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ABSTRACT

A mainshock-aftershock sequence can pose a substantial threat to buildings in seismically active areas, especially
those that have already been damaged or weakened by an earlier earthquake. The damage progression and
cumulative damage, as well as degradation of strength and stiffness, may result in a structure collapsing under a
strong aftershock. This study addresses a critical research gap by evaluating the seismic response of corner-
supported steel modular building systems (MBSs) subjected to sequential mainshock-aftershock (MS-AS) sce-
narios. Unlike conventional steel structures, MBSs exhibit distinct dynamic characteristics due to their modular
connections. The current study identifies these limitations and presents the first fragility analysis that is specific
for MBSs. Therefore, this paper aims to analyse the seismic risk assessment of corner-supported steel volumetric
braced MBSs during sequential earthquake events, with emphasis on MS-AS sequences. The study explores how
aftershocks affect the performance of modular buildings, particularly when initial mainshocks have already
caused damage. Based on the equations proposed by FEMA P58, it considers four damage states with respect to
maximum inter-story drift. MBSs are modeled using OpenSees software using the modified Ibarra-Median-
Krawinkler model. The structural responses of MBS models of varying heights (4, 8, and 12 stories) are
captured by a suitable number of nonlinear dynamic analyses using Incremental Dynamic Analysis (IDA). Under
MS-AS sequences, fragility curves can be obtained to quantify the likelihood of surpassing different DSs for MBSs.
The Collapse Margin Ratio (CMR) can be used to assess the resilience of MBSs at different damage states by
examining structural collapse probabilities. Results show that aftershocks significantly increase the likelihood of
collapse of modular buildings, in particular those severely damaged by major earthquakes. Fragility curves
confirm this, indicating an increased collapse probability across all building heights for higher damage states.
When buildings are subjected to aftershock sequences, their CMR values are decreased on average by 9.9 %,
13.17 %, and 6.5% for 4-, 8-, and 12-story MBSs, respectively. The findings emphasize the importance of
incorporating aftershock considerations into MBS design standards to enhance earthquake resilience and safety.

1. Introduction

structural and building failure by destabilizing buildings, bridges, and
other infrastructure [1-5]. Aftershocks can therefore result in consid-

In seismically active areas, mainshock-aftershock sequences are
frequently observed, where a large earthquake (mainshock, MS) is fol-
lowed by multiple smaller earthquakes (aftershocks, AS) within a short
period of time. Aftershocks can cause considerable damage to structures,
especially if these structures have already been weakened or damaged
by the main earthquake. Multiple aftershocks can contribute to further
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erable structural damage and fatalities [3]. In spite of this, the current
seismic design philosophy is primarily concerned with controlling the
dynamic response of structures in the event of a single earthquake
without taking into account the detrimental effects of subsequent
earthquakes [4]. Consequently, it is essential to conduct a comprehen-
sive investigation into the seismic safety assessment of modular
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structures that are subjected to mainshock-aftershock sequences to
implement appropriate seismic protection measures.

Modular Buildings Systems (MBS) is a modern method of construc-
tion (MMC) whereby the various components of steel volumetric
modular units, that include walls, studs, floors, and ceilings, are man-
ufactured off-site efficiently and precisely, and assembled on the con-
struction site to create a single integrated building [5-8]. It offers high
quality, accurate completion timelines, and waste material reduction.
Due to lack of clear regulations or guidelines for design or compliance
criteria, this type of construction is mainly designed based on conven-
tional design guidelines and light modifications where necessary [9].
The seismic risk assessment of MBSs, particularly considering the com-
plex loading scenarios posed by mainshock-aftershock sequences, re-
mains a significant area of research, especially given that the dynamic
properties of such buildings may not be calculated using the relevant
common equations developed for conventional buildings [10].

A volumetric module (container like structure) can be classified
based on its load transfer mechanism either as a load-bearing wall or a
corner-supported frame. In the former module, The four side walls
transfer the gravity load to the base, whereas in the latter one, the corner
posts and edge beams are responsible for transferring the load [11]. In
high-rise buildings, corner-supported modules are commonly used due
to their capacity to carry heavy loads [12]. An MBS is composed of
multiple modular units that are interconnected through inter-module
connections. Inter-module connections include both horizontal and
vertical connections. Vertical connections transfer load between upper
and lower modules, whereas horizontal connections are defined as
connections between adjacent modules [13,14].

