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This paper examines the behavior of reinforced concrete shear wall buildings
subjected to strong earthquake ground motions, with a focus on collapse perfor-
mance. The effect of varying the number of stories, shear wall and boundary
element dimensions, and reinforcement detailing on the seismic collapse fragility
is investigated. The buildings are seismically designed based on the ASCE 7-10
and ACI 318-14 codes with additional provisions for capacity design and
dynamic amplification. The shear walls are modeled using the shear-flexure inter-
action multiple vertical line element model with nonlinear hysteretic material
models. Incremental dynamic analysis is performed to simulate the structural col-
lapse of the two-dimensional building models subjected to the FEMA-P695 set of
far field recorded ground motions scaled to increasing intensity values. For each
building, a lognormal collapse fragility curve is fitted to the results. A collapse
assessment of the studied buildings shows how the seismic performance is sig-
nificantly affected by the varied parameters. [DOI: 10.1193/121717EQS259M]

INTRODUCTION

Recent advances in computational models, tools, and performance-based earthquake
engineering (PBEE) have allowed more realistic evaluation of the seismic performance
of structures and infrastructures and their associated risk. Many of the studies in literature
have focused on the collapse damage state (e.g., Elkady and Lignos 2014, Galanis and
Moehle 2015, Sattar and Liel 2016). In regions of high seismicity, reinforced concrete
(RC) shear walls are often used as lateral force–resisting systems. As a result, it is important
to evaluate the seismic performance of RC shear wall structures for use in a PBEE risk assess-
ment framework. Several recent studies have contributed to the body of literature in this
field. For example, in Nazari and Saatcioglu (2017), shear walls were modeled using
fiber-discretized sections, and incremental dynamic analysis (IDA) was used to generate fra-
gility curves corresponding to three performance levels for four RC shear wall buildings in
Vancouver. In Gogus and Wallace (2015), the seismic performance of 20 special and 20
ordinary RC wall structures with varying heights, seismic design categories, and axial
load levels was evaluated. The walls were also modeled using fiber sections, and static push-
over and IDA were conducted to calculate the collapse margin ratio (CMR) for each structure.
In Kim and Foutch (2007), the collapse performance of five flexure-dominated RC shear wall
buildings with varying heights and bay sizes was evaluated. The walls were modeled using
two vertical springs, representing flexural behavior, and one horizontal spring at the wall
center, representing shear behavior. In Yang et al. (2012), a tall RC core wall building
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was designed using two different approaches. The walls were modeled using inelastic
fiber elements and inelastic shear springs, and nonlinear dynamic analyses were conducted.
The seismic performance of the two designs was compared in the terms of repair costs. In
Kolozvari et al. (2017), three different approaches for modeling RC walls were used to pre-
dict the seismic losses of a 5-story RC shear wall building for three hazard levels.

Generally, the behavior of RC walls is categorized as either shear or flexure controlled,
depending on the wall aspect ratio and shear span-to-depth ratio. However, experimental
studies have shown that flexural and shear yielding may occur simultaneously, suggesting
the presence of shear-flexure interaction. Although the use of fiber-type models allows for the
simulation of this interaction through the biaxial representation of concrete behavior within
each microfiber, studies have shown that the applicability of fiber-type models is limited to
monotonic loading conditions only (Kolozvari et al. 2015b). This study simulates the beha-
vior of shear walls using the shear-flexure interaction multiple vertical line element model
(SFI-MVLEM; Kolozvari et al. 2015a, 2015b, 2015c) to investigate the seismic collapse
performance of 11 RC shear wall buildings. This recently proposed analytical model captures
the cyclic interaction between the axial or flexural and shear responses. Using IDA, this study
develops seismic collapse fragility curves for RC shear wall buildings and investigates their
dependence on varying wall design parameters. The parameters that are varied are (1) the
number of stories, (2) the length of the wall, (3) the length of the boundary elements, and
(4) the spacing of the transverse reinforcement in the boundary elements.

The paper begins by presenting the fictitious shear wall buildings used in the study. The
buildings are designed according to modern seismic codes, namely ASCE 7-10 [American
Society of Civil Engineers (ASCE) 2010] and ACI 318-14 [American Concrete Institute
(ACI) 2014], with additional provisions for dynamic amplification. Variations in reinforce-
ment detailing are then introduced in some of the buildings. Next, two-dimensional (2D)
nonlinear structural analysis models are developed using the OpenSees software (McKenna
et al. 2000) to evaluate the seismic responses. Then the IDA methodology, which is used to
simulate the structural collapse of the studied buildings, is summarized. Nonlinear dynamic
time-history analysis is performed for the 2D structural models subjected to the FEMA-P695
[Federal Emergency Management Agency (FEMA) 2009] set of far field recorded ground
motions scaled to increasing intensity values. For each building design, a collapse fragility
function is derived analytically using the IDA results. The fragility functions are assumed to
have the shape of the lognormal cumulative distribution function and are thus fully defined
by their median and standard deviation. Finally, the effect of varying the selected design
parameters on the collapse fragility functions is evaluated.

DESCRIPTION OF THE SHEAR WALL BUILDINGS

The structures considered in this study are symmetric-plan RC shear wall buildings. A set
of fictitious residential buildings numbered 1 to 11 and located at a Class D (ASCE 7-10,
ASCE 2010) site are studied. All the buildings are assumed to have a constant story height of
3 m and a typical floor plan as shown in Figure 1. Two special RC shear walls with boundary
elements are used in each direction to resist the expected earthquake lateral loads. The 11
building models are varied to allow for the study of the effects of varying the shear wall
design parameters on the corresponding fragility curves of the buildings.
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Building Model Nos. 1, 2, and 3 have 4, 8, and 12 stories, respectively, and are used to
analyze the effects of varying the number of stories on the fragility curves. In Buildings 1, 2,
and 3, the lengths of the shear walls are assumed to be 5 m and 6 m in the longitudinal and
transverse directions, respectively. All the other buildings are variations of the 8-story
building (No. 2), which is considered the benchmark building. Building Model Nos. 4, 5,
and 6 investigate the dependence of the fragility curves on the length of the shear walls.
In lieu of the 6-m shear wall length in the transverse direction, wall lengths of 4.5, 9, and
12 m are used for Building Model Nos. 4, 5, and 6, respectively. Building Model Nos. 7
and 8 study the effects of varying the length of the boundary elements, while Building
Model Nos. 9–11 target analyzing the dependence of the fragility curves on the spacing of
the transverse reinforcement along the longitudinal direction within the boundary elements.

