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Abstract: This study investigates the seismic performance of a staggered wall structure designed with conventional strength
based design, and compares it with the performance of the structure designed by capacity design procedure which ensures strong
column-weak beam concept. Then the seismic reinforcement schemes such as addition of interior columns or insertion of rotational
friction dampers at the ends of connecting beams are validated by comparing their seismic performances with those of the standard
model structure. Fragility analysis shows that the probability to reach the dynamic instability is highest in the strength designed
structure and is lowest in the structure with friction dampers. It is also observed that, at least for the specific model structures
considered in this study, R factor of 5.0 can be used in the seismic design of staggered wall structures with proposed retrofit
schemes, while R factor of 3.0 may be reasonable for standard staggered wall structures.
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1. Introduction

Reinforced concrete (RC) buildings having vertical shear
walls both as partition walls and as load resisting systems
have advantage in economic use of structural materials and
ease of construction using slip forms. The seismic perfor-
mance of RC shear wall structures have been widely
investigated by many researchers (Wallace 2012; Kim 2016).
The shear walls are also effective in preventing spread of fire
(Kang et al. 2016). However the buildings with shear par-
tition walls are not preferred these days mainly because the
plan layouts fixed by the shear walls fail to meet the demand
of people who prefer spatial variability. A staggered wall
structure has story-high walls placed at alternate levels,
which makes the system easier to remodel and consequently
more sustainable while the economy and constructability of
shear wall structures still maintained. Fintel (1968) proposed
a staggered system for RC buildings in which staggered
walls with attached slabs resist the gravity as well as the
lateral loads as H-shaped story-high deep beams, and
observed that the staggered wall systems would be more
economical. Mee et al. (1975) investigated the structural
performance of staggered wall systems by carrying out
shaking table tests of 1/15 scaled models. Lee and Kim
(2013) investigated the seismic performance of staggered
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wall structures with middle corridor; Kim and Baek (2013)
conducted seismic risk assessment of staggered wall system
structures; and Kim and Lee (2014) proposed a formula for
fundamental natural period of staggered wall structures.
Recently seismic behavior factors of the system were
investigated based on the procedure recommended in the
FEMA P 695 (2009) (Lee and Kim 2013, 2015), and ATC
19 (1995) (Kim et al. 2016). The seismic performance of a
similar structure system in steel, the staggered truss system,
has already been investigated (Kim et al. 2015; Kim and
Kim 2017), and the system has been applied in many real
building projects.

The staggered wall systems, however, have not been
widely applied in practice due mainly to the lack of
knowledge in the structural performance of the system. This
study investigates the seismic performance of a staggered
wall structure designed with conventional strength based
design, and compares it with the performance of the struc-
ture design by capacity procedure which intends to ensure
strong column-weak beam behavior. Then the seismic rein-
forcement schemes such as addition of interior columns or
insertion of rotational friction dampers at the ends of con-
necting beams are implemented using the capacity design
procedure. Their effects on enhancing seismic load-resisting
capacity are validated by comparing their seismic perfor-
mances with those of the standard model structure.

2. Application of Energy Dissipation Devices
in Shear Wall Structures

Even though there is no known example of a staggered
wall structure with energy dissipation devices, many
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researchers have been investigating the possibility of miti-
gating seismic response of structures with shear walls using
dampers. Madsen et al. (2003) investigated the seismic
performance of viscoelastic damping systems placed
between shear walls at the coupling beam locations. Finite
element methods were used to analyze the effects of dampers
in these structural systems under different earthquakes
records. The results of the analysis of the 20-storey structure
with dampers in all levels illustrated that dampers could be
used to improve the mitigation of seismic forces. Chung
et al. (2009) proposed a friction damper that was applied
between coupled shear walls in order to reduce the defor-
mation of the structure induced by earthquake loads. It was
found that the control performance of the proposed friction
damper was superior to that of a coupled wall with a rigid
beam. Mao et al. (2012) proposed a shape memory alloy
(SMA) damper to be located in the middle of a coupling
beam in a coupled shear wall building. In this study it was
intended that, after earthquakes, deformation of the dampers
can recover automatically because of the pseudoelasticity of
austenite SMA material. Nonlinear time history analysis was
conducted for an 18-story frame-shear wall structure with
such SMA dampers to verify seismic response control effect
of this damper. MacKay-Lyons (2013) developed the vis-
coelastic coupling damper (VCD) for RC coupled wall high-
rise buildings. These dampers were introduced in place of
coupling beams to provide distributed supplemental damp-
ing in all lateral modes of vibration. A parametric study has
been conducted to determine the optimal number and
placement of the dampers to achieve enhanced seismic
performance. Results highlight the improved performance of
VCDs over RC coupling beams at all levels of seismic
hazard. Pant et al. (2015) developed viscoelastic coupling
dampers to be located at coupling beams between two shear
walls and at outrigger beams. They applied the system to a
40-story RC structure and found that the viscoelastic cou-
pling dampers can be effective in reducing both structural
and nonstructural damage under MCE level seismic events.
The research results presented above confirm the effective-
ness of energy dissipation devices in the design of shear wall
structures.