Extensive research conducted studying the effects of mainshock-
aftershock (MS-AS) sequences on various types of structures including
hydraulic structures [15-17], transmission towers [18,19], storage
tanks [20], bridges [21], underground structures [22,23], and masonry
structures [24,25]. With regard to the effects of MS-AS sequences on
buildings, Koohfallah et al. investigated various scenarios of the impact
of MS-AS to identify the most effective option for retrofitting a school
building [26]. According to their analysis of the impact of MS-AS on
seismic resilience index of schools, an increase in mainshock damage
results in an increase in repair costs and repair times, which results in a
reduction in the resilience index. Buildings equipped with friction
dampers have been evaluated for seismic performance in MS-AS se-
quences, according to Rayegani et al. [27]. Retrofitted structures with
these dampers showed little impact on the displacements or residual
displacements caused by aftershocks. A fragility framework was devel-
oped by Saed and Balomenos for three corroded steel frame structures
using reduced beam section (RBS) connections influenced by MS-AS
sequences [28]. The researchers concluded that maximum inter-story
drift ratios based on damage states provide more reliable criteria for
determining the seismic fragility curves of SMRF structures than residual
inter-story drift ratios. Another study was conducted to assess the
seismic fragility and loss estimates of self-centering braced frames
(SCBs) [29]. According to their findings, for buildings with single- and
dual-core frames, the probability of collapse increases from 18 % to 28 %
and from 10% to 16 %, respectively, when aftershocks are also
considered. Moreover, they discovered that MS-AS sequences had a
minimal impact on both structures’ maximum absolute floor accelera-
tion. Jalali et al. evaluated the impact of MS-AS sequences on the
collapse of steel plate shear walls (SPSWs) [30]. To evaluate the plastic
behavior of 9-story, 14-story, and 20-story SPSWs in large inelasticity
regions, static-pushover analyses have been conducted, followed by in-
cremental dynamic analyses to assess the collapse capacity under af-
tershocks preceding mainshocks. The web plates provided less
participation for absorbing the aftershock energy in stories where plates
absorbed significant energy during the mainshock. An investigation
based on the collapse mechanisms of Special Steel Moment Frames
(SSMFs) under aftershock events preceded by different levels of main-
shocks was carried out by Torfehnejad and Sensoy [31]. Based on their
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findings, the mainshock damage and the resulting behavioral degrada-
tion of a member reduced the ability for the member to absorb energy at
the point of collapse caused by the aftershock. Shafaei and Naderpour
investigated the collapse capacity of reinforced concrete buildings when
MS-AS impacts are considered [32]. An evaluation of the collapse ca-
pacity of ordinary RC frames with four, eight, and twelve stories was
performed under aftershock earthquakes. The maximum story drift
distribution along the buildings’ heights at collapse states caused by
aftershocks, the failure mechanism of the buildings was not largely
influenced by the damage caused by the main shock. The probabilistic
seismic demand model and structural demand hazard curve were
examined for steel buildings with and without bracing systems incor-
porating shape memory alloys during MS-AS sequences by Shi et al.
[33]. The results demonstrated that a steel frame building equipped with
SMA braces will function more effectively following a major event.
Hassan et al. investigated the response of semi-rigid steel frames to
earthquake ground motions sequences [34]. The aim of this study was to
design and evaluate three semi-rigid frames with various connection
capacities of the beam’s plastic moment, and to evaluate their seismic
performance under the action of MS-AS sequences. Based on the results,
aftershock inclusion increases the liklehood that the frames will reach a
specific damage state or exceed it, mainly because of the period elon-
gation resulting from the induced permanent damage.

Investigating the seismic behavior of steel volumetric MBSs, several
studies have been conducted. Emamikoupaie et al. investigated the ef-
fect of near-field earthquakes on modular steel buildings (MSB) [35].
Fathieh and Mercan studied the seismic performance of MSBs [36].
Batukan et al. studied the Seismic performance of MSBs equipped with
resilient slip friction joints [37]. Annan and Youssef examined the
evaluation of seismic vulnerability in MSBs [38]. Chua et al. studied the
lateral behavior of high-rise steel volumetric MBSs [39]. Peng et al.
investigated the lateral load resistance of multi-story modular structures
[40]. Lacey et al. studied the lateral behavior of MSBs using simplified
models of novel inter-module connections [41]. Although these studies
have opened new insights into the seismic performance of MBSs, all the
investigations mentioned above take ground motion input only from
mainshocks. There has been evidence, however, that most earthquakes
with higher magnitudes are often accompanied by a series of aftershocks
within a short period of time [4]. The literature lacks comprehensive
studies specifically investigating the seismic performance of MBSs under
mainshock-aftershock sequences. Existing research often focuses on
single earthquake events, neglecting the cumulative damage effects of
multiple seismic events.