For all the building models, the gravity framing system consists of 20-cm–thick
post-tensioned solid slabs and columns that are proportioned to only resist the gravity
loads. The gravity loads consist of the weight of the structural components, superimposed
dead loads of 5KN∕m2, and live loads of 2KN∕m2, as per the ASCE 7-10 requirements for
residential areas (ASCE 2010). Concrete compressive strength f 0c ¼ 35MPa and reinforcing
longitudinal and transverse steels with yield strength f y ¼ 420MPa are used.

The ASCE 7-10 equivalent lateral force procedure (ASCE 2010) is used to predict the
design seismic loads and their distribution on the floors and elements. Mapped spectral
acceleration coefficients Ss ¼ 1.2 g and S1 ¼ 0.4 g are used for the analysis. The spectral
intensities corresponding to the maximum considered earthquake (MCE) are
SMS ¼ 1.224g at short periods and SM1 ¼ 0.64g at 1 s. The buildings are assigned an

Figure 1. Typical floor plan (except for Building Nos. 4, 5, and 6 that have different wall lengths
in the transverse direction).

SEISMIC COLLAPSE FRAGILITY ANALYSIS OF RC SHEARWALL BUILDINGS 385



importance factor Ie ¼ 1.0. For a building frame system with special RC shear walls, the
response modification factor R ¼ 6, deflection amplification factor Cd ¼ 5, and overstrength
factor Ω0 ¼ 2.5 are considered.

Building Nos. 1 to 6 are designed and detailed in accordance with the special shear wall
requirements of Chapter 18 in ACI 318-14 (ACI 2014). A three-dimensional (3D) model of
each building is developed using Extended 3D Analysis of Building Systems (ETABS) to
estimate the ultimate load cases used for design. The amount and detailing of the reinforce-
ment in each section, length of the boundary elements, need for ties at the boundary elements,
spacing and minimum reinforcement required, etc., are determined to satisfy the minimum
ACI 318-14 code requirements (ACI 2014). For shear reinforcement, the capacity design
concept is used to avoid shear failure and ensure a flexure-controlled response of the
wall; the design shear forces are amplified by the probable moment over-strength factor.
A dynamic amplification factor is also applied on the design shear forces associated with
the probable moment strength. Based on recommendations from Moehle (2014) and the
Structural Engineers Association of California (SEAOC) Seismology Committee (2008),
a dynamic amplification factor w ¼ 0.9þ N∕10 is used for N ≤ 6 and w ¼ 1.3þ N∕30
for N > 6, in which N is the number of stories. The design of Building Nos. 7–11 is simply
obtained by varying the design of the 8-story Building No. 2, namely by (1) increasing the
length of the boundary elements to values different from the minimum code requirements for
Building Nos. 7 and 8, and (2) varying the spacing of the transverse reinforcement in the
boundary element for Building Nos. 9–11. Details of the design process and illustrations of
the reinforcement details for the different buildings are presented in Appendix A of
Allhassania (2017). Note that all the buildings are designed with a similar moment over-
strengthMn∕Mu at the base of the wall in the order of 1.2 to 1.3, in which Mn is the moment
strength calculated per ACI 318-14 (ACI 2014), and Mu is the ultimate moment demand
obtained from the ETABS model.

In this paper, analysis is limited to shaking in the transverse direction; thus only the lateral
load resisting systems in the transverse direction are considered and their 2D models devel-
oped. The main design parameters of the transverse walls of all the considered buildings are
summarized in Table 1 and illustrated in Figure 2. They include the length lw, thickness bw,
and height hw of the wall, the length lbe of the boundary elements, and the spacing s of the
transverse reinforcement along the longitudinal direction in the boundary elements. For each
building, the fundamental period T that is used to calculate the design base shear in the
transverse direction is also listed in Table 1. As allowed by Section 12.8.2 of ASCE 7-10
(ASCE 2010), the fundamental period in the transverse direction obtained from ETABS is
used as T , but an upper bound CuTa is imposed, in which Cu is the coefficient for the upper
limit and Ta is the approximate fundamental period.

ANALYTICAL MODELING

As the building configurations are regular and symmetric, torsional effects on collapse
capacity can be neglected (DeBock et al. 2014), and each building can be represented by a
planar 2D model (ASCE 2010, 2014). For each of the buildings in this study, a 2D structural
analysis model along transverse axis B (or E; see Figure 1) is developed using the open-
source finite element analysis platform OpenSees (McKenna et al. 2000). The model of
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the 4-story building (No. 1) is illustrated in Figure 3. Because this study focuses on seismic
collapse performance, the structural model should be able to adequately simulate the non-
linear behavior of the structural system up to collapse (Haselton et al. 2009). For example, the
model should be capable of capturing large deformations and localized strength and stiffness
degradation effects. Component models should be calibrated to experimental data, focusing
on parameters important for predicting collapse (Haselton et al. 2009).

The analytical models are designed to simulate the seismic responses of the shear wall
and gravity framing system. The wall is assumed fixed at the base level and is modeled using
the SFI-MVLEM (Kolozvari et al. 2015a, 2015b, 2015c), which represents the axial, bend-
ing, and shear behaviors of the wall. The gravity framing system consists of the columns,
which are modeled using elastic elements that are pinned at the base level, and 20-cm post-
tensioned solid slabs. The slabs are considered rigid diaphragms and are modeled using axi-
ally rigid truss elements that connect the wall to the gravity columns at each floor level.

Table 1. Building design characteristics in the transverse direction

Design
No.

No. of
stories

lw
(mm)

bw
(mm)

Wall aspect ratio
hw∕lw

lbe
a

(mm)
sa

(mm)
T
(s)

T1,OpenSees

(s)

1 4 6,000 250 2 475 100 0.33 0.31
2 8 6,000 300 4 830 100 0.74 0.87
3 12 6,000 350 6 1,200 100 1.00 1.67
4 8 4,500 300 5.33 860 100 0.74 1.25
2 8 6,000 300 4 830 100 0.74 0.87
5 8 9,000 300 2.67 1,000 100 0.56 0.51
6 8 12,000 300 2 1,150 100 0.39 0.35
2 8 6,000 300 4 830 100 0.74 0.87
7 8 6,000 300 4 1,000 100 0.74 0.87
8 8 6,000 300 4 1,500 100 0.74 0.87
9 8 6,000 300 4 830 50 0.74 0.85
2 8 6,000 300 4 830 100 0.74 0.87
10 8 6,000 300 4 830 250 0.74 0.89
11 8 6,000 300 4 830 450 0.74 0.89

a At the base of the wall.

