhao, 2002; Paulay, 1971). The local fail- 3Department of Civil Engineering, The University of Hong Kong, Hong
ure of coupling beams could lead to global failure of Kong, PR. China
coupled shear walls (Smith et al., 1991). To improve .
the seismic resistance of existing buildings, couplin Corresponding author:
; . g gs, p. . g Ray KL Su, Department of Civil Engineering, The University of Hong
beams that are deficient in shear or lack deformability Kong, Pokfulam Road, Hong Kong 999077, PR. China.
will need to be retrofitted. Email: kisu@hku.hk

Reinforced concrete (RC) coupled shear walls are typi-
cally used in lateral load resisting systems in the design
of high-rise buildings. Coupling beams, which connect
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Cheng and Su (2011) proposed the use of bolted
steel plate with lateral restraints (without stiffeners) to
retrofit deep RC coupling beams with a span-to-depth
ratio of 1.1. Steel angles were used to suppress plate
buckling mode and enhance stable shear yielding
mechanism of steel plate. Their test results revealed
that this method, namely laterally restrained steel plate
(LRSP) method, could substantially enhance the post-
peak behavior, deformability, and energy dissipation
ability of deep RC coupling beams. However, the shear
buckling of the steel plates in the early stages usually
results in reduced strength, stiffness, and energy dissi-
pation capacity and shows significant pinching. To
mitigate these problems, Cheng et al. (2016) added stif-
feners to LRSP to further suppress the premature plate
buckling and expand the yield zone for better energy
dissipation. Cheng et al. (2017) used nonlinear finite
element analysis to investigate the effect of stiffener
arrangements on the performance of the LRSP retro-
fitted coupling beams. Their numerical studies showed
that when the stiffeners diagonally pass through the
center of the steel plate, there is better control of the
concrete cracks and a more ductile failure mode is
achieved.

However, analyses on the seismic response of
coupled shear wall systems with retrofitted coupling
beams have been rarely reported. Meftah et al. (2013)
investigated the seismic behavior of RC coupled shear
walls with coupling beams reinforced through bonding
with thin composite plates. A finite element model was
established for both three layered sandwich coupling
beam and wall elements. Their study revealed that the
use of carbon fiber—reinforced polymer (CFRP) com-
posite plates to reinforce coupling beams reduces the
lateral deflection of the structure. The effectiveness of
the proposed reinforcing method depends on the geo-
metrical characteristics of the shear wall structures and
the dominant range of frequencies of the input earth-
quake records. Chaallal and Nollet (1997) proposed
the use of a few deep coupling beams with optimal
number and locations to improve the coupling ratio
(CR) of coupled shear walls in need of retrofitting.
However, the mechanical behaviors of the coupling
beams and coupled shear walls after retrofitting were
not investigated.

Currently, the seismic behavior of RC coupled shear
wall systems with LRSP retrofitted coupling beams
and the optimal retrofitting arrangement have yet to
be investigated. Therefore, in this article, a nonlinear
finite element model based on the Open System for
Earthquake Engineering Simulation (OpenSees) soft-
ware (McKenna, 2011) is developed to simulate the
behavior of coupled shear walls with or without LRSP
coupling beams. Then the effect of LRSP retrofitting
method on the behavior of the coupled shear wall
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Figure I. LRSP retrofitting method: (a) plate buckling control
device and (b) diagonal stiffeners used on steel plates to retrofit
coupling beams (DCB10).

systems is investigated. Finally, recommendations for
optimal retrofitting arrangements obtained from a
genetic algorithm (GA) are provided.

LRSP retrofitting method

The main characteristic of LRSP retrofitting method is
the use of a device that controls plate buckling, which
is composed of steel angles (Figure 1(a)). To avoid
adding extra strength and stiffness to the retrofitted
coupling beam, the lateral steel angles are connected to
a steel plate through bolt connections in slotted holes,
which allow two lateral stiffeners to freely rotate and
move in the longitudinal direction. The advantage to
using a device that prevents plate buckling as opposed
to adding stiffeners to the steel plates is that the cou-
pling beams would not increase in flexural stiffness.
This is important because an increase in flexural stift-
ness would stiffen the lateral load resisting system and
cause the structure to attract more seismic loads,
which might lead to brittle compressive or shear failure
of the coupled shear walls under strong seismic loads.
Moreover, previous experimental and numerical stud-
ies by Su and Cheng (2011) and Cheng et al. (2016)
have demonstrated that diagonal stiffeners used on
LRSP to retrofit coupling beams such as the DCB10
specimen (as shown in Figure 1(b)) provide better
deformability and energy dissipation ability. To
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validate the effectiveness of the retrofitting method on
the seismic resistant performance of the entire struc-
ture, nonlinear finite element analysis is conducted. In
the following numerical studies, a macro model for ret-
rofitting coupling beams is built based on the test
results with DCBI10.