The endeavor to evaluate the effect of earthquake sequences on this
type of building can make a meaningful contribution to complement
previous studies of the seismic performance of MBSs.

Based on the abovementioned discussions, the main objective of this
study is to investigate the seismic risk assessment of modular building
systems considering the effect of sequential earthquake ground motions.
For this, three steel corner supported braced frame MBSs with 4-, 8-, and
12-story are subjected to the MS-AS earthquakes. Incremental dynamic
analysis (IDA) is performed using a suite of mainshocks and aftershocks
records to capture the nonlinear seismic response of MBSs including
maximum inter-story drift, residual drift ratio, and roof drift. Then, a
seismic fragility assessment curve is developed for the steel-braced
frame MBSs under the MS-AS sequence. Finally, the collapse capacity
of the MBSs is quantified by determining the value of the collapse
margin ratio. This study can provide a reference for the seismic risk
assessment and safety evaluation of MBSs.

2. Methodology
2.1. Incremental Dynamic Analysis (IDA)

IDA is commonly used to calculate EDPs for buildings under MS and
MA-AS sequences, as well as to develop the capacity curves of the
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Table 1

considered IDR for each Damage state based on RIDR limit states.
MBS story DS1 (%) DS2 (%) DS3 (%) DS4 (%)
4-story 1.5 2.5 3.0 4.0
8-story 2.0 3.0 4.0 5.0
12-story 2.0 3.0 5.0 6.0

buildings [42]. A collection of chosen ground motion records is
employed to perform multiple nonlinear time-history (NLTH) analyses
on the selected structures. The ground motion records are scaled
incrementally to a specific seismic intensity and a dynamic NLTH
analysis is carried out to capture the structure’s entire response from
elastic behavior to collapse [43]. Based on the assumption that the steel
MBSs are located far away from active faults, far-fault earthquake re-
cords are used to evaluate them in this study. To determine the collapse
point, two criteria are considered. According to FEMA 350 [44], an
initial collapse criterion is the intensity level where the local slope of the
IDA curve drops below 20 % of its initial slope. A second criterion is
determined by the transient inter-story drift ratio and residual drift ratio
of the collapse point, in accordance with the damage states defined in
the next sections.

IDA is performed using two methods. A fixed-step method involves
incrementally scaling records with constant values (normally with 0.1 g
intervals). While the fixed-step method is simple and straightforward,
however, it may not provide accurate results at collapse points. There-
fore, another method that is more efficient and accurate, and the IDA
curve is drawn with sufficient accuracy and speed, is the hunt and fill
algorithm [43]. The Hunt and Fill algorithm was preferred over a
fixed-step method due to its higher computational efficiency and ability

Table 2
Details of selected Ground motions.
Record Event Year Station M,  PGA PGV
No. (® (cm/s)
1 Northridge 1994  Beverly Hills 6.7 0.41 58
Northridge 1994  Canyon 6.7 0.48 45
Country
3 Duzce, 1999 Bolu 7.1 0.73 56
Turkey
4 Imperial 1979  El Centro 6.5 0.36 34
Valley
5 Kobe 1995  Shin-Osaka 6.9 0.24 38
6 Kocaeli 1999  Duzce 7.5 031 59
7 Kocaeli 1999  Arcelik 7.5 0.22 17
8 Cape 1992  Rio Dell 7.0 0.55 44
Mendocino Overpass
9 San Fernando 1971  LA-Hollywood 6.6 0.21 19
Stor
10 Hector Mine 1999 Hector 7.1 0.34 42

to adaptively capture structural responses near collapse, reducing un-
necessary analyses at low-intensity levels and improving numerical
stability. In this approach, to minimize the number of analyses, each
record is scaled to cover all structural responses using this algorithm. As
the structure reaches its ultimate state (collapse point), additional ana-
lyses are conducted at lower IM levels to improve the IDA curve’s
accuracy.

