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SUMMARY

In this paper, the seismic performance of reinforced concrete (RC) staggered wall structures with middle
corridor was evaluated. To this end, 6-, 12- and 18-storey structural models were designed and were
analyzed to investigate the seismic load-resisting capacity. The response modification factors were com-
puted based on the overstrength and the ductility capacities obtained from pushover curves. The effect of
a few retrofit schemes on the enhancement of strength and ductility was also investigated. The pushover
analysis results showed that the response modification factors ranged between about 4.0 and 6.0 with the
average value around 5.0. When the bending rigidity of the link beams increased up to 100%, the overall
overstrength increased by only about 25%. When the rebar ratio of the link beams was increased by
50%, the overstrength increased by about 40%. The replacement of the RC link beams with steel box beams
resulted in superior performance of the structures with reduced beam depth. The displacement time histories
of the model structures subjected to the earthquake ground motions scaled to the design seismic load
showed that the maximum interstorey drifts were well below the limit state specified in the design code.
Based on the analysis results, it was concluded that the staggered wall systems with a middle corridor
had enough capacity to resist the design seismic load. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The staggered wall system (SWS) structure is composed of a series of storey-high reinforced concrete
(RC) walls spanning the total width between two rows of exterior columns and arranged in a staggered
pattern on adjacent column lines. Fintel (1968) carried out analytical and experimental study of the
SWS with a web opening and found that it possessed many architectural and planning advantages,
which proved to be more economical than the conventional systems. Mee et al. (1975) obtained
dynamic properties of the system through both modal analysis and shaking table test. The staggered
systems were originally developed in Massachusetts Institute of Technology as steel staggered
truss systems (Scalzi, 1971). The system is known to have advantages such as low floor-to-floor
heights, large column-free spaces, increased design flexibility, fast erection time and reduced weight
of the superstructure and therefore reduced foundation cost. The staggered truss systems have been
successfully applied to many large-scale building projects (Mcknamara, 1999; Pollak, 2004). For seis-
mic performance evaluation of staggered truss systems, Kim et al. (2007) carried out a nonlinear ana-
lysis of staggered truss systems and found that plastic hinges formed at the horizontal and vertical
chords of the Vierendeel panels, which subsequently led to the brittle collapse of the structure. Zhou
et al. (2009) conducted an experimental investigation on the behavior of an eight-storey steel staggered
truss system with a 1/8-scaled model under reversed low cyclic loading and investigated their perform-
ance indices such as ductility, energy dissipation and rigidity degeneration. Compared with the
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staggered truss system, the SWS in RC has not been widely investigated. Recently, Kim and Jun
(2011) investigated the seismic performance of partially staggered wall apartment buildings using non-
linear static and dynamic analysis and compared the results with the responses of conventional shear
wall system apartment buildings.

In this study, the seismic performance of RC SWS structures with a middle corridor was eval-
uated. To this end, 6-, 12- and 16-storey SWS structural models were designed and were analyzed
by nonlinear static analyses to obtain their force—displacement relationship up to failure. The
response modification factors were computed based on the overstrength and the ductility capacities
obtained from the capacity envelopes. Finally, the seismic responses of the model structures sub-
jected to three earthquake ground motions were evaluated by nonlinear dynamic analysis.

2. DESIGN OF ANALYSIS MODEL STRUCTURES

2.1. Configuration of the analysis model structures

In the SWSs, the storey-high RC walls that span the width of the building are located along the
short direction in a staggered pattern (Figure 1). The floor system spans from the top of one
staggered wall to the bottom of the adjacent wall serving as a diaphragm. The staggered walls
with attached slabs resist the gravity as well as the lateral loads as H-shaped deep beams. The
horizontal load is transferred to the staggered walls below through diaphragm action of floor
slabs. In this study, the staggered walls were designed as storey-high deep beams. With RC walls
located at alternate floors, flexibility in spatial planning can be achieved compared with conven-
tional wall-type structures with vertically continuous shear walls. Figure 1 shows the flow of
horizontal shear force from the staggered walls above to the columns and staggered walls below
through floor diaphragm. Figure 2 shows the deformation of the SWSs with middle corridor

Diaphragm shear
Floor diaphragm

Staggered Wall

Figure 1. Lateral load path of SWS.
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Figure 2. Lateral deformation of SWS with a middle corridor.
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subjected to lateral load. As the exterior columns and the link beams above the openings along
the corridors are significantly weaker and more flexible than the storey-high walls, large deform-
ation is concentrated in the beams and columns. This leads to shear mode behavior when the
system is subjected to lateral load.