Numerical modeling

A nonlinear finite element model was created to simu-
late coupled shear walls with OpenSees. The coupling
beams were simulated using the concentrated shear
hinge model (Wallace, 2012) and the RC shear walls
were simulated using fiber beam elements (Taucer
et al., 1991). To obtain more accurate results, the non-
linearity of the materials was properly simulated in the
finite element model.

Macro model of coupling beams

In this study, both the RC coupling beams and LRSP
retrofitted coupling beams are simulated using the con-
centrated shear hinge model (V,-hinge model). In this
V,-hinge model, a nonlinear shear-displacement spring
at beam mid-span is utilized to account for both shear
and flexural deformations. To implement the V,-hinge
model in OpenSees, a two-node link element (Figure
2), which consists of linear or nonlinear axial, shear
and flexural springs, is adopted.

The axial-displacement spring was defined with a
constant stiffness £A4//, where E is the elastic modulus
of the RC, 4 is the section area of the coupling beam,
and / is the length of the coupling beam.

A hysteresis model was defined for the shear-
displacement spring, which contains three parts: the
backbone curves of the hysteresis loops, hysteresis cri-
teria (characteristics of the hysteretic behavior), and
degradation criteria (Applied Technology Council
(ATC), 2010). The trilinear backbone curve in one
loading direction can be obtained using three key
points (yield, peak, and residual points) as shown in
Figure 3, which can all be obtained based on the test
results (Cheng et al., 2016). The yield points were
determined using the equivalent energy method and
the residual strength point was set as 20% of the peak
strength.

This macro model of the coupling beams was then
validated with the experimental results (Cheng and Su,
2016). Figure 4 shows a comparison between the
experimental and analytical results for DCB8 (an RC
coupling beam) and DCB10 (LRSP coupling beam). It
can be observed that the proposed macro V,-hinge
model developed using OpenSees accurately simulates
the cyclic behavior of deep coupling beams.
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Figure 2. Two-node link element.
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Figure 3. Trilinear backbone curve.

Refined model of shear walls

The shear walls were modeled using a fiber beam—
column model with distributed plasticity due to its
good accuracy, numerical stability, and efficiency (Lu
et al., 2015; Taucer et al., 1991). To implement this
model on the OpenSees platform, a displacement-based
beam—column element with an assigned fiber cross sec-
tion was selected to simulate the RC shear wall.

The fiber section of RC wall was divided into four
parts: unconfined concrete cover, unconfined concrete
in wall web, confined concrete in the boundary ele-
ment, and reinforcing steel. Using the material model
Concrete01 in OpenSees, the constitutive model of con-
crete fibers was assumed to follow the Kent—Park
stress—strain model of concrete (Kent and Park, 1971)
and the corresponding hysteretic rules which consid-
ered nonlinear elasticity behavior and softening in com-
pression. The confinement model proposed by Mander
et al. (1988) was adopted to calculate the characteristic
parameters of the unconfined and confined concrete.
Using the material model Steel02 in OpenSees, the rein-
forcing steel fibers were modeled as an elastic—plastic
isotropic material with a similar response in compres-
sion and tension (Filippou et al., 1983).

The fiber section of the RC shear wall was divided
into four parts: unconfined concrete cover, unconfined
concrete in wall web, confined concrete in the bound-
ary element, and reinforcing steel. A uniaxial material,
Concrete01 (Kent and Park, 1971), was used to simu-
late concrete fibers and a uniaxial material, Steel02
(Filippou et al., 1983), was used to simulate the rein-
forcing steel fibers.
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Figure 4. Experimental and numerical load displacement curves: (a) DCB8 and (b) DCBI0.
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Figure 5. Combined model for coupled shear wall: (a) coupled shear wall model, (b) two-node link element, and (b) hysteresis

model of coupling beam.