IDA process with hunt and fill algorithms consists of three steps. The
first step, known as the Hunt stage, consists of reaching the ultimate
damage limit state as quickly as possible. To accomplish this, scaling
records are increased progressively as shown in Eq. (1). During this
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Fig. 1. Illustration of the process involved in developing MS-AS fragility curves for MBSs.
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Table 3
Section sizes for archetypes (units in inch).
4-story 8-story 12-story
Members Story 1-4 Story 1-4 Story 4-8 Story 1-4 Story 4-8 Story 8-12
Column 595912 898538 696H5_16 999958 999958 797912
Floor beam 494938 59591 4 59591 4 59595_16 59595_16 5959516
Ceiling beam 494H5.16 494914 49491 4 49491 4 494914 4H4H1 4
Brace 59591 4 79791 4 59591 4 69691 2 69691 2 595912
Table 4
Stiffness properties of inter-connection.
Connection type HC vC
Y (KN/m) Z (KN/m) R (KN.m/rad) Y (KN/m) Z (KN/m) R (KN.m/rad)
Stiffness value 388,625 680,844 26,456.81 1,620,745 323,416 26,456.81

stage, two points are determined, including the collapse point and the
non-collapse point. It is worth noting, however, that the value of the
collapse point is not reliable at this stage.

IMpew=IMoig+n.AIM @

The Bracket stage determines the accurate collapse point after
determining the interval between collapse (C) and non-collapse (NC)
points. Based on Eq. (2), this interval becomes small and an accurate
collapse point can be determined. It should be mentioned that in this
study, the tolerance value of 0.05 is considered in this study to indicate
the end of this stage.

IMpew=IMnc+ (Imc-IMnc)/3 ()]

To ensure that the accuracy is improved at the lower levels of
considered IM, during the final stage of the process, known as the Fill
stage, further analyses are conducted at intermediate IM levels.

2.2. Intensity Measures (IMs) and Engineering Demand Parameters
(EDPs)

An engineering demand parameter (EDP) represents the seismic
response characteristics of a structure. Engineering demand parameters
are primarily determined by two parameters: the peak Inter-story Drift
Ratio (IDR), and peak residual inter-story drift (RIDR) which is another

Gusset
connection

End plate for HC

Bolts for

Intra-modular
connection

Bogi: for jiﬁi

for VC

Fig. 5. Vertical and horizontal IMC details [56].

important metric to identify potential damage levels and assess
resilience.

According to previous studies, it is crucial to choose appropriate
intensity measures, which will be scalable and represent the main
characteristics of an earthquake, including its amplitude, duration, fre-
quency content, etc. In addition, it should have the greatest correlation
with EDPs. To include the structure’s period time and damping pa-
rameters in the scaling, spectral acceleration at the first mode was
selected as IM. The previous study of optimal IMs for steel modular
buildings also found that S,(T;,5 %) is the optimal IM for steel modular
buildings [9].

2.3. Fragility assessment

It is crucial to calculate fragility curves after a mainshock and an
aftershock sequence in order to determine structural vulnerability as
together they take into account cumulative damage and the deteriora-
tion of structural capacity. These curves provide probabilistic estimates
of damage states post-mainshock, which aid in assessing failure risks and
guiding resilient design strategies that will ensure safety in the event of
repeated earthquakes.

Fragility curve is developed based on statistical analysis of structural
response data obtained from nonlinear dynamic analyses of the structure
under different earthquake intensities. IDAs are conducted with a suite
of earthquake ground motion recordings for the generation of fragility
curves to represent different seismic intensity levels, and appropriate
damage states are determined based on EDP, which is a direct reflection
of structural damage. Then, a probabilistic calculation of the likelihood
that the structural response will exceed the predefined threshold is
performed for each limit state under different levels of Intensity Mea-
sures (IM).

A fragility curve is usually represented by a lognormal cumulative
distribution function (CDF), which has two parameters: median IM and
log standard deviation. Fragility can be expressed in the following way:

In(edp) — In ('iEDPIM))

ﬂEDP\IM

p 3)

EDP > edp|1M} =1 ¢<

where ®(.) is the ‘standardized’ Gaussian cumulative distribution
function, ngppy is the median value of the intensity measure (IM) at
which the specified EDP threshold (edp) is exceeded, and fgpppy is the
logarithmic standard deviation or dispersion associated with the vari-
ability in IM corresponding to the exceedance of the EDP threshold. In
addition, the relationship between EDP and IM is stated in the power
form according to the Eq. (3):

Neppiv = a(IM)b )
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Equation for linear regression has two constant parameters, a and b.
Eq. (3) can also be represented in lognormal space, as depicted in Eq. (4):

In(#gpppe) = b. In(IM) + In(a) (5)

In this equation, In (a) represents the vertical intercept, while b
represents the slope constant. Based on nonlinear time history analyses
of selected MBS models, regression data is generated for N analysis.
According to Eq. (5), the N demand quantities are plotted against the IM
so that the regression parameters and dispersion term can be estimated.