Figure 2. Typical section of a special RC shear wall with boundary elements.
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The gravity framing is included in the analytical model only to account for the P-delta effect.
The capacity of the gravity framing in resisting lateral loads is not taken into consideration,
and it is assumed to only carry gravity loads. Each shear wall is assumed to resist an equal
portion of the lateral force; therefore, the model developed is assigned a seismic mass equal to
half the building seismic mass. The seismic masses are lumped at the ends of the wall ele-
ments at each floor level. The mass and initial stiffness proportional Rayleigh damping are
specified, with a damping ratio equal to 2% of critical damping at the initial first- and third-
mode periods of each structure. The potential effects of soil-structure interaction are not taken
into consideration in the model. For each OpenSees model, the calculated fundamental period
T1 is also listed in Table 1. More details regarding the models of the materials and shear walls
are provided in the following sections.

MATERIAL MODELS

The stress-strain behavior of reinforcing steel is represented using the nonlinear model
proposed by Filippou et al. (1983), which is based on the Menegotto-Pinto model (1973). The
model incorporates cyclic degradation, can accurately simulate the observed experimental
cyclic behavior of reinforcement, and captures features of the hysteretic response of reinfor-
cing steel bars, including the Bauschinger effect and kinematic and isotropic strain hardening.
The Steel02 OpenSees command is used with a yield strength f y ¼ 420MPa and strain hard-
ening ratio b ¼ 0.015. The modeling parameters and details of their calibration, including
modifications for vertical bars suggested by Belarbi and Hsu (1994) to account for the tension
stiffening effect, are presented in Allhassania (2017).

The Chang and Mander model (1994) is used to simulate the hysteretic behavior of con-
fined and unconfined concrete under cyclic compression and tension. This model is imple-
mented in the ConcreteCM OpenSees command. The monotonic curves that form the
envelopes of the stress-strain behavior are calibrated for selected values of peak stress, strain
at peak stress, and modulus of elasticity. The envelopes for confined and unconfined concrete
in compression are calibrated using the model presented by Mander et al. (1988). Concrete

Figure 3. 2D model of the 4-story building (No. 1).
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compressive strength f 0c ¼ 35MPa is used for unconfined concrete. The confined concrete
properties are determined based on the area, configuration, and spacing of the transverse
reinforcement (Mander et al. 1988). The tensile properties of concrete and the shape of
the tension envelope are calibrated to reasonably account for the tension stiffening effect,
as suggested by Belarbi and Hsu (1994). The modeling parameters used and details of
their calibration are presented in Allhassania (2017).

SHEAR WALL MODEL

Several modeling techniques have been used to model the nonlinear response of RC shear
walls. These include concentrated plasticity models, fiber (or distributed plasticity) models
(Gogus and Wallace 2015, Vásquez et al. 2016), multiple vertical line element models
(MVLEM; Orakcal and Wallace 2006, Orakcal et al. 2004), and more complex and com-
putationally demanding finite element models (e.g., Ayoub and Filippou 1998). In the
MVLEM approach, an RC shear wall is represented using a stack of MVLEM elements
(Orakcal and Wallace 2006, Orakcal et al. 2004). As illustrated in Figure 4a, an
MVLEM element consists of (1) two rigid beams at the top and bottom levels, (2) a series
of uniaxial elements (macro fibers) that connect the beams and simulate the axial and flexural
responses based on the uniaxial stress-strain relations of the constitutive materials, and (3) a
shear spring at a specified height that simulates the shear response.

To simulate the structural collapse in this study, RC shear wall elements are modeled
using the SFI-MVLEM (Kolozvari et al. 2015a, 2015b, 2015c). This recently proposed
analytical model is able to capture nonlinear shear deformations and their coupling with
nonlinear flexural deformations under cyclic loading. It can also capture the overall load-
displacement hysteretic response of a wall, including the relative contribution of shear defor-
mations to the lateral top displacement of the wall. Contrary to other modeling approaches,
including the MVLEM, the SFI-MVLEM accounts for shear cracking. Shear cracking can
induce considerable shear deformation in the plastic hinge region and can consequently affect
the overall deflection of a wall, even for walls dominated by flexure. The SFI-MVLEM was

Figure 4. Implementation of the panel element into the MVLEM (reprinted from Kolozvari et al.
2015b): (a) Original MVLEM; (b) RC panel element; and (c) SFI-MVLEM.

SEISMIC COLLAPSE FRAGILITY ANALYSIS OF RC SHEARWALL BUILDINGS 389



calibrated to experimental data and shown to adequately simulate the behavior of slender RC
wall specimens at both global and local response levels for a broad range of experimental data
(Kolozvari et al. 2015c).

To capture shear-flexure interaction, the SFI-MVLEM incorporates RC panel behavior
into 2D fiber-based macroscopic elements. As illustrated in Figure 4c, for each macrofiber,
the uniaxial element in the original MVLEM is replaced by an RC panel element subjected to
membrane actions (Kolozvari et al. 2015a). The shear spring is not included; shear behavior
is directly captured based on the properties of the membrane elements and is coupled with the
flexural behavior (Kolozvari et al. 2015a, 2015b, 2015c). This coupling of flexural and shear
responses at the macrofiber (or panel) level also extends to the model element level.

To model the shear walls in this study, two SFI-MVLEM elements, each consisting of six
macrofibers, are used per floor. The two exterior macrofibers represent the confined
boundary elements, while the interior macrofibers represent the unconfined web. Other
model parameters include: (1) the location of the centroid of rotation along the height of
each SFI-MVLEM element, taken as c ¼ 0.4 in this study; (2) the stiffness coefficient of
the reinforcement dowel action, taken as α ¼ 0.01; and (3) the aggregate interlock friction
coefficient, taken as η ¼ 1.0. These values are selected following Kolozvari et al. (2015b).

One of the limitations of the SFI-MVLEM is that it assumes a perfect bond between the
concrete and reinforcing steel bars; it does not account for the effect of anchorage slip on the
predicted model responses and the extension of the flexural reinforcement at the interface
between the bottom of the shear wall and support (Kolozvari et al. 2015c). A study conducted
in Allhassania (2017) showed that the inclusion of anchorage slip has a negligible effect on
the local and global responses of the shear walls considered, even at high ground motion
intensities. Therefore, the anchorage slip effect is not considered in this study. Another lim-
itation of the SFI-MVLEM is that it is unable to explicitly simulate some of the critical failure
modes, namely, those associated with the buckling or fracture of longitudinal reinforcement,
lateral instability of the wall boundary region (out-of-plane buckling), or sliding shear failure
near the base of the wall (Kolozvari et al. 2015c). Until improved or new constitutive models
are developed (e.g., to account for rebar buckling, fracture, and sliding shear), such nonsi-
mulated failure modes have to be checked by postprocessing the results.