3. Seismic Performance of Staggered Wall
Structures

3.1 Configuration and Design of Staggered Wall
Structures

In a typical staggered wall structure, the story-high RC
walls that span the width of the building are located along
the short direction in a staggered pattern. Figures 1 and 2
show the overall configuration and the structural plan of the
8-story example model structure, respectively, with 6 m long
staggered walls along the transverse direction and moment
frames located along the longitudinal direction. The two
staggered walls at both sides of the middle corridor are
connected with a 600 mm deep connecting beam. The
thickness of the staggered walls is 200 mm throughout the

stories. The staggered walls act like deep beams with the
depth of a story height, and are reinforced with vertical and
horizontal re-bars with diameter of 13 at 400 mm interval.
The horizontal shear force delivered from staggered walls
flows to the columns and staggered walls located below
through the 210 mm thick floor diaphragm.

In this section the seismic performance of the model struc-
ture designed following the strength-based design procedure
currently specified in design codes is evaluated. In this
approach the structural members of the model structure are
designed in such a way that the ratio of the member force
demand to the design strength is maintained to be 0.8-0.9 for
combined gravity and seismic loads. The dead and live loads
are 7 and 2 kN/m?, respectively, and the design seismic load is
obtained using the seismic coefficients for short (Spg) and
1.0 s period (Sp;) of 0.5 and 0.2, respectively, in the ASCE
7-13 (2013) format. The site class is assumed to be C and the
response modification factor of 3.0 is used. The fundamental
natural period of the model structure along the transverse
direction is computed to be 0.40 s. Table 1 shows the size and
rebar placement for the columns and the connection beams in
the first story of the analysis model structure. The X shaped
shear reinforcement composed of eight D13 rebars is provided
in the connecting beams as shown in Fig. 3 to prevent shear
failure prior to bending failure.

3.2 Analysis Modeling of the Structure

The staggered walls are modeled as deep beams using the
General Wall fiber elements provided in the PERFORM 3D
(2006) as shown in Fig. 4. The stress—strain material model of
Paulay and Priestley (1992) is used for concrete as shown in
Fig. 5a, in which the ultimate and yield strengths of concrete
are 24 and 14 MPa, respectively, and the residual strength is
defined as 20% of the ultimate strength. The strain at the
ultimate strength is 0.002, and the ultimate strain is defined as
0.004. The reinforcing steel is modeled with bi-linear force—
deformation relationship with the ultimate strength of
400 MPa as shown in Fig. 5b. The shear stress—strain rela-
tionship of the staggered wall is modelled by bi-linear lines
with yield and ultimate strains 0f 0.004 and 0.012 respectively.
Overstrength factors of 1.5 and 1.25 are used for concrete and
reinforcing steel, respectively, in the nonlinear static and
dynamic analyses.

Fig. 1 Schematic view of a staggered wall structure with
middle corridor.
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Fig. 2 Structural plan and elevation of the analysis model structure. a Structural plan and b elevation.