Figure 3 shows the structural plan and 3-D configuration of the model structures. Columns and
beams are located along the longitudinal perimeter of the structures providing a full width of column-
free area within the structure. Along the longitudinal direction, the column-beam combination resists
lateral load as a moment resisting frame. Figure 4 shows the side view of the model structure.

2.2. Structural design of analysis model structures

The staggered truss or SWSs have not been considered as one of the basic seismic-force-resisting
systems in most design codes. Federal Emergency Management Agency (FEMA)-450 (BSSC,
2002) requires that lateral systems that are not listed as the basic seismic-force-resisting systems
shall be permitted if analytical and test data are submitted to demonstrate the lateral force resistance
and energy dissipation capacity. The American Institute of Steel Construction (AISC, 2002) Design
Guide 14 recommends the response modification factor of 3.0 for seismic design of staggered truss
system buildings; however, the other seismic behavior factors, such as overstrength and ductility
factors, to define inelastic behavior of the structure are not specified.

To evaluate the seismic performance of SWS structures, 6-, 12- and 18-storey structural models
were designed and were named as SWC06, SWC12 and SWCI8, respectively. The model struc-
tures were designed as per the ACI 318-06 (ACI, 2005) using the seismic loads specified in the
International Building Code 2009 (ICC, 2009). For gravity loads, the dead and live loads of
7kN/m* and 2kN/m” were used, respectively. The design seismic load was computed based on
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Figure 3. Shape of the SWS model structures.
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Figure 4. Side view of SWS.

the design spectral response acceleration parameters Sps=0.31g and Sp;=0.13g. This corre-
sponds to the design seismic load in Los Angeles (LA) area with site class B, which is a rock site.
Because the response modification factor for an SWS is not specified in the current design codes, the
response modification factor of 3.0 was used in the structural design of the SWSs, which is generally
used for the structures to be designed without consideration of seismic detailing. Along the longitu-
dinal direction, the structures were designed as ordinary moment resisting frames with R-factor of
3.0. The ultimate strength of concrete is 27 MPa, and the tensile strength of rebars is 400 MPa.
The thickness of the staggered walls is 20 cm throughout the stories, and the connecting beams have
the size of 200 x 600 mm. The thickness of the floor slabs is 21 cm, which is the minimum thickness
required for wall-type apartment buildings in Korea to prevent transmission of excessive noise and
vibration through the floors. Tables 1 to 3 show the dimensions and rebars of the analysis model
structures.

2.3. Modeling for analysis

The displacement-controlled pushover analyses were conducted using the nonlinear analysis/
design program code MIDAS (MIDAS, 2011) to obtain the nonlinear load—displacement relation-
ships of the model structures. The lateral loading profiles for the pushover analysis were deter-
mined proportional to the fundamental mode shapes of the model structures. The staggered
walls were modeled by the top and bottom rigid beam elements and the vertical line element

Table 1. Sectional properties of staggered walls.

Section Thickness(mm) Vertical Horizontal
Wall (SW06) 200 D13@200 D13@200
Wall (SW12) 200 D13@200 D13@200
Wall (SW18) 200 D13@200 D13@200

Table 2. Sectional properties of link beams.

Rebar
Exterior (I, J) Interior (M)
Section Size (mm) Stirrup Bottom Top Bottom Top
LB(SWO06) 200 x 600 D13@100 4-D22 4-D22 2-D22 2-D22
LB(SW12) 200 x 600 D13@100 4-D25 4-D25 2-D25 2-D25
LB(SW18) 200 x 600 D13@100 4-D29 4-D29 2-D25 2-D25
Copyright © 2012 John Wiley & Sons, Ltd. Struct. Design Tall Spec. Build. 22, 1139-1155 (2013)
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Table 3. Sectional properties of columns.