FAILURE MODES AND DEFINITION OF COLLAPSE

When subjected to a strong ground motion, a structure may collapse because of dynamic
instability or a loss in the vertical load–carrying capacity (Haselton et al. 2009). In an IDA
framework, a nonlinear dynamic time-history analysis is performed on a structural model
subjected to a ground motion scaled to increasing intensity values. The IDA curve,
which is a plot of a response variable [e.g., maximum interstory drift ratio (IDR)] versus
an intensity measure (IM) that characterizes the intensity of the scaled ground motion, is
calculated. This IDA curve is then used to determine at which scaling (or IM value) the
ground motion causes structural collapse. For example, the flattening of the IDA curve is
used as an indicator of dynamic instability for moment-frame buildings. However, this cri-
terion may not directly apply to RC shear wall buildings, which tend to have a high initial
stiffness and small P-delta effects (Kim and Foutch 2007). In their seismic collapse assess-
ment of RC shear wall buildings, Kim and Foutch (2007) found that the collapse of columns
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and/or slabs (i.e., the gravity framing) occurs at drift capacities between 5.8% and 10%. For
simplicity, in this study, loss in the vertical load carrying capacity (i.e., collapse of the gravity
framing) of all buildings is assumed to occur when the maximum IDR exceeds 5% and is
identified using the IDA results.

When some failure modes are not simulated by the structural model, the IDA curve alone
is not sufficient to identify collapse; a combination of global and local response parameters
must also be used to account for the nonsimulated failure modes. Note that failure of the
numerical simulation to converge does not indicate collapse (Haselton et al. 2009). Following
Gogus andWallace (2015), collapse because of the buckling or fracture of the reinforcement is
assumed to occur when strains in the longitudinal reinforcement exceed the value 0.05 in
tension or compression. Collapse because of the crushing of concrete is assumed to occur
when the concrete compressive strains exceed the crushing limit, defined as the point at
which the postpeak descending branch in the concrete stress-strain curve reaches the level
of 20% of the peak confined concrete stress [Gogus and Wallace 2015, National Institute
of Standards and Technology (NIST) 2010]. Another nonsimulated failure mode is axial fail-
ure, i.e., loss of the axial load capacity of the wall. Following Gogus and Wallace (2015) and
NIST (2010), axial failure of the walls in the buildings considered is assumed to occur if the
roof drift ratio reaches 5%. Note that this approach of identifying collapse based on the post-
processing of selected local and global responses tends to be conservative because it neglects
the effect of redundancy and force redistribution (Haselton et al. 2009). Also note that the
shear failure mode is assumed to not control the collapse mechanism because capacity design
concepts were used for the shear design of all structures analyzed in this work. Moreover, all
the walls satisfy ϕð0.7Vn,ACIÞ > Vpr, where Vpr is the shear at flexural capacity further ampli-
fied by a dynamic amplification factor, ϕ is the shear strength reduction factor, and 0.7Vn,ACI
is the expected shear strength at failure of relatively slender walls at large flexural displace-
ment ductility demand (Gogus and Wallace 2015). This provides further confidence in the
assumption that shear failure does not occur. Moreover, the shear walls in the 4-, 8-, and
12-story buildings are more likely to be dominated by flexural modes of failure (NIST 2010).

METHODOLOGY FOR SEISMIC COLLAPSE ASSESSMENT

Because of the random nature of earthquake ground motions, together with uncertainties
related to the design, material properties, and modeling of structures (FEMA 2009), the seis-
mic response and performance of a building is uncertain. In this study, only the effect of
ground motion variability is considered. Performance is evaluated probabilistically in a seis-
mic fragility assessment framework. In particular, the seismic collapse performance of the
shear wall buildings is assessed using the IDA method (Vamvatsikos and Cornell 2002).
Collapse fragility curves that describe the probability that a building reaches the collapse
damage state as a function of a ground motion IM are developed (Porter et al. 2007).

The 5% damped first mode spectral acceleration SaðT1, 5%Þ is selected as the IM, fol-
lowing the FEMA-P695 (FEMA 2009) methodology for collapse assessment of buildings,
because it is scalable and generally found to be efficient (Shome et al. 1998). To account for
the natural variability in ground motions, a large number of recorded ground motions is
required for IDA. In this study, the far field ground motion record set that was developed
as a part of FEMA-P695 (FEMA 2009) is used. It consists of 22 pairs of horizontal ground
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motion components, recorded at sites located at distances greater than or equal to 10 km from
the fault rupture and covering a range of earthquake and ground motion properties.

Truncated IDA (Baker 2015), a variant of the originally proposed IDA method
(Vamvatsikos and Cornell 2002), is used in this study. For each of the 11 buildings, the
corresponding structural analysis model is subjected to gradually scaled versions of each
of the selected records, and the structural response is calculated using nonlinear response
history analysis. Following FEMA (2009), the ground motions are first normalized. Then
each is gradually scaled to specified values of SaðT1, 5%Þ, starting from 0.15 g and up
to maximum values between 1.9 g and 2.3 g. The corresponding scale factors applied across
all structures and records fall between 0.2 and 8, which is less than the recommended max-
imum value of 10 (Luco and Bazzurro 2007). Contrary to Vamvatsikos and Cornell (2002),
and to reduce computational time, scaling all the way to the level at which all the used ground
motions cause collapse is not required (Baker 2015).

In each analysis, the response parameters used to identify collapse are monitored, includ-
ing base shear, node displacements, IDRs, moment-curvature relations, and strains, at several
sections along the wall. At any given intensity level, the number of scaled ground motions
that cause the model to reach or exceed the collapse damage state is determined. For each
structure, the largest scaled SaðT1, 5%Þ value used results in a collapse for at least half the
ground motions. The resulting collapse data is then used to develop empirical collapse
fragility curves. Fragility curves are commonly modeled using the lognormal cumulative
distribution function (Porter et al. 2007), which is fully defined by two parameters: (1)
the median; and (2) logarithmic standard deviation. Because truncated IDA is implemented
in this study, the maximum likelihood method is used to estimate the median ŜCT and loga-
rithmic standard deviation β of the collapse intensity (Baker 2015). These parameters define

the collapse fragility function for each building. The median parameter ŜCT represents the IM
value, here SaðT1, 5%Þ, resulting in a 50% probability of reaching the collapse limit. The
lognormal standard deviation β represents the uncertainty in the actual value of the IM
at which the collapse limit is likely to be reached. See Allhassania (2017) for more details.