Table 1 Member size and rebars of the first story exterior
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Fig. 3 X-shape rebars in the connecting beams.
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Fig. 5 Nonlinear models for reinforced concrete. a Concrete and b reinforcing steel.
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Fig. 7 Hysteresis loop of columns provided in the Perform
3D.

calculated using the expected material properties. The limit
states defined in the ASCE/SEI 41-13 such as immediate
occupancy (IO), life safety (LS), and collapse prevention
(CP) are indicated in the curve. The back bone curve is tri-
linear and M, is assumed to be 80% of M,. The unloading
stiffness was modeled to be equal to the initial elastic stiff-
ness. The energy degradation factor was set to be zero,
which results in the same unloading and reloading lines. The
analysis model for connecting beams located between the
two staggered walls are composed of two end rotation type
moment hinges and a middle shear hinge as shown in Fig. 8.

Elastic segments

Moment hinge Rigid-plastic shear hinge

Fig. 8 Modeling of connecting beams.

Figure 9 shows the nonlinear model for connecting beams
defined in ASCE/SEI 41-13.

3.3 Seismic Performance of the Strength-
Designed Structure

To investigate the seismic performance and the collapse
mode of the model structure, pushover analysis is carried out
with the lateral load gradually increased proportional to the
fundamental vibration mode shape vector. Figure 10 depicts
the pushover curve which presents the base shear—roof dis-
placement relationship of the model structure. The points of
major plastic hinge formations and the maximum inter-story
drift of 2.5% are marked on the pushover curve. It is noticed
that plastic hinges occur first at the 5th story connecting
beams. After reaching the maximum strength, the strength
drops abruptly due to the formation of plastic hinges at the
5th story columns. Further strength drop occurs due to for-
mation of plastic hinges at the 4th story columns. It can be
observed that the maximum roof drift of the model structure
at the major strength drop is significantly smaller than that of
the structure at the maximum allowable inter-story drift of
2.5%. This implies that the strength-designed structure may
not have enough ductility to satisfy the required seismic
performance. Figure 11 shows the plastic hinge formation in
an exterior frame and the adjacent interior frame at the
maximum inter-story drift of 2% of the story height. The
magnitude of the plastic rotation is also indicated as a per-
centage of the rotation corresponding to the CP state. It can
be observed that many plastic hinges exceeding CP state
form at the upper story columns and the plastic deformations
in the connecting beams are relatively small. Based on the
observation, it can be concluded that a typical staggered wall
structure designed by current design code behaves as a
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Fig. 9 Nonlinear model for connecting beams. a Moment-rotation relationship and b shear force—deformation relationship.
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Fig. 11 Plastic hinge formation in the strength-designed
structure at the maximum inter-story drift ratio of 2%.

strong beam weak column system when it is subjected to a
seismic load.

4. Capacity Design Procedure

It is observed in the previous section that structural dam-
age is concentrated in the exterior columns rather than in the
connecting beams in the staggered wall structure designed
following the code-based approach. In this section a capacity

design procedure is applied to achieve the strong column-
weak beam design of the model structure so that the damage
in columns and the brittle failure mode observed in the
conventional design are prevented. To this end the model
structure is designed in such a way that the plastic hinges are
concentrated at the connecting beams while the other
members remain elastic. Similar approach has been suc-
cessfully applied to the design of special truss moment
frames by Chao and Goel (2006), who designed the special
segment in the truss girders using the plastic design proce-
dure. The design process was adopted to the AISC Seismic
Provisions (2010).

The capacity design of the staggered wall system starts
from the design of the connecting beams based on their
required flexural strength at the ends. The target deformation
is set to be 2% of the story height in each story. The target
deformed shape and the desired plastic hinge formation are
depicted in Fig. 12. The required total bending capacity of
plastic hinges formed at the end of the connecting beams,
>, My, can be calculated from the following equilibrium

Fig. 12 Desired deformed configuration of the model
structure.
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equation of the internal and external works (Chao and Goel
2006):

Zn:Fi(S[ = 2M 0, +2 Z M0, (1)
i=1

i=24,.

where F; is the equivalent seismic load obtained using the
vertical seismic force distribution method in the ASCE 7-13,
0; = 0,h;, h; is the height from the ground to the ith story, M, is
the required plastic moment of the connecting beams in Level i,
M, is the required plastic moment of columns in the first story, L
is the length of the transverse side of the structure, L, is the length
of the connecting beam, 0, is the given target drift, and (9; is the
rotation of the connecting beam which is LL,,GP' In the above
equation the lateral seismic force and the geometric information
of the model structure are given values and the moment
capacities of the columns and the connecting beams are to be
determined. The moment capacity of the first story columns,
M,,., can be obtained from the equivalence of the external and
internal works assuming that plastic hinges form at the base and
the top of the first story columns. In this study the total moment
capacity of the connecting beams obtained above is distributed
to each story proportional to the seismic story shear as follows:

My = Zn A ZMI” (2)
i=2,4,... V i=

where V; is the story shear in level i. The connecting beams
in each story can be designed using the required moment
capacity determined above using a resistance factor specified
in the design code. It is expected in this design process that
most connecting beams yield when a given lateral drift
occurs in the structure.
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Fig. 13 Free body diagram of the model structure.

the combination of factored gravity loads and the maximum
vertical shear force developed at the connecting beams, 7,
which is obtained as follows:

2RM,,
pr Lh

2M,),

= ©)

where R, is the overstrength factor of 1.25 recommended in
the ACI 318-14 (2011). The required balancing lateral forces
applied on the left and right free bodies can be obtained as
follows, respectively, using the moment equilibrium:

In this study the total lateral forces obtained above are
vertically distributed using the vertical distribution factor
specified in the ASCE 7-13. The seismic story forces acting
on the left- and right-hand side free bodies used to design the
members outside the vierendeel panel are obtained as
follows:

n n n L‘zv n
Zi:2,4ﬁ6.“ (MPV)i +Ly- Zi:2.4, Vit 2 Zi:2,4,6.“ wi + Mpc
> (F), = i (4)
i=1 Zi:l hi
n n L2 n
ZizzAA,ﬁ“. (Mp); + L - 300 246.. 712" Zi:zA,ém Wi+ M.
> (), = S (5)
i=1 i=1 "
Once the beams are designed using the plastic moment n
obtained in Eq. (2), the next step is to design the exterior (FL); = Cu (F1), (6)
columns and staggered walls in such a way that they remain =1
elastic when the connecting beams yield. The staggered n
walls, which are deep beams with depth of the story height, (Fr);=Cyw > (Fr); (7)

have significantly large stiffness and bending and shear
capacities, and therefore remain elastic at application of
design seismic load. Figure 13 shows the free body diagram
of a frame of staggered wall structure when all connecting
beams yield. To concentrate the plastic hinges at the con-
necting beams when subjected to seismic load, the elements
other than the connecting beams should be designed to resist

The vertical distribution factor at level x, C,,, specified in
the ASCE 7-13 is given by

(8)
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where w, is the effective seismic weight of the structure at
level x, A, is the height from the base to level x, and £ is an
exponent related to the structure period. The structural
elements other than the connecting beams are designed to
respond elastically for the gravity loads and the lateral load
computed above. The size and rebars of the first story
columns and the second story beams of the structure
designed by the capacity design procedure (model CD) are
presented in Table 1. It can be observed that the column
sizes of the model CD are slightly increased and the lon-
gitudinal rebars in the connecting beams are slightly
reduced compared with those of the strength designed
structure (model SD). According to the eigenvalue analysis
results, the fundamental natural period along the transverse
direction is 0.41 s, which is almost the same with that of
the model SD.

Figure 14 shows the pushover curve of the model CD, in
which it can be observed that both the yield and the
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maximum strengths of the structure are smaller than those
of the model SD. As in the model SD, the first yield of the
model CD occurs at the 5th story beam. However the
major drop of strength occurs as a result of yield of the 4th
story beam, and the residual strength is larger than that of
the model SD. Figure 15 depicts the maximum inter-story
drifts of the model structures at the point of the maximum
strength and at the maximum inter-story drift of 2.5%
obtained from pushover analysis. It can be noticed that
large inter-story drifts occur at mid-height, and the drift
patterns of the strength and the capacity-designed structures
are similar to each other. Figure 16 depicts the plastic
hinge formation in the model structures at the maximum
inter-story drift of 2.5% of the story height. It can be
observed that, even though the drift patterns are similar to
each other, the plastic hinge formations which cause the
drift are quite different. In the model SD, most columns are
subjected to CP (collapse prevention) level plastic defor-
mation, whereas significant plastic deformations are con-
centrated in the connecting beams in the model CD. Even
though the plastic hinge formation and the failure mode
correspond well with those assumed in the design stage of
the model CD, significant increase in ductility cannot be
achieved due mainly to the insufficient plastic rotation
capacity of the beams. In the following section the
validities of two different seismic retrofit schemes are
investigated for enhancing seismic-load resisting capacity
of the staggered wall structure.