Section Size (mm) Rebar Section Size (mm) Rebar
SWC06-B1 600 x 600 6-D32 SWCI18-B1 900 x 900 20-D35
SWC06-B2 580 x 580 6-D29 SWC138-B2 880 x 880 20-D32
SWC06-B3 560 x 560 6-D29 SWC18-B3 860 x 860 20-D29
SWC06-B4 540 x 540 6-D25 SWC138-B4 840 x 840 20-D29
SWC06-B5 520 x 520 6-D25 SWCI18-B5 820 x 820 20-D25
SWC06-B6 500 x 500 6-D25 SWC18-B6 800 x 800 18-D25
SWCI2-B1 760 x 760 14-D35 SWCI18-B7 780 x 780 18-D22
SWCI12-B2 740 x 740 14-D32 SWCI18-B8 760 x 760 18-D22
SWCI12-B3 720 x 720 14-D29 SWC18-B9 740 x 740 16-D22
SWCI2-B4 700 x 700 14-D25 SWCI18-B10 720 x 720 16-D22
SWCI12-B5 680 x 630 12-D22 SWCI18-Bl11 700 x 700 16-D22
SWCI12-B6 660 x 660 12-D22 SWCI18-B12 680 x 680 12-D22
SWCI12-B7 640 x 640 12-D22 SWCI18-B13 660 x 660 12-D22
SWCI12-B8 620 x 620 10-D22 SWC18-B14 640 x 640 12-D22
SWCI12-B9 600 x 600 10-D22 SWCI18-B15 620 x 620 10-D22
SWCI2-B10 580 x 580 10-D22 SWCI18-B16 600 x 600 10-D22
SWCI2-Bl11 560 x 560 10-D22 SWCI18-B17 580 x 580 10-D22
SWCI12-B12 540 x 540 8-D22 SWCI18-B18 560 x 560 10-D22

composed of the nonlinear axial, flexural and shear springs as shown in Figure 5. The middle line
element behaves like a 3-D beam—column element, and the top and bottom rigid beams act as
rigid bodies in the x—z plane. The moments about the Z-axis represent the in-plane bending
behavior, and the out-of-plane bending behavior was not considered in the wall element. The
expected ultimate strengths of the concrete and steel were taken to be 1.5 and 1.25 times the
nominal strengths based on the recommendation of the FEMA-356 (2000). The slabs were
considered as rigid diaphragm, and the p-delta effect was considered in the analysis.

The nonlinear force—deformation relationship of the structural members recommended in the
FEMA-356 (2000), which is shown in Figure 6(a), was used in the pushover analysis. In the
idealized skeleton curve, linear response is depicted between point A and an effective yield point
B. The slope from B to C represents strain hardening. In this study, the postyield stiffness was set
to be 2% of the initial stiffness. C has an ordinate that represents the maximum strength of the
component and has an abscissa value equal to the deformation at which significant strength
degradation begins (line CD). Beyond point D, the component responds with substantially
reduced strength to point E. At deformations greater than point E, the component strength is
essentially zero. The parameters a, b, ¢, d and e that are required for modeling structural compo-
nents can be obtained from Tables 6-7 and 6-8 of the FEMA-356. The performance points, such
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Figure 5. Modeling of staggered walls for pushover analysis.
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Figure 6. Generalized force—deformation relationship of an RC structural member defined in FEMA-356.

as immediate occupancy (10), life safety (LS), collapse prevention (CP) and collapse (C), which
are indicated in Figure 6(b), are also defined in the FEMA-356 report.

3. MAXIMUM STRENGTH AND INTERSTOREY DRIFT OF THE MODEL STRUCTURES

To evaluate the behavior factors of the model structures subjected to seismic load, pushover
analyses were carried out along the transverse direction by applying incremental lateral load with
its vertical profile proportional to the fundamental mode of vibration. The base shear versus roof
displacement relationship for each model structure is depicted in Figure 7. Such information as
the design base shear, the first yield points of the link beams and columns, the sudden strength
drop and the points where the interstorey drift reached 1.5% of the storey height are also provided
on the curves. It can be observed that the 18-storey structure showed the highest strength and
lowest stiffness, and that the 6-storey structure showed the lowest strength but highest stiffness.
In all structural models, the maximum strengths were higher than twice the design base shears.
The major strength drop occurred before the maximum interstorey drift reached 1.5% of the storey
height, which is generally considered as the limit state for the LS performance level. It was
observed that the sudden drop of strength occurred due mainly to the formation of plastic hinges
in the lower storey link beams.