Following FEMA-P695 (FEMA 2009), the collapse safety of a structure is expressed in
terms of the CMR, which is defined as the ratio between the median collapse intensity
ŜCT and MCE ground motion intensity, SMT . A larger CMR indicates a lower probability
of collapse under MCE ground motions. SMT is the MCE spectral acceleration at the period
of the structure T ¼ minðTETABS, TASCEÞ that is used to estimate the design base shear. For
short-period structures with T ≤ Ts, where Ts ¼ SM1

SMS
¼ 0.523 s in this study,

SMT ¼ SMS ¼ 1.224 g, while for long-period structures with T > Ts, SMT ¼ SM1

T . For each
building, the period T is listed in Table 1; it is repeated later in the paper with the corresponding
values of SMT in tables that also list the estimated collapse fragility function parameters.

SEISMIC BEHAVIOR OF THE BENCHMARK EIGHT-STORY BUILDING

Some responses of the benchmark 8-story Building No. 2 (T1 ¼ 0.87 s) subjected to the
ground motion components recorded at the Beverly Hills Mulhol station during the 1994
Northridge earthquake are illustrated. Figures 5–7 show responses to the first component
scaled down to SaðT1Þ ¼ 0.5 g (scale factor of 0.57). Figure 5 shows the variation with
time of the wall base shear normalized by seismic weight, while Figures 6 and 7 show
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envelopes of the wall lateral displacements normalized by total building height and maximum
absolute IDRs, respectively. Figure 8 shows the moment-curvature responses of the shear
wall elements at the four lowest floors when the building is subjected to the second com-
ponent of another record scaled to SaðT1Þ ¼ 0.5 g (scale factor of 0.63) and SaðT1Þ ¼ 1.1 g

Figure 5. Time history of wall base shear normalized by seismic weight for the benchmark eight-
story building subjected to Component 1 of Ground Motion 1 in the FEMA-P695 far field set
scaled down to SaðT1Þ ¼ 0.5 g (scale factor of 0.57).

Figure 6. Maximum envelopes of wall lateral displacements normalized by total building height
for the benchmark 8-story building subjected to Component 1 of Ground Motion 1 in the
FEMA-P695 far field set scaled down to SaðT1Þ ¼ 0.5 g (scale factor of 0.57).
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(scale factor of 1.37). It can be observed that with a scale factor of 0.63 (Figure 8a), the
responses are linear elastic over the height of the wall, while with a scale factor of 1.37
(Figure 8b), the response in the element at the base of the wall (the critical region of the
wall where yielding is expected) becomes nonlinear and shows hysteretic behavior.

Next, IDA is used to assess the seismic collapse performance of the building. For each
ground motion component and scale factor, the results of the time-history analysis are processed
to determine whether the building collapses. Figure 9 illustrates the identification of the collapse
point based on the maximum IDR. Figure 10 illustrates the identification of the collapse based on
the strain measurements for one of the scaled ground motions. The figure shows plots of the
strain response history in the six vertical elements (or fibers) constituting the SFI-MVLEM ele-
ment at the base of the numerical model of the shear wall in the benchmark 8-story building. For
this building, 63% of the ground motions cause collapse by exceeding 5% IDR, while 37% of
the ground motions cause collapse by exceeding the specified strain limits.

For this building, a full IDA is implemented. The ground motions are scaled up to the
point where the collapse limit is reached by the response of all 44 records in the set. At each
scaling point, the number of ground motions that cause the structure to reach or exceed the
specified collapse limit out of the total number of ground motions that are used is identified.
The ratio of these two values gives the probability of collapse at each IM to which the ground
motions are scaled. The empirical fragility function is the variation of this probability of
collapse as a function of the selected IM.

Using this data, the parameters that define the lognormal collapse fragility function can be
estimated. Two different approaches are used to fit these parameters. The first method is
based on estimating the parameters of the lognormal function that maximize the likelihood

Figure 7. Maximum envelopes of wall IDRs for the benchmark 8-story building subjected to
Component 1 of Ground Motion 1 in the FEMA-P695 far field set scaled down to SaðT1Þ ¼ 0.5 g
(scale factor of 0.57).
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of having this function fit the data. The second approach is based on the method of moments
estimator, in which the mean and standard deviations are estimated using the sample
moments from the provided set of data (Baker 2015). The estimated parameters ŜCT and
β of the collapse fragility functions are presented in Table 2.

It can be observed from Table 2 that both methods yield similar results. However, unlike
the method of moments, the maximum likelihood method does not require that all records
reach the collapse limit; thus it allows a reduction in the number of scaling points in the
analysis. For this reason and to reduce computational costs, truncated IDA and the maximum
likelihood approach are used in this work to fit the parameters of the lognormal fragility
curves for the remaining cases.

PARAMETRIC STUDY

As illustrated for the benchmark 8-story building, the methodology for seismic collapse
assessment described earlier is repeated for each of the 10 other buildings considered. As
described earlier, the different buildings represent variations of several design parameters:

Figure 8. Moment-curvature plots for the shear wall elements at the first four stories of the
benchmark 8-story building subjected to scaled versions of Ground Motion 2 in the FEMA-
P695 far field set: (a) Scale factor of 0.63 and g; and (b) scale factor of 1.37 and g.
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(1) the number of floors; (2) length of the wall; (3) length of the boundary elements; and
(4) spacing of the transverse reinforcement in the boundary element. It is noteworthy that all the
buildings are designed with a similar moment overstrengthMn∕Mu at the base of the wall in the
order of 1.2 to 1.3. The maximum likelihood method is used to fit the median and logarithmic
standard deviation parameters ŜCT and β of the corresponding collapse fragility functions to the
results of the truncated IDA. Moreover, the corresponding CMR ¼ ŜCT∕SMT is calculated. The
CMR is not compared with acceptable thresholds in this paper.

Figure 9. Locating collapse limit based on the maximum IDR in the IDA curves of the bench-
mark 8-story building.