5. Seismic Retrofit Schemes for Staggered
Wall Structures

5.1 Addition of Interior Columns

In a typical staggered wall structure, columns exist along
the perimeters in the longitudinal direction and the con-
necting beams are located in alternate floors between two

(b)

—@—— Strength designed model
e -\ Capacity designed model

| I
0 T T T

0 0.01 0.02
Interstory drift ratio

0.03

Fig. 15 Maximum inter-story drift ratio of the model structures obtained from pushover analysis. a At maximum strength and b at
maximum inter-story drift of 2.5%.
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Fig. 16 Plastic hinge formation in the model structures at the
and b capacity designed model.

staggered walls. As a means of enhancing seismic load
resisting capacity of the system, internal columns with
200 x 600 mm in cross section reinforced with 4-D19
rebars are added along the corridor. In the stories where
staggered walls exist, the internal end of the wall is rein-
forced as a column. The internal columns are continuous
from the second to the top stories, and are designed to resist
only seismic load. In the structure with interior columns,
connecting beams can be placed in every story between the
internal columns. Figure 17 shows the structural plan and
elevation of the analysis model structure with interior col-
umns (model CD_IC). The same capacity design procedure
applied previously to design the model CD is applied to the
design of the retrofitted structure with internal columns. The
energy equilibrium equation applied in this model is similar
to that of the original model, except that the deformation of
each connecting beam located every story contributes to the
internal work as follows:

n

z”:Fia,» =2Mpcl, +2 > Myl (9)
i=1

i=12,.

Also the required balancing lateral forces, obtained simi-
larly to Egs. (4) and (5) considering the plastic moments of
the added connecting beams, are applied to the design of the
interior as well as the exterior columns. The member sizes of
the model structure with interior columns are presented in
Table 1, where it can be observed that both the column size
and the beam rebars decrease as a result of the addition of
interior columns. The fundamental natural period along the
transverse direction is reduced to 0.31 s due to the increased
stiffness.

5.2 Addition of Rotational Friction Dampers

In the second retrofit scheme, rotational friction dampers
are installed at the ends of connecting beams as shown in
Fig. 18a. Figure 18b depicts the bending moment—rotation
relationship of a typical rotational friction damper. The
insertion of rotational friction dampers significantly
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Fig. 17 Analysis model structure with interior columns.
a Structural plan and b structural elevation.

increases the rotational capacity of the connecting beams.
Rotational friction dampers can be manufactured to have
larger deformation and energy dissipation capacity than
those of typical plastic hinges formed at beam ends. They
also can be reused after experiencing small to medium
earthquakes. The effectiveness of the friction dampers has
been verified by many researchers. Morgen and Kurama
(2008) carried out a seismic response evaluation tests of
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Fig. 18 Rotational friction damper considered in this study.
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Table 2 Member size and rebars of the second story cou-
pling beams in the frame A.

Model Longitudinal bar
Top Bottom
SD 5-D22 5-D22
CD, CD_FD 5-D13 5-D13
CD_IC 2-D19 2-D19

unbonded posttensioned precast concrete moment frames
with friction dampers at selected beam ends. Mualla et al.
(2010) developed a rotational friction damper which can
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produce maximum friction force as high as 5000 kN
(Table 2).

For model structures with rotational friction dampers at the
ends of connecting beams, the same capacity design proce-
dure is applied to lead the formation of plastic hinges in the
connecting beams where the friction dampers are installed.
The slip forces of the dampers are determined in such a way
that their moment capacities are equal to the maximum
moment of the connecting beams. To ensure yielding of
dampers prior to other structural elements when the model
structure is subjected to design seismic load, the structures
are designed in such a way that the plastic hinges are con-
centrated at the connecting beams and the other members
remain elastic. The failure point of the friction dampers at
which the friction force is lost is conservatively assumed to
be 0.3 rad based on the experimental results of rotational
friction dampers (Chung et al. 2009).