Combined model of coupled shear walls

The model for simulating coupled shear walls is com-
posed of a macro element of coupling beams and a
fiber beam—column element of shear walls, as shown in
Figure 5. In the combined model, rigid beams are
introduced between the nodes of the shear wall beam—
column elements and the corresponding nodes of the
coupling beam element to represent the physical size of
the wall. Hence, the degrees of freedom between the
wall piers and the coupling beams can be precisely
coupled.

Verification of the combined models

The refined model of shear wall and combined model
of coupled shear wall have been validated with the
experimental results. Figure 6 shows the comparison
of the experimental and analytical results of S5 (con-
ventional RC shear wall specimen) and Sl (slotted
shear wall specimen) (Deng et al., 2017). As shown in
Figure 6(b), the slotted shear wall S1 consists of three
parallel shear walls connected by six steel shear links.
The shear links are modeled with the macro model of
coupling beam and its hysteresis model is determined
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Figure 6. Verification of the numerical models (a) refined model of shear wall and (b) combined model of coupled shear walls.
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Figure 7. Geometric characteristics of original coupled shear wall.

from the test results of shear links (Deng et al., 2017).
It can be found that the proposed refined model of
shear wall and the combined model of coupled shear
wall developed from OpenSees can accurately simulate
the load—deflection curves of both specimens.

Seismic analysis of coupled shear wall
with LRSP retrofitted coupling beams

To investigate the seismic performance of coupled
shear walls with and without LRSP retrofitted cou-
pling beams, a nonlinear static analysis (pushover
analysis) is conducted based on the combined model
for coupled shear walls. Some of the coupled shear
walls in buildings with a different number of stories
(from 12 to 16 stories) were numerically studied.

2500

Figure 7 shows the layout and dimensions of two ret-
rofitted coupled shear walls. RCSW and CSW denote
retrofitted coupled shear walls and coupled shear
walls, respectively. In these models, the concrete com-
pressive strength is taken as 38.5 MPa and steel rein-
forcement ratio of 2.0% is adopted.

The inter-story drift ratio (IDR) has been widely
used in earthquake engineering design and various
design codes as an important index to evaluate the
damage of structures (Lu et al., 2016; Su et al., 2016).
Hence, controlling the IDR is important to ensure a
better performance of the coupled walls. The IDR is
the difference in the displacement response between
two adjacent floors divided by the height of the story.
According to the Chinese Code for Seismic Design of
Buildings (GB 50011-2010) (China Ministry of
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Construction (CMC), 2016), the maximum IDR of
coupled shear walls should not exceed 1%. To com-
pare the performances of buildings with CSW and
RCSW, they are displaced to the same roof drift ratio
(called target displacement), which is determined as
the roof drift ratio of the CSW when the maximum
IDR just reaches 1%. For coupled shear walls in
buildings with 12 and 16 stories, the target displace-
ment is 0.75% and 0.73%, respectively.

The mechanical behaviors of the coupled shear walls
that are retrofitted such as the yield sequence of the
coupling beams, base shear versus roof drift, degree of
coupling, deformation distribution, and energy dissipa-
tion ability of the buildings with CSW and RCSW are
compared and discussed.

Yielding sequences of coupling beams

Figure 8 shows the first yielding of a coupling beam at
a particular story and the corresponding roof drift
ratio in 12-story and 16-story buildings with CSW and
RCSW, respectively. This figure also shows the yield-
ing sequences of the coupling beams. It can be
observed that the yielding sequences of the coupling
beams in the buildings with CSW and RCSW are
almost the same as the roof drift ratio increases. The
first yielding of the coupling beams with or without
retrofitting all takes place in the middle floors of the
buildings and then spreads toward the higher and
lower floors. After the coupling beams are retrofitted
with LRSP method, the yielding sequences do not
change. This is because with the use of this method,
the initial stiffness of the coupling beams is only
slightly increased (Su and Cheng, 2011).

Base shear versus roof drift of buildings with CSW
and RCSW

The pushover base shear—deflection curves of CSW
and RCSW with 12 and 16 stories respectively are
shown in Figure 9. Due to the better shear retention
capacity and ductility of the retrofitted coupling
beams, the shear capacity, stiffness, and deformation
capacity of all the coupled shear walls are considerably
enhanced after the coupling beams are retrofitted with
LRSP.