Figure 10. Example strain response history in the six vertical elements (fibers) constituting the
wall element at the base of the benchmark 8-story building. Exceedance of the concrete crushing
and/or reinforcement buckling limits is identified as collapse.
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VARIABLE NUMBER OF FLOORS

First, buildings with the same floor layout but different numbers of stories are considered.
The analysis is performed for the cases of 4, 8, and 12 stories designed following ACI 318-14
(ACI 2014), with additional amplifications of the demands to account for the dynamic
amplification effect and for the capacity design approach (Moehle 2014, SEAOC Seismology
Committee 2008). Table 3 provides the relative distribution of the collapse modes for the
4-, 8- and 12-story buildings (Nos. 1–3). Table 3 shows that as building height increases,
the collapse mode shifts from failure because of exceeding the strain limits in the wall to
collapse of the gravity framing system. Table 4 lists the fitted collapse fragility function
parameters ŜCT and β and CMR values obtained for Building Nos. 1–3. The corresponding
fitted lognormal fragility curves are plotted in Figure 11, as function of (a) SaðT1Þ and of
(b) SaðT1Þ∕SMT . It can be observed from Figure 11a that as the number of floors increases, the
probability of collapse increases. Previous studies on 4-, 8-, and 12-story RC buildings
[e.g., on buildings with special shear walls (Gogus and Wallace 2015) and frame buildings
(Galanis and Moehle 2015)] have found similar trends of an increasing probability of failure
with increases in the number of floors. As the height of the building increases, the effect on

Table 2. Estimated parameters of the lognormal collapse fragility function for the 8-story
building

Median collapse
capacity ŜCT (g)

Lognormal standard
deviation β

Maximum likelihood method 1.66 0.621
Method of moments 1.79 0.574

Table 3. Distribution of collapse modes for variable number of floors

Design
No.

No. of
stories

% of collapse cases
caused by strains

% of collapse cases
caused by IDR

1 4 100 0
2 8 37 63
3 12 9 91

Table 4. Fitted parameters of collapse fragility functions and CMR values for variable number
of floors

Design No. No. of stories T (s) SMT (g) ŜCT (g) β CMR

1 4 0.26 1.22 1.77 0.65 1.45
2 8 0.74 0.86 1.66 0.62 1.92
3 12 1.00 0.64 1.13 0.47 1.77

SEISMIC COLLAPSE FRAGILITY ANALYSIS OF RC SHEARWALL BUILDINGS 397



the stability of the building of the overturning forces because of the P-delta effect becomes
more significant, thus increasing the probability of failure. However, as can be observed from
Figure 11b, the 4-story building is the most vulnerable to collapse under MCE ground
motions; despite its larger median collapse capacity, its lower period results in a
large MCE spectral acceleration SMT and lower CMR. The 8-story building has the largest
CMR.

VARIABLE SHEAR WALL LENGTH

Next, several variations on the design of the 8-story building are considered. In this
section, the length lw of the wall is varied between 4.5 m and 12 m (Building Nos. 4–6);
lw ¼ 6m for the benchmark building. Accordingly, the ratio lw∕Bw of the shear wall length
to the width Bw of the building varies between 1/4 and 2/3. For each value of lw, the building is
redesigned following the same procedures and requirements described earlier. Table 5 lists the
fitted collapse fragility function parameters ŜCT and β and CMR values obtained for the various
wall lengths. The corresponding fitted lognormal fragility curves are plotted in Figure 12. It can

Figure 11. Fitted collapse fragility curves for the 4-, 8-, and 12-story buildings as function of
(a) SaðT1Þ and of (b) SaðT1Þ∕SMT .

Table 5. Fitted parameters of collapse fragility functions and CMR values for variable wall
length

Design No. lw (mm) T (s) SMT (g) ŜCT (g) β CMR

4 4,500 0.74 0.86 1.09 0.61 1.26
2 6,000 0.74 0.86 1.66 0.62 1.92
5 9,000 0.49 1.22 2.65 0.68 2.17
6 12,000 0.34 1.22 2.98 0.70 2.43
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be observed from Table 5 and Figure 12 that as the length of the wall is increased, the median
collapse capacity increases, and the probability of collapse decreases. The CMR also increases
with the length of the wall. One explanation of the observed trends is that as the wall length
increases, the stiffness increases and displacement demands decrease, resulting in lower IDRs
and a reduced probability of collapse.

VARIABLE BOUNDARY ELEMENT LENGTH

In this section, the length lbe of the boundary element is varied to 1,000 and 1,500 mm
(Building Nos. 7 and 8). In the original design, the boundary element length on each side is
lbe ¼ 830mm. Table 6 lists the fitted collapse fragility function parameters ŜCT and β and
CMR values obtained for the various boundary element lengths. The corresponding fitted
lognormal fragility curves are plotted in Figure 13. It can be observed that as the length
of the boundary element increases, the median collapse capacity increases and the fragility
curve shifts to the right, which reflects a decrease in the probability of failure at the same
intensity level. The CMR also increases with the length of the boundary element. The results

Figure 12. Fitted collapse fragility curves for variable wall length as function of (a) SaðT1Þ and
of (b) SaðT1Þ∕SMT .

Table 6. Fitted parameters of collapse fragility functions and CMR values for variable
boundary element length

Design No. lbe (mm) T (s) SMT (g) ŜCT (g) β CMR

2 830 0.74 0.86 1.66 0.62 1.92
7 1,000 0.74 0.86 1.87 0.59 2.16
8 1,500 0.74 0.86 1.96 0.59 2.27
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thus indicate that the collapse performance improves with the increasing length of the bound-
ary element. This improvement is due to the increased ductility resulting from the
larger area of confined concrete in the boundary elements.

VARIABLE SPACING OF TRANSVERSE REINFORCEMENT IN THE
BOUNDARY ELEMENTS

In this section, the spacing s of the transverse reinforcement in the boundary elements is
varied between 50 mm and 450 mm (Building Nos. 9–11) while keeping the same area and
configuration of the transverse reinforcement and the same longitudinal reinforcement. Note
that spacings of 250 and 450 mm (Building Nos. 10 and 11) are not code-conforming. The
value s ¼ 450mm represents the case with no confinement at the boundary element. In the
original design of the 8-story building, s ¼ 100mm. As the spacing of the transverse rein-
forcement is changed, the properties of the confined section vary, namely, the values of the
maximum compressive strength, strain at maximum compressive strength, and maximum
compressive strain. Table 7 lists the fitted collapse fragility function parameters ŜCT

Figure 13. Fitted collapse fragility curves for variable boundary element length as function of
(a) SaðT1Þ and of (b) SaðT1Þ∕SMT .

Table 7. Fitted parameters of collapse fragility functions and CMR values for variable spacing
of transverse reinforcement in the boundary elements

Design No. s (mm) T (s) SMT (g) ŜCT (g) β CMR

9 50 0.74 0.86 1.95 0.64 2.26
2 100 0.74 0.86 1.66 0.62 1.92
10 250 0.74 0.86 1.53 0.54 1.77
11 450 0.74 0.86 1.48 0.61 1.71
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and β and CMR values obtained for the various values of s. The corresponding fitted log-
normal fragility curves are plotted in Figure 14. It can be observed that when the spacing of
the transverse reinforcement in the boundary element increases, the median collapse capacity
decreases and the fragility curve shifts to the left, which reflects an increase in the probability
of failure at the same intensity level. The CMR also decreases as the spacing increases. The
observed trends can be explained by the decrease in ductility capacity with the increasing
spacing s of the transverse reinforcement in the boundary elements (i.e., with reduced con-
finement). Note from Figure 14a that the fitted fragility curve for s ¼ 250mm crosses and
moves to the left of the curve for s ¼ 450mm (i.e., no confinement) at SaðT1, 5%Þ values
above 2 g. The fitted fragility curves tend to be less well constrained at larger IM values
because truncated IDA is used in this study and data is limited to lower IM values.