5.3 Seismic Performance of the Retrofitted
Structures

Figure 19 shows the pushover curves of the model struc-
ture retrofitted with the two schemes described above. The
pushover curve of the performance or capacity-designed
structure (model CD) is also presented for comparison. The
pushover curve of the structure with interior columns (model
CD IC) is presented in Fig. 19a, where it is observed that
the maximum strength is significantly increased due to the
addition of the interior columns. The roof displacement at
the maximum inter-story drift of 2.5% is larger than that of
the model CD, which is more desirable in the sense that
plastic damage is not concentrated in a few stories but is
more uniformly distributed. Figure 19b depicts the pushover
curve of the model with friction dampers at beam ends
(CD_FD). It can be observed that, as the yield moments of
the friction dampers are equal to those of the beam ends of
the model CD, the yield strengths of the two models are
similar to each other. However, as the rotational capacity of
the friction dampers is much larger than that of the con-
nection beams, ductility is significantly increased compared
with the model CD. The increase in the roof displacement at
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Fig. 19 Pushover curves of the retrofitted staggered wall structures. a Model CD_IC and b Model CD_FD.

International Journal of Concrete Structures and Materials (Vol.11, No.2, June 2017) | 293



O 25%
® 50%
® 75%
® 100%

O 25%
@D 50%

®75%
@ 100%

DS S S

! !

Fig. 20 Plastic hinge formation in the structure with friction dampers. a Model CD_IC and b Model CD_FD.

the maximum inter-story drift of 2.5% is also significant
compared with that of the model CD. Figure 20 shows the
plastic hinge formation in the retrofitted structures at the
maximum inter-story drift of 2% of the story height. It can
be observed that most connecting beams yield as assumed in
the design process. However in the model CD_IC many
plastic hinges also form in the exterior and interior columns,
which results in sharp drop of strength compared with the
behavior of the model with friction dampers.

Figure 21 compares the hysteretic energy dissipated by
each structural element obtained by nonlinear dynamic
analysis of the models CD IC and CD_FD using the
Northridge earthquake ground motion. It can be noticed that
the hysteretic energy dissipated in the beams of the model
CD _IC is only 93% of the total hysteretic energy, whereas
about 99% of the hysteretic energy is dissipated in the
friction dampers in the model CD_FD. This implies that
most structural elements are free from any damage during
the earthquake. It also can be observed that the total hys-
teretic energy is significantly smaller in the model CD_IC
due to the increased redundancy and decreased plastic
deformation.
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6. Seismic Safety of the Model Structures

6.1 Collapse Margin of the Model Structures

In this section the validity of the capacity design approach
and the retrofit schemes for staggered wall structures is
verified by statistical seismic performance evaluation pro-
cedure proposed in the FEMA P695 (2009). In this approach
nonlinear incremental dynamic analyses are conducted to
establish the median collapse capacity and collapse margin
ratio (CMR) for the analysis models. The adjusted collapse
margin ratio (ACMR) is obtained by multiplying the col-
lapse margin ratio (CMR), which is the ratio of the median
collapse intensity (§C\T) and the MCE (maximum considered
earthquake) intensity (S3s7), and the spectral shape factor.
Acceptable values of adjusted collapse margin ratio are
based on total system collapse uncertainty, Pro; and
established values of acceptable probabilities of collapse.

To evaluate the seismic performance of the model structures
following the FEMA P695 process, incremental dynamic
analyses of the model structures are carried out using the 22
pairs of scaled far-field records provided by the PEER NGA
Database (2006). The general procedure for incremental
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Fig. 21 Hysteretic energy dissipated by each structural element. a CD_IC and b CD_FD.
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Fig. 22 Incremental dynamic analysis curves of the analysis model structures. a SD(S/CF:OJ), b CD(S/C?:O.S), c

CD_IC(Scr = 1.1), and d CD_FD(S¢r = 1.3).

Table 3 Estimation of collapse margin of the model structures.