It can be clearly observed that in the initial phase of
the pushover analysis when the roof drift ratio is less
than 0.1%, the initial stiffness and shear capacity of
the CSW and RCSW are almost the same because the
proposed retrofitting method does not change the ini-
tial stiffness of the original coupling beams. The first
yielding of the coupling beams occurs when the roof
drift ratio is about 0.1% (denoted with ¥r). With
increasing deformation, all of the coupling beams
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Figure 8. Yielding sequences of coupling beams.

continuously yielded when the roof drift ratio is more
than 0.2% (denoted with o), and then the stiffness of
the coupled shear walls began to significantly decrease.
The retrofitted coupling beams can undergo larger
inelastic deformations before they reach their peak
shear capacity; therefore, the first retrofitted coupling
beam reaches its peak capacity (denoted with [1) much
later than in the CSW. It can be observed that the
coupled shear walls also reach their yielding points
(denoted with e) when the first failure of the coupling
beams occurs. Then, with increasing deformation, all
or most of the coupling beams reach their peak
strength, and the shear capacity of the coupled shear
walls also reaches its peak (denoted with A). Therefore,
the behavior of the retrofitted coupling beams has a
substantial effect on the performance of all the coupled
shear walls.

Coupling ratio

An efficient way to improve coupled wall systems is to
improve their CR. The CR can be obtained using the
following equation (Priestley and Paulay, 1992)

T-L

CR= ————
T-L+M +M,

(1)
where T = Y Vjean 18 the accumulation of the coupling
beam end shear forces that are acting on each wall pier,
L is the distance between the centroids of the wall piers,
and M;, M, are the overturning moment resisted by left
and right wall piers, respectively.

The 1994 CSA Standard (Canadian concrete stan-
dard) and NZS 3101 (New Zealand concrete code) sti-
pulate that the CR value is important and the desired
energy dissipation in coupled shear walls can be
achieved if the CR is not less than 0.66. The variations
of the CR versus the roof drift ratio of buildings with
CSW and RCSW found with a pushover analysis are
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Figure 10. Variations in coupling ratio of buildings with
RCSW and CSW with pushover analysis.

shown in Figure 10. It can be observed that in the ini-
tial drift region of the pushover analysis, the CR in
buildings with CSW and RCSW are almost the same
(about 0.66). With greater amounts of deformation,
the CR value in the building with CSW is greatly low-
ered, while that in a building with RCSW is still 0.66,
which means that the coupled shear walls that are ret-
rofitted have the desired energy dissipation.

The overturning moment resisted by the wall piers
and the coupling action of the beams are shown in
Figure 11 for buildings with CSW and RCSW, respec-
tively. It can be seen that for the building with RCSW,
the overturning moment that is resisted by the cou-
pling action of the beams (7-L) gradually increases
and is always greater than that resisted by the wall
piers (M; + M>). This is because the retrofitted cou-
pling beams can undergo large inelastic drift without
loss of strength, stiffness, and energy dissipation abil-
ity. However, for buildings with CSW, the coupling
action of the beams is quickly reduced when all or
most of the coupling beams have reached their peak
strength due to the insufficient strength and

deformation capacity of the coupling beams that are
not retrofitted, and this can largely explain why the
CR value in the building with CSW is greatly lowered.

Deformation curves

The distribution curves of the IDR for the target dis-
placement of the buildings with CSW and RCSW are
shown in Figure 12. In this study, the maximum IDR
IDR! . for the target displacement is adopted as the
reference to evaluate the effectiveness of various retro-
fitting arrangements. By retrofitting the coupling
beams with LRSP method, the IDR!, . of the coupled
shear walls in the 12-story building is reduced from
1.00% to 0.89% and that of the coupled shear walls in
the 16-story building is reduced from 1.00% to 0.79%.