Figure 8 depicts the interstorey drifts of the model structures when the strength dropped significantly
and when the maximum interstorey drifts reached 1.5% of the storey height. It can be observed that the
maximum interstorey drifts occurred at lower stories due to the formation of plastic hinges at the link
beams between the staggered walls.

Figure 9 shows the storey shear—interstorey drift curves of the model structures. It can be
observed that in all model structures, the storey stiffness and strength are generally higher in lower
stories. The ductility demands are higher in lower stories, which corresponds well with the relative
distribution of the interstorey drifts shown in Figure 6. Compared with the storey shear versus
interstorey drift relationship curves of higher stories, the curves of lower stories generally show
distinct yield points.

Copyright © 2012 John Wiley & Sons, Ltd. Struct. Design Tall Spec. Build. 22, 1139-1155 (2013)
DOI: 10.1002/tal



SEISMIC PERFORMANCE EVALUATION OF SWS STRUCTURES WITH MIDDLE CORRIDORS 1145
17500
—@— Design Base Shear
—A— First Yield at Lintel Beam
15000 — @ —>— First Yield at Column
X —4— Strength Drop
—©— 1.5% Interstory Drift Ratio
12500 —
> 134 ———swcos
s f i —_—— SWC12
5 10000 — 171 swee
N .
£ [t
» 4! he=h
o 7500 — 1
? I! I
Q ¢ I!/'t ------- Az Ty
(P g !
1 !
"'-\-1 Lo
—_—— e
I T I T I T I T I T
5 10 15 20 25 30
Roof Displacement (cm)

Figure 7. Nonlinear static pushover analysis.

Figures 10—12 depict the plastic hinge formation of the model structures when the strength dropped
suddenly and when the maximum interstorey drift reaches 1.5% of the storey height. It was observed
that the link beams in the lower stories yielded first followed by yielding of the lower storey columns.
Only minor deformation occurred in the lower storey staggered walls, and the walls located in the
higher stories generally remained elastic.

4. SEISMIC REINFORCEMENT OF STAGGERED WALL SYSTEMS

It was observed in the analysis that the significant strength degradation was initiated by yielding of link
beams followed by yielding of the exterior columns. As reinforcing schemes for staggered wall struc-
tures, the following methods were used: (a) increase of the column size in such a way that its flexural
stiffness is increased by 25%, 50%, 75% and 100%, (b) increase of the link beam depth in the same
proportions, (c) replacement of RC link beams with steel box beams with 300 x 150 x 20 mm in size
and (d) addition of interior columns with 200 x 300 mm and 200 x 400 mm in size at both sides of the
corridor openings of the staggered walls. Figures 13 to 16 show the pushover curves of the three model
structures redesigned with the reinforcing schemes mentioned above. In the first three retrofit cases, the
collapse mechanisms of the retrofitted structures were similar to those of the original structures; most
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Figure 8. Interstorey drift ratios of the model structures.
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Figure 9. Relationship of storey shear versus interstorey drift.
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Figure 10. Plastic hinge formation at the points of sudden strength drop and at the 1.5% interstorey
drift (six storeys).
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Figure 12. Plastic hinge formation at the points of sudden strength drop and at the 1.5% interstorey drift
(18 storeys).

plastic hinges formed at lower storey link beams. However, when the interior columns were added, the
plastic hinges spread to the higher stories, which resulted in significant increase in maximum strength.
In all retrofit cases, the maximum strength somewhat increased, but the ductility did not increase
significantly.

5. BEHAVIOR FACTORS OF THE STAGGERED WALL SYSTEM

The Applied Technology Council (ATC)-19 (1995) proposed simplified procedure to estimate the
response modification factors by the product of the three parameters that profoundly influence the seis-
mic response of structures:
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Figure 13. Base shear—roof displacement relationships of model structures with various column sizes.
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Figure 14. Base shear—roof displacement relationships of model structures with various link beam stiffness.