Scr Syir CMR SSF ACMR ACMRq, Pass/fail
SD 0.7 0.25 2.8 1.08 3.1 1.8 Pass
CD 0.8 0.24 3.3 1.09 3.5 1.8 Pass
CD IC 1.1 0.25 44 1.08 47 1.8 Pass
CD_FD 13 0.24 54 1.14 6.1 1.8 Pass

dynamic analysis is well documented in Vamvatsikos and
Cornell (2002). Figure 22 depicts the incremental dynamic
analysis results of the model structures using the 44 earth-
quake records. The collapse margin ratios (CMR) of the model
structures are obtained from the spectral accelerations at which
dynamic instability of the structures occurred for more than 22
earthquake records. The spectral accelerations corresponding
to the 16, 50, and 84% of failure probability are indicated in the
IDA curves. It can be observed that the median collapse
intensity (Scr), which is the 50% probability of failure,
increases in the retrofitted structures. Especially the capacity-
designed structure with rotational friction dampers (model
CD_FD) shows the largest median collapse intensity. Similar

trend can be observed in the other failure probabilities. In this
study the total system collapse uncertainty is evaluated as 0.7
in accordance with Table 7-2 of FEMA P695. Table 3 shows
all parameter values used in the computation of the adjusted
collapse margin ratios of all model structures obtained from
the incremental dynamic analysis results. It can be observed
that the adjusted collapse margin ratios (ACMR) of all model
structures are larger than the acceptable values of ACMR 20%
provided in the FEMA P695 and the parameters used in the
seismic design of the model structures are valid. It also can be
noticed that the collapse margin of the model structure
designed with friction dampers, model CD FD, is signifi-
cantly larger than those of the other model structures.
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Fig. 23 Fragility curves of the model structures for reaching
the state of dynamic instability.

6.2 Fragility Analysis
Fragility analysis is carried out to investigate the failure
probability of each model structure for a given seismic

dynamic instability is considered as the failure state, at
which the stiffness decreases lower than 20% of the initial
stiffness in the incremental dynamic analysis.

Figure 23 depicts the probability of reaching the failure
state, where it can be observed that, for the same spectral
acceleration, the collapse probability is highest in the
strength designed structure (model SD) and is lowest in the
structure with friction dampers (model CD_FD). The
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Fig. 24 Fragility curves of the model structures for reaching the four damage states. a Model SD, b Model CD, ¢ Model CD_IC,
and d Model CD_FD.
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spectral acceleration at the 50% probability of failure (dy-
namic instability) is 0.7 and 1.3 g, respectively, for the
model SD and CD_FD. FEMA P695 requires that the
probability of failure of a structure corresponding to the
MCE level earthquake, which is 3/2 of the design level
spectral acceleration, be smaller than 0.1 so that the seismic
design variables used for the model structures are valid. This
condition is satisfied in all model structures and therefore it
can be concluded that the response modification factor of 3.0
is valid in the seismic design of the staggered wall structure.

Fragility analyses are also carried out for the four damage
states defined in the HAZUS (2010), which are Slight,
Moderate, Extensive, and Complete damage. The Complete
damage state is defined as the maximum inter-story dis-
placement at which the strength decreases to 80% of the
maximum strength in the pushover curve. The states of the
Slight damage and the Moderate damage were defined as the
spectral displacements corresponding to the 70 and the 100%
of the yield point, respectively. The Extensive Damage was
defined as the quarter point from the Moderate to the Complete
damage. Figure 24 depicts the fragility curves of the analysis
model structures, where it can be observed that the structures
designed with friction dampers have significantly lower
probability of reaching the collapse state than the strength-
designed structure. It can be observed that the probability of
the model CD to reach the Moderate damage state is slightly
larger than that of the model SD. However those to reach the
Extensive and the Complete damage states are somewhat
decreased. This implies that the capacity design applied in this
study is only effective for large earthquakes which cause
severe damage to structures. In the model CD IC the

Table 4 Member size and rebars of the first story exterior
columns designed using R = 5.

Model Frame Size (mm) Main bar
SD A 460 x 460 8-D25
B 580 x 580 8-D25
CD A 480 x 480 8D-29
B 580 x 580 8D-29
CD_IC A 480 x 480 8D-29
B 560 x 560 8D-29
CD_FD A 480 x 480 8D-29
B 580 x 580 8D-29

probabilities of reaching the Slight and the Moderate damage
states are somewhat lower than those of the other models, and
those of reaching the Extensive and the Complete damage
states are between the models SD/CD and the CD_FD. The
probabilities of the model CD_FD to reach the Slight and the
Moderate damage states are similar to those of the model SD.
However decrease in the probabilities of reaching the Exten-
sive and the Complete damage states are most significant in
this model.