The drift concentration factor at the target displace-
ment Dcp proposed by Priestley and Paulay (1992) is
adopted to evaluate the uneven distribution of the IDR
of the coupled shear walls. D¢ is equal to the ratio of
IDR!, . to the roof drift ratio. Dcp = 1 indicates a uni-
form IDR distribution, and larger values of D¢r result
in more drift concentration, which is not good for seis-
mic design. The D¢r of the 12-story buildings with
CSW and RCSW (CSW12 and RCSW12) is 1.335 and
1.187, respectively, and the D¢p of 16-story buildings
with CSW and RCSW (CSW16 and RCSW16) is 1.366
and 1.191, respectively. Therefore, the uneven distribu-
tion of the IDR is rectified after retrofitting.

Energy dissipation

To investigate the influence of LRSP method on the
energy dissipation ability of coupled shear walls, cyclic
pushover analysis is conducted for CSW and RCSW
buildings. The energy dissipated in each cycle is evalu-
ated. Figure 13 compared the variations of energy dis-
sipation with the roof drift ratio for CSW and RCSW
buildings with 12 and 16 stories, respectively. It can be
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Figure 1. Overturning moment resisted by wall piers and coupling beams of CSW and RCSW.

seen that LRSP retrofitting method for coupling beams
has a great effect on the energy dissipation ability of
coupled shear wall buildings. The use of LRSP method
to coupling beams can significantly enhance the energy
dissipation ability of RCSW buildings especially in the
large deformation range. In the early deformation
range, both CSW and RCSW buildings are able to
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Figure 12. Distribution of IDR for target displacement of
CSW and RCSW.

dissipate an increasing amount of energy as the
increase of roof drift ratio. However, energy dissipa-
tion of CSW12 and CSWI16 all suddenly decreases
when the roof drift ratio reaching 0.4%-0.5%. This is
because most of the coupling beams without LRSP ret-
rofitted began to failure at such a roof drift ratio which
leads to the decrease of lateral load capacity of coupled
shear walls. While for RCSW12 and RCSW16, the dis-
sipated energy could still increase because LRSP retro-
fitting method could increase the strength and
deformability of coupling beams in the large deforma-
tion range.

Analysis for optimal retrofitting of
coupled shear walls

As demonstrated in the previous sections, the pro-
posed retrofitting method can effectively improve the
seismic behavior of coupled shear walls; however, ret-
rofitting all coupling beams of a structure could be
financially costly and unnecessary, and the desirable
seismic behavior could be actually realized by retrofit-
ting fewer coupling beams but on certain floors of a
building. Hence, an analysis for the optimal retrofit-
ting of coupled shear walls is needed.



Cheng et al.

18 T T T T T T T
§16 | CSW12+ ]
: RCSW12 ——

Energy dissipa

| L | L | L
0 0.2 0.4 0.6 0.8
Roof drift ratio (%)

Figure 13. Comparison of energy dissipation of CSW and RCSWV.

Algorithm for optimal retrofitting

For a coupled shear wall in a building with 7 stories,
there are n locations with coupling beams that may
need to be retrofitted. Thus, the total number for the
retrofitting arrangement is 2”. It is very time consum-
ing to calculate every retrofitted model. Therefore, a
GA (Whitley, 1994) is adopted which is very effective
for finding optimal solutions.

The GA is implemented based on a system that inte-
grates the Python 2.7 and OpenSees programs. Python
performs the operations of GAs, generates a finite ele-
ment model, controls the OpenSees program to pro-
duce the corresponding models, and collects the output
data of the modeled calculations. The flowchart for the
calculations is provided in Figure 14. The reduction in
the IDR!, . after reinforcement is adopted as the fitness
value to evaluate the effectiveness of the retrofitting
arrangement. To achieve better computational effi-
ciency, the calculation of models is performed with a
parallel computing technique. During the optimization
process, a retrofitting arrangement that has an IDR!,
with maximum reduction could be determined.

In this study, each retrofitting arrangement is repre-
sented with an n-bit binary number (# = the number
of stories in the building with coupled shear walls). The
number “1” denotes that the corresponding coupling
beam is retrofitted and “0” otherwise. For example,
“000000111111” denotes that the coupling beams on
the 1st to 6th floors of a building are not reinforced
and those on the 7th to 12th floors are reinforced.

To verify the accuracy and efficiency of the GA, an
optimization problem of a coupled shear structure in a
12-story building is solved with the proposed GA and
traversal method (by calculating all 4096 models),
respectively. The optimal solution obtained with the
GA is exactly the same as that obtained using the
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traversal method (by calculating all 4096 models).
However, the GA greatly reduces the time required to
obtain the optimal solution, from 4.5 to 0.5 h.