17500 20000 20000
—@- Design Base Shear -@- Design Base Shear
—a— First Yield at Lintel Beam —&— First Yield at Lintel Beam
15000 — ,’? - First Yield at Column 17500 | A - First Yield at Column 17500 = .
/0 —&— Strength Drop S —&— Strength Drop 17T
X | —0— 1.5% Interstory Drift Ratio| 15000 )</ ! —6- 1.5% Interstory Drift Ratio| 15000 — - 1
12500 — /- + | !
> Iy | swcos = / | swci2 s> . g !
3 [, 20 N EEe SWC06 DLB| = 12500 - -/ A SWC12DLB2 X 12500 - L i
A~ - ~ N
§ 10000 S L, 3 /# !
R £ 10000} i £ 10000 — ! My -
v
D 2500 @ ! LI, @ / b
o [} I he v Q / =\
@ @ 7500 Ji i @ 75007 g ~oL
| I
% 50004 b 5000 |/ i “ sov0- /!
! | ~@- Design Base Shear
I tea —A— First Yield at Lintel Beam|
2500 — 2500 I/ N 2500 —{// -~ First Yield at Column
At —e—Strength Drop
—o— 1.5% Interstory Drift Ratio|
0 — T 0 7 0 ——TT 7 T
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Roof Displacement (cm) Roof Displacement (cm) Roof Displacement (cm)

(a) 6 storey

(b) 12 storey

(c) 18 storey

Figure 15. Base shear—roof displacement relationships of model structures with box-shaped steel link
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Figure 16. Base shear—roof displacement relationships of model structures with interior columns.

R = R,R,R,

6]

where R, is the overstrength factor to account for the observation that the maximum lateral strength of
a structure generally exceeds its design strength. R,, is a ductility factor that is a measure of the global
nonlinear response of a structure, and R, is a redundancy factor to quantify the improved reliability of
seismic framing systems constructed with multiple lines of strength. In this study, the redundancy fac-
tor was assumed to be 1.0 based on the fact that there are more than four seismic load-resisting frames
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along the transverse direction. Then the response modification factor is determined as the product of
the overstrength factor and the ductility factor. From the base shear versus roof displacement relation-
ships, the overstrength factor and the ductility factor are obtained as follows (ATC-19, 1995):

Ve
R, = ;;Rﬂ = 7 (2a,b)
f

where V; is the design base shear, V, is the maximum seismic demand for elastic response and V, is the
base shear corresponding to the yield point, which can be obtained from the capacity curves. To find
out the yield point, we drew straight lines on the pushover curve as shown in Figure 17 in such a way

Base shear
Approximately balance areas
[( above and below
Ki
V, —
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)
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1
’l
d Ke

A Roof displacement

Figure 17. Idealization of load—displacement curve.
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Figure 18. Overstrength factors of model structures with various retrofit schemes.
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that the area under the original curve is equal to that of the idealized one as recommended in the
FEMA-356 (2000).

The overstrength factors of the model structures were computed using Equation (2a) based on the
pushover curves and are plotted in Figure 18. It can be observed that as in all model structures, the
overstrength factors are slightly higher than 1.5, which is generally smaller than the structures designed
with other structure systems. The increase in column size did not affect the overstrength factors signifi-
cantly. When the flexural stiffness of the link beams was increased by 100%, the overstrength
increased by 25%. When the interior columns were inserted, the overstrength increased significantly
compared with those of the original structures.

Figure 19 plots the ductility factors of the model structures. The factors ranged approximately
from two to three. It can be observed that ductility factors are generally inversely proportional to
the number of stories. The various retrofit schemes applied to the original structures generally did
not affect the ductility factors. Even though the addition of interior columns increased the failure
points (the points with significant strength drop), the ductility factors remain unchanged due to
the increased yield points.

The response modification factors are presented in Figure 20, which are computed by multiplying
the overstrength and the ductility factors. It can be observed that the response modification factors
range from four to six, higher than the code-recommended value for R-factor used in the structural
design. This implies that the staggered wall structures with middle corridor may have enough resist-
ance against the design level seismic load, and the code-recommended value for R-factor of 3.0 is rea-
sonably determined. The six-storey model structure showed higher response modification factors than
the taller structures. The R-factors of the structures designed with higher stiffness of exterior columns
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Figure 19. Ductility factors of model structures with various retrofit schemes.
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Figure 20. Response modification factors of model structures with various retrofit schemes.

and link beams are slightly higher than those of the original structures. The R-factors of the structures
with steel box link beams increased about 10% compared with those of the original structures with RC
link beams. The increase in R-factors is the most significant when the interior columns were added. In
this case, the R-factors increased almost twice those of the original structures.