7. Response of Structures Designed
with Higher R Factor

It is observed in the previous section that both the standard
and the retrofitted model structures designed using the
response modification (R) factor of 3 satisfy the FEMA P695
requirements. In this section all model structures are rede-
signed with increased R factor of 5 (i.e. with reduced seismic
load) and their seismic performances are compared with
those of the structures designed with R = 3. Tables 4 and 5
show the size and rebars of the selected members in the
structure designed using R=5. Figure 25 shows the pushover
curves of the model structures designed with reduced seis-
mic load, where it can be observed that the overall strengths
of all model structures are significantly reduced as a result of
using increased R factor. The strength of the model structure
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Fig. 25 Pushover curves of the model structures designed
using R = 5.

Table 5 Member size and rebars of the second story coupling beams in the frame A designed using R = 5.

Model Longitudinal bar
Top Bottom
SD 3-D19 3-D19
CD, CD_FD 2-D19 2-D19
CD_IC 2-D16 2-D16
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Fig. 27 Fragility curves of the structures designed using
R = 5 for reaching dynamic instability.

with interior columns is the highest among the all model
structures, and the ductility is highest in the structure with
friction dampers. As observed in the previous sections, the
major strength drop of the strength-designed model SD
occurs due to plastic hinges in the exterior columns whereas
the other structures designed by capacity design process fail
by concentration of plastic hinges in beams. These obser-
vations can be verified by the plastic hinge formations at the
maximum inter-story drift of 2.0% presented in Fig. 26,
where it can be noticed that the plastic hinge formations of
the redesigned structures are quite similar to those of the
structures designed using R = 3 except the fact that plastic
hinges are more concentrated in the connecting beams in the
model CD _IC. The plastic hinge formation in the model
CD FD is the same with that of the model CD.

Figure 27 depicts the fragility curves of the four model
structures obtained from incremental dynamic analyses
using the 44 earthquake records. Compared with the fragility
curves of the model structures designed with R = 3 shown
in Fig. 23, the collapse probabilities are significantly
increased in the structures designed using R = 5. It can be
noticed that the collapse probabilities of the models SD and
CD exceed 0.1 which is the limit state specified in the
FEMA P 695 to validate the seismic design parameters used,

while those of the retrofitted structures are still far below the
limitation. Therefore based on the analysis results it can be
concluded that the structures retrofitted with interior col-
umns or friction dampers may be designed using higher R
factor than 3.0.

8. Conclusions

This study investigated the seismic performance of a
staggered wall structure designed with conventional strength
based design, and compared it with the performance of the
structures designed by capacity design procedure. Then the
seismic reinforcement schemes such as addition of interior
columns or insertion of rotational friction dampers at the
ends of connecting beams were validated by comparing their
seismic performances with those of the standard model
structure.

According to pushover analysis, the strength-designed
structure failed due mainly to failure of exterior columns,
whereas in the capacity designed structures major strength
drop occurred due to plastic hinge formation in beams.
Fragility analysis showed that the probability to reach the
dynamic instability was highest in the strength designed
structure and was lowest in the structure with friction dam-
pers. The capacity design applied in this study turned out to
be most effective for large earthquakes which cause severe
damage to structures. In the model with interior columns, the
probabilities of reaching the Slight and the Moderate damage
states were quite significant, and the probability of reaching
the Extensive and the Complete damage states decreased
most substantially in the structure with friction dampers. The
collapse probabilities of all model structures designed with
the R factor of 3.0 were smaller than 0.1, which confirmed
that the seismic design variables used for the model struc-
tures were valid. However in the structures designed with the
R factor of 5.0, the collapse probabilities turned out to be
less than 0.1 only in the structures retrofitted with interior
columns or friction dampers. Based on the analysis results of
the specific analysis model structures considered in this
study, it was concluded that R factor of 5.0 might be used in
the seismic design of staggered wall structures with pro-
posed retrofit schemes, while R factor of 3.0 might be rea-
sonable for standard staggered wall structures.
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