Optimization analysis

The proposed modeling techniques and the GA were
utilized to investigate the optimal retrofitting arrange-
ment for coupled shear walls in buildings with 6-16
stories. The optimization analysis of the coupled shear
walls was carried out using the proposed GA and the
optimal arrangements of each structure are shown in
Table 1. It can be seen that the optimal arrangements
are to retrofit the coupling beams on the middle and
higher floors of the building. The [DR! ~ can be

max

reduced about 10%—15% after LRSP retrofitting.

Optimal retrofitting arrangements

The optimal arrangements with the use of retrofitted
coupling beams for coupled shear walls in a 12-story
building are presented in Table 2. It is evident that
many of the mechanical properties of the building with
RCSW such as the shear capacity and IDR!, . are
greatly affected by the number and location of the ret-
rofitted coupling beams. With an increased number of
retrofitted coupling beams, the shear capacity of the
coupled shear wall is enhanced and the IDR!, . values
are consequently reduced. However, the optimal retro-
fitting arrangement for the coupled shear wall in a 12-
story building is probably not feasible by retrofitting
all the coupling beams. From Table 2, it can be found
that the most effective arrangements are to retrofit the
coupling beams in the middle and higher floors (3rd to
12th floors). In these cases, the IDR!  values can be

max
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Figure 14. Genetic algorithm.

Table I. Optimization retrofitting arrangements of coupled shear walls in building with 6—16 stories.

Number of stories ~ Optimal arrangement  IDR!

‘max

before retrofitting (%)

IDR., , after retrofitting (%)  IDR

! o Feduction (%)

6 0olll1 1.010
7 o0ol11tnl 1.003
8 (INRRRN 1.005
9 001TITTTI 1.005
10 VORRRERT 1.005
I 0001 11ITTTI 1.007
12 IRRERRRRRR 1.001
13 oooolrtrrrrto 1.001
14 00001 111111100 1.008
15 000001 111111000 1.005
16 000001 1111110000 1.002

0919 8.97

0.902 10.05
0.898 10.64
0.893 .18
0.887 11.72
0.885 12.15
0.876 12.46
0.874 12.66
0.872 13.53
0.862 14.22
0.854 14.73

reduced by about 12% and the shear capacity can be
increased by more than 50%.

The least ideal arrangements with the use of retro-
fitted coupling beams for coupled shear walls in a 12-
story building are presented in Table 3. It can be found
that retrofitting the coupling beams only on the lower
floors (1st to 7th floors) may result in increased IDR!, .
values.

The end shear forces of the coupling beams and the
base shear—deflection curves of the three cases (original
CSW12, least ideal case 111110000000 and optimal

case 001111111111) are depicted in Figures 15 and 16.
Figure 15 shows the distribution of the end shear
forces of the coupling beams over the entire building
when the roof drift ratio reaches 0.23% and 0.4%,
respectively. It can be found that for the optimal case
of 001111111111 in which the coupling beams in the
middle and higher floors are retrofitted (3rd to 12th
floors), the shear capacity of all the retrofitted cou-
pling beams can be maintained before reaching peak
strength and no failure occurs even when the roof drift
ratio reaches 0.4%. Therefore, the base shear strength
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Table 2. Optimal arrangements with retrofitted coupling beams.

Number of retrofitted Optimal arrangement DR, (%) IDR., . reduction (%) Shear strength (kN) Increase in
coupling beams strength (%)
0 000000000000 1.001 - 1109.30 -

| 000000000010 0.948 5.26 1166.66 5.17

2 000000001010 0.920 8.05 1233.36 11.18

3 00000001 I 100 0.901 9.96 1303.61 17.52

4 0000001 I I 100 0.889 .16 1367.89 23.31

5 000001111100 0.884 11.67 1429.22 28.84

6 000001111110 0.881 11.97 1492.28 34.52

7 oooolltlrino 0.877 12.37 1549.09 39.65

8 0001 11IIITIO 0.877 12.35 1599.63 44.20

9 0001 TTTTITTI 0.877 12.38 1657.35 4941

EIO oolttrrnntnl 0.876 12.46 1699.16 53.17 ]
I (RRRRRNRRRN] 0.880 12.14 1730.37 55.99

12 (NERRRRRRRRN 0.890 11.06 1743.79 57.20

Bold value significance that the line is the optimal case.