6. EVALUATION OF THE STRUCTURAL RESPONSES

The seismic performance of the SWS structures was evaluated by nonlinear dynamic analyses using
the program code Perform 3D (Computers and Structures 2006) in which various types of
nonlinear models including user-defined models were implemented for simulation of inelastic
behavior of structures. The staggered walls were divided into many fiber elements, and the deform-
ation such as fiber strains, hinge rotations and shear deformations was monitored using the axial
and rotational gage elements.

The stress—strain relationship of concrete in the compression part was defined using the trilinear
model proposed by Paulay and Priestley (1992), and the tensile strength was neglected. Because
seismic detailing was not applied in the model structures, the confinement effect of rebars was not
considered in the modeling of concrete. The maximum compressive strength (F,) was assumed to
be 27 MPa, and the yield and the residual strengths were assumed to be 60% and 20% of the maximum
strength, respectively. The strain at the maximum strength and the ultimate strain were 0.002 and 0.004,
respectively. Because a wall element has no in-plane rotational stiffness at its nodes, a beam element was
imbedded in the wall to model the moment connection between staggered walls and the connecting link
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beams. The behavior of rebars was modeled by bilinear lines with the postyield stiffness ratio of 0.02,
and the behavior of the beams and the columns were modeled by the FEMA-356-type nonlinear models
(Figure 21).

Dynamic time history analyses of the model structures were carried out to obtain the responses
for the ElI Centro (NS), San Fernando (NS) and Taft (NS) earthquake ground motions. Figure 22
shows the response spectra of the earthquake records and the IBC 2009-based design spectrum
with the spectral response acceleration parameters Sps=0.57g and Sp;=0.3g. The matching
ground accelerations were scaled to have the effective peak accelerations of 0.227 g. This corre-
sponds to the design seismic load in LA area with site class D. The displacement time histories
of the model structure subjected to the three earthquake ground motions are presented in Figure 23.
It can be noticed that at the end of the analysis, slight permanent displacement occurred, which im-
plies that the structure experienced plastic deformation. However, the maximum interstorey drifts,
shown in Figure 24, turned out to be far less than the limit state of 0.015 specified in the design
code. Figure 25 shows the plastic hinge distribution of the 18-storey model structure subjected to
the Taft earthquake when the maximum interstorey drift occurred. It can be observed that a few
plastic hinges formed at the lower storey link beams, which is similar to the results obtained from
the pushdown analysis. It was also observed that the magnitude of plastic rotation did not reach the
LS performance objective specified in the FEMA-356.

Stress Stress

L b Yield Strength
(O

Fyl----

Ko : E
Flfo )
) 5 ! Strain Strain
0.002 0.004
(a) Reinforced concrete (b) Reinforcing steel

Figure 21. Nonlinear stress—strain relationship of structural materials.
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Figure 23. Time history of the roof storey displacement.

7. CONCLUSIONS

In this paper, the seismic performance of RC SWS structures with middle corridor was evaluated.
To this end, 6-, 12- and 18-storey structural models were designed and were analyzed by
pushover analysis to investigate the force—displacement relationship. The response modification
factors were computed based on the overstrength and the ductility capacities obtained from
the pushover curves.

The analysis results showed that plastic hinges formed first at the link beams located between
two staggered walls and the structures failed by formation of weak stories. When the bending
rigidity of the connection beams increased up to 100%, the overstrength increased by only about
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Figure 24. Maximum interstorey displacement of the model structures.
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Figure 25. Plastic hinge formation in the 18-storey model obtained from nonlinear dynamic time
history analysis using the Taft earthquake record.

25%. When the rebar ratio of the connection beams was increased by 50%, the overstrength
increased by about 40%. The replacement of the RC connection beams with steel box beams
resulted in superior performance of the structures with reduced beam depth. The response modi-
fication factors ranged between about 4.0 and 6.0 with the average value around 5.0. The dy-
namic time history analysis results showed that for the three earthquake ground motions, the
maximum interstorey drifts turned out to be far less than the limit state of 0.015 specified in
the design code. Based on these observations, it was concluded that the SWSs with a middle cor-
ridor had enough capacity to resist the design seismic load.
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