2

(ln (edpi) —In (WEDP\IM) )
n-—2

n
i=1

©

Peorim =

In this instance, n represents the number of analyses, and edp; rep-
resents the i realization of EDP from the nonlinear time history
analysis.

2.4. Damage limit states

For assessing the MBS’s performance after an MS-AS sequence,

damage limit states are essential. A variety of performance indicators
have been used to quantify the risk of aftershock collapse caused by the
mainshock events. To describe these states, the IDR is often used, since
MBS behavior is driven by deformation, and IDR is one of the best
methods of representing deformation [45]. Moreover, previous research
highlighted the significance of residual drifts in seismic design, recog-
nizing them as a crucial metric for assessing seismic performance [46,
47]. Residual drifts have been examined further in order to evaluate
multi-story frame buildings and their performance [33,48]. For pre-
dicting the collapse capacity of steel frame structures subjected to af-
tershocks, Ruiz-Garcia [49] proposed using RIDR as a damage indicator.

To define the initial mainshock damage states, a maximum of the IDR
was used. As a first step, peak RIDR values were chosen based on four
performance levels (0.2 %, 0.5 %, 1 %, and 2 %) recommended in FEMA
P-58 [50]. IDR cannot be measured directly during an earthquake, but
RIDR can be measured following an earthquake. This relationship be-
tween IDR and RIDR is therefore provided in seismic guidelines to es-
timate the IDR that occurred during a particular earthquake with a
greater degree of accuracy. The limit states in this study are defined
according to FEMA P-58 by defining four post-mainshock damage states
based on peak IDR, where RIDR and IDR are related as shown in the
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following equations. To compare the peak IDR ratios for each MS limit
state to the limit states defined on the basis of RIDRs, the ratios were
selected in such a way that they are comparable.

A, =0 for A <A, @)
A =03 x (A—-A4y) for A, <A <44, 8)
A, =A-3 x4, for A> 44, (C))

where, Ay is the yield story drift, which is obtained from pushover
analysis, A; and A are RIDR and IDR, respectively. From a pushover
analysis, the story drift at the yield point of each evaluated MBS is
calculated as 0.6 % for four stories, 1 % for eight stories, and 1.5 % for
twelve stories for each limit state. Each limit state’s IDR value is then
calculated based on Eq. (6)- Eq. (8). Table 1 summarizes the damage
states considered in this study under the mainshock records. It should be
mentioned that in the mainshock records, the MBSs reach the three first
damage states (DS1-DS3), and the damage state corresponding to the
collapse point (DS4) is taken into account in the mainshock-aftershock
analysis.

3. Ground motion records

In seismic studies, there are three main methods to select ground
motions: Repeated, randomized, and as-recorded sequence [29]. The
repeated approach applies the same ground motion which will produce
demand at a consistent level but without natural variability. Alterna-
tively, randomized methods provide a wide range of seismic scenarios
and account for some structural variability by randomly selecting
ground motions. As-recorded ground motion sequences yield realistic
sequence effects but require extensive data collection to produce real-
istic sequence effects. The randomized approach was adopted in this
study to achieve a wide representation of possible seismic events and
capture variability in the response of modular buildings.

For this purpose, a total of 10 ground motion records from FEMA P-
695 study [45] was utilized as MS and AS earthquakes to examine the
impact of mainshock-aftershock sequences on modular buildings. In
each analysis, one record is the mainshock, while the remaining nine
records are considered to be aftershocks. The first step in the process is
to conduct IDA analysis on the mainshock records to identify the

intensities that lead to the specified damage states. Then by using NLTH,
the structure was first subjected to a mainshock scaled to induce a
specific damage state (DS1-DS3). Following, the IDA is carried out on
the aftershock records to assess cumulative damage. The process is
repeated for each record, with each one serving as the mainshock once,
creating a total of 90 mainshock-aftershock combinations. This method
allows for the comprehensive examination of structural responses under
a variety of sequence scenarios, which effectively captures aftershock
effects and provides robust insight into the cumulative damage and
collapse risk for structures subjected to sequential seismic events. Fig. 1
shows the schematic view of the process.

Comprehensive details of the considered earthquake ground motions
are presented in Table 2. In selecting ground motions, distinct earth-
quake characteristics, including their amplitude, frequency content, and
duration are considered. Site-source distances range between 7.9 km
and 22.8 km for the selected records, with magnitudes varying from
M6.5 to M7.5, ground acceleration