SUMMARY AND CONCLUSIONS

This study examines the behavior of several RC shear wall buildings subjected to strong
earthquake ground motions with a focus on collapse performance. While most previous stu-
dies in the literature use fiber-type models to simulate shear wall behavior, this work
features the use of the SFI-MVLEM to accurately represent the cyclic interaction between
the axial/flexural and shear responses of the RC shear wall buildings with nonlinear hystere-
tic material models. The SFI-MVLEM was developed to seamlessly capture nonlinear shear
deformations and their coupling with nonlinear flexural deformations under cyclic loading,
and the overall load-displacement hysteretic response of a wall element. Contrary to other
modeling approaches, including the MVLEM, the SFI-MVLEM accounts for shear cracking.
Shear cracking can induce considerable shear deformation in the plastic hinge region and
consequently affect the overall deflection of a wall, even for walls dominated by flexure.

Figure 14. Fitted collapse fragility curves for variable spacing of the transverse reinforcements in
the boundary elements as function of (a) SaðT1Þ and of (b) SaðT1Þ∕SMT .
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The effect of varying the number of stories, wall and boundary element dimensions, and
reinforcement detailing on the seismic collapse fragility is investigated. The buildings are
designed according to modern seismic codes, namely ASCE 7-10 (ASCE 2010) and
ACI 318-14 (ACI 2014), with additional provisions for capacity design and dynamic ampli-
fication. All the buildings are designed with a similar moment overstrength at the base of the
wall. An analytical model is developed for each building using the open-source finite element
analysis platform OpenSees. IDA is performed to simulate the structural collapse of the 2D
building models subjected to the FEMA-P695 (FEMA 2009) set of far field recorded
ground motions scaled to increasing intensity values. For each building, truncated IDA is
implemented, and a lognormal collapse fragility curve is fitted to the IDA results. The col-
lapse assessment of the studied buildings shows that the performance is significantly affected
by the varied parameters.

In particular, and within the limits of this study, the obtained results show that as the
number of floors increases, the median collapse capacity decreases. This decrease can be
attributed to the amplification in overturning forces because of the P-delta effect, leading
to a larger probability of failure. However, the 4-story building is the most vulnerable to
collapse under MCE ground motions because its lower period results in a large MCE spectral
acceleration and lower CMR. Moreover, the obtained results confirm some expected trends,
namely that the seismic collapse performance is improved by (1) increasing the length of the
shear wall, (2) increasing the length of the boundary elements, or (3) decreasing the spacing
of the transverse reinforcement in the boundary elements. These improvements can be attrib-
uted to: (1) an increase in stiffness, resulting in a decrease in displacements and IDRs; (2)
improved ductility capacity because of a larger area of confined concrete in the boundary
elements; and (3) improved ductility capacity because of improved concrete confinement in
the boundary elements.

This study has a few limitations. First, it is limited to symmetric-plan buildings with
rectangular shear walls. Moreover, capacity designs for shear and dynamic amplification
factors were implemented in the design of the studied buildings, which does not necessarily
represent the current state of the practice. Moreover, the SFI-MVLEM is currently unable to
directly capture all modes of collapse. For this reason, some collapse modes are checked by
postprocessing. When the formulation and calibration of the SFI-MVLEM and material con-
stitutive models are improved, e.g., to account for rebar buckling and fracture and sliding
shear, the need for postprocessing might be avoided, and the results of this study could be
improved. Furthermore, for simplicity in this study, structural collapse caused by the gravity
framing is deterministically defined for all the buildings when the maximum IDR exceeds
5%. To improve this study in the future, different limits could be used for buildings of
different heights. Finally, this paper is limited to studying the effect of varying design para-
meters on the median collapse capacity and CMR of structures. Future work will examine the
collapse performance relative to acceptable thresholds.

REFERENCES

Allhassania, N. A., 2017. Fragility Analysis of Reinforced Concrete Shear Wall Buildings,
Master’s Thesis, American University of Beirut, Beirut, Lebanon.

402 M. DABAGHI, G. SAAD, AND N. ALLHASSANIA



American Concrete Institute (ACI), 2014. Building Code Requirements for Structural Concrete
(ACI 318-14) and Commentary on Building Code Requirements for Structural Concrete
(ACI 318R-14), Farmington Hills, MI.

American Society of Civil Engineers (ASCE), 2010. Minimum Design Loads for Buildings and
Other Structures, ASCE/SEI 7-10, Reston, VA.

American Society of Civil Engineers (ASCE), 2014. Seismic Evaluation and Retrofit of Existing
Buildings, ASCE/SEI 41-13, Reston, VA.

Ayoub, A., and Filippou, F. C., 1998. Nonlinear finite-element analysis of RC shear panels and
walls, Journal of Structural Engineering 124, 298–308.

Baker, J. W., 2015. Efficient analytical fragility function fitting using dynamic structural analysis,
Earthquake Spectra 31, 579–599.

Belarbi, A., and Hsu, T. T. C., 1994. Constitutive laws of concrete in tension and reinforcing bars
stiffened by concrete, ACI Structural Journal 91(4), 465–474.

Chang, G. A., and Mander, J. B., 1994. Seismic Energy Based Fatigue Damage Analysis of
Bridge Columns: Part 1 – Evaluation of Seismic Capacity, Tech. Rep. NCEER-94-0006,
State University of New York, Buffalo, NY.

DeBock, D. J., Liel, A. B., Haselton, C. B., Hooper, J. D., and Henige, R. A., Jr., 2014.
Importance of seismic design accidental torsion requirements for building collapse capacity,
Earthquake Engineering & Structural Dynamics 43, 831–850.

Elkady, A., and Lignos, D. G., 2014. Modeling of the composite action in fully restrained
beam-to-column connections: implications in the seismic design and collapse capacity
of steel special moment frames, Earthquake Engineering & Structural Dynamics 43,
1935–1954.

Federal Emergency Management Agency (FEMA), 2009. Quantification of Building Seismic
Performance Factors, Tech. Rep. FEMA-P695, Washington, DC.