Table 3. Least ideal arrangements with retrofitted coupling beams.

Number of retrofitted Least ideal arrangement IDR: (%) DR, reduction (%) Shear strength (kN) Strength

max

coupling beams increase (%)
0 000000000000 1.001 - 1109.30 -

' 001000000000 1.014 -1.35 114591 3.30 E
12 011000000000 1.026 -2.52 1155.39 4.16 '
3 011100000000 1.036 -3.49 1196.03 7.82 '
14 111100000000 1.039 -3.77 1197.60 7.96 !
15 111110000000 1.040 -3.89 1249.14 12.61 '
6 11111000000 1.030 -2.87 1310.88 18.17 '
7 (11111100000 1.010 —0.85 1380.69 24.47 !
8 [11111110000 0.983 1.76 1454.20 31.09

9 [11111111000 0.951 5.00 1530.85 38.00

10 Freerroortrl 0.917 8.39 1612.60 45.37

I [rrretortrrl 0.904 9.70 1681.07 51.54

12 (NERRRRRRRRN 0.890 11.06 1743.79 57.20

Bold value significance that the line is the least ideal case.
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001111111111 —— 001111111111 ——
111110000000 —— 111110000000 ——
ﬁ’ | I ! I5eak étrlength of ﬁ’ | | I Peavlk Istrength of
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o B I after retrofitting o B after retrofitting
_ 8l S _8l o
87t L 87| P
W gL [ W gL 1|
5 - 51 r
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before retrofitting| 4~ - before retrofitting =
t ] t ]
oL 1 v w1 oL 1+ v w1
0 100 200 300 400 0 100 200 300 400
End shear of coupling beams (kN) End shear of coupling beams (kN)
(Roof drift ratio=0.23%) (Roof drift ratio=0.40%)

Figure 15. End shear forces of coupling beams.
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Figure 16. Base shear—roof drift ratio curves of selected
cases.

and stiffness of all the coupled shear walls gradually
increase until the roof drift ratio reaches 0.6%.
However, when there is no retrofitting, most of the
coupling beams in the middle and higher floors of the
building reach their peak strength as the roof drift
ratio reaches 0.23% (as shwon in Figure 15), and their
failure result in the degradation of the base shear and
stiffness of all the coupled shear walls as shown in
Figure 16. It can also be found that although the cou-
pling beams on the lower floors are retrofitted in the
least ideal case of 111110000000, they tend to reach
their peak strength earlier than those on the other
floors. Failure of the coupling beams on the lower
floors would also result in serious degradation of the
base shear and the stiffness of all the coupled shear
walls. This explains why only retrofitting the coupling
beams on the lower floors may result in increases in
the IDR!, .

Conclusion

A finite element analysis is conducted for an optimiza-
tion analysis of the seismic retrofitting of concrete
coupled shear walls using LRSP to coupling beams.
The main findings of this study are summarized as
follows:

1. This study validates the effectiveness of a com-
bined model formulated with the Python and
OpenSees programs, which consists of a macro
V,-hinge model of coupling beams and refined
model of shear walls. The model can accurately
predict the overall behavior of coupled shear
walls that have been retrofitted.

2. The behaviors of the retrofitted coupling beams
have a significant effect on the seismic perfor-
mance of coupled shear wall systems. The
strength capacity, stiffness, deformability, and
CR value of coupled shear wall systems are

considerably enhanced after retrofitting the
coupling beams with LRSP method. Moreover,
the maximum IDR at the target displacement
can be reduced and the uneven distribution of
the IDR can be rectified after retrofitting.

3. The GA which is based on Python and
OpenSees is accurate and efficient in searching
for the optimal retrofitting arrangement, which
is to retrofit the coupling beams in the middle
and higher floors of a building. The maximum
IDR at the target displacement can be reduced
by about 10%—15% and the shear capacity can
be increased by more than 50% after LRSP
retrofitting.

4. Only retrofitting the coupling beams on the
lower floors should be avoided, as they tend to
reach their peak strength earlier than those on
higher floors which would result in the serious
degradation of the lateral strength and stiffness
of the coupled shear wall system.
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