Filippou, F. C., Popov, E. P., and Bertero, V. V., 1983. Effects of Bond Deterioration on
Hysteretic Behavior of Reinforced Concrete Joints, Report No. UCB/EERC-83/19, University
of California, Berkeley, CA.

Galanis, P. H., and Moehle, J. P., 2015. Development of collapse indicators for risk assessment of
older-type reinforced concrete buildings, Earthquake Spectra 31, 1991–2006.

Gogus, A., and Wallace, J. W., 2015. Seismic safety evaluation of reinforced concrete walls
through FEMA P695 methodology, Journal of Structural Engineering 141, 04015002-1–
04015002-17.

Haselton, C. B., Liel, A. B., and Deierlein, G. G., 2009. Simulating structural collapse due to
earthquakes: model idealization, model calibration, and numerical solution algorithms, in
COMPDYN 2009 – 2nd International Conference on Computational Methods in Structural
Dynamics and Earthquake Engineering, 22–24 June, 2009, Rhodes, Greece.

Kim, T., and Foutch, D. A., 2007. Application of FEMAmethodology to RC shear wall buildings
governed by flexure, Engineering Structures 29, 2514–2522.

Kolozvari, K., Orakcal, K., and Wallace, J. W., 2015a. Modeling of cyclic shear-flexure
interaction in reinforced concrete structural walls. I: Theory, Journal of Structural
Engineering 141, 04014135-1–04014135-10.

Kolozvari, K., Orakcal, K., and Wallace, J. W., 2015b. Shear-Flexure Interaction Modeling for
Reinforced Concrete Structural Walls and Columns under Reversed Cyclic Loading, PEER
Report 2015/12, Pacific Earthquake Engineering Research Center, Berkeley, CA.

SEISMIC COLLAPSE FRAGILITY ANALYSIS OF RC SHEARWALL BUILDINGS 403

http://dx.doi.org/10.1061/(ASCE)0733-9445(1998)124:3(298)
http://dx.doi.org/10.1193/021113EQS025M
http://dx.doi.org/10.1002/eqe.v43.6
http://dx.doi.org/10.1002/eqe.2430
http://dx.doi.org/10.1193/080613EQS225M
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0001221
http://dx.doi.org/10.1016/j.engstruct.2006.12.011


Kolozvari, K., Tran, T. A., Orakcal, K., and Wallace, J. W., 2015c. Modeling of cyclic
shear-flexure interaction in reinforced concrete structural walls. II: experimental validation,
Journal of Structural Engineering 141, 04014136-1–04014136-12.

Kolozvari, K., Terzic, V., and Saldana, D., 2017. Implications of modeling assumptions on
the loss estimation for shear wall buildings, in Proceedings of 2017 Structures Congress,
6–8 April, 2017, Denver, CO.

Luco, N., and Bazzurro, P., 2007. Does amplitude scaling of ground motion records result in
biased nonlinear structural drift responses?, Earthquake Engineering & Structural Dynamics
36, 1813–1835.

Mander, J. B., Priestley, M. J. N., and Park, R., 1988. Theoretical stress-strain model for confined
concrete, Journal of Structural Engineering 114, 1804–1826.

McKenna, F., Fenves, G., and Scott, M., 2000. Open System for Earthquake Engineering
Simulation (OpenSees), software, University of California, Berkeley, CA.

Menegotto, M., and Pinto, P. E., 1973. Method of analysis for cyclically loaded R.C. plane frames
including changes in geometry and non-elastic behaviour of elements under combined normal
force and bending, in Proceedings, IABSE Congress Reports of the Working Commission
13, Zürich, Switzerland.

Moehle, J., 2014. Seismic Design of Reinforced Concrete Buildings, McGraw-Hill Education,
New York, NY.

National Institute of Standards and Technology (NIST), 2010. Evaluation of the FEMA P-695
Methodology for Quantification of Building Seismic Performance Factors, NIST GCR 10-917-8,
Gaithersburg, MD.

Nazari, Y. R., and Saatcioglu, M., 2017. Seismic vulnerability assessment of concrete shear wall
buildings through fragility analysis, Journal of Building Engineering 12, 202–209.

Orakcal, K., and Wallace, J. W., 2006. Flexural modeling of reinforced concrete walls –

experimental verification, ACI Structural Journal 103, 196–206.
Orakcal, K., Wallace, J. W., and Conte, J. P., 2004. Flexural modeling of reinforced concrete

walls—model attributes, ACI Structural Journal 101(5), 688–698.
Porter, K., Kennedy, R., and Bachman, R., 2007. Creating fragility functions for performance-

based earthquake engineering, Earthquake Spectra 23, 471–489.
Sattar, S., and Liel, A. B., 2016. Seismic performance of nonductile reinforced concrete frames

with masonry infill walls—II: collapse assessment, Earthquake Spectra 32, 819–842.
Shome, N., Cornell, C. A., Bazzurro, P., and Carballo, J. E., 1998. Earthquakes, records, and

nonlinear responses, Earthquake Spectra 14, 469–500.
Structural Engineers Association of California (SEAOC) Seismology Committee, 2008. Reinforced

concrete structures, in SEAOC Blue Book: Seismic Design Recommendations, Report Number
9.01.010, Sacramento, CA.

Vamvatsikos, D., and Cornell, C. A., 2002. Incremental dynamic analysis, Earthquake
Engineering & Structural Dynamics 31, 491–514.

Vásquez, J. A., de la Llera, J. C., and Hube, M. A., 2016. A regularized fiber element model for
reinforced concrete shear walls,Earthquake Engineering& Structural Dynamics 45, 2063–2083.

Yang, T. Y., Moehle, J. P., Bozorgnia, Y., Zareian, F., and Wallace, J. W., 2012. Performance
assessment of tall concrete core-wall building designed using two alternative approaches,
Earthquake Engineering & Structural Dynamics 41, 1515–1531.

(Received 17 December 2017; Accepted 11 August 2018)

404 M. DABAGHI, G. SAAD, AND N. ALLHASSANIA

http://dx.doi.org/10.1002/(ISSN)1096-9845
http://dx.doi.org/10.1061/(ASCE)0733-9445(1988)114:8(1804)
http://dx.doi.org/10.1016/j.jobe.2017.06.006
http://dx.doi.org/10.1193/1.2720892
http://dx.doi.org/10.1193/091514EQS141M
http://dx.doi.org/10.1193/1.1586011
http://dx.doi.org/10.1002/(ISSN)1096-9845
http://dx.doi.org/10.1002/(ISSN)1096-9845
http://dx.doi.org/10.1002/eqe.v45.13
http://dx.doi.org/10.1002/eqe.v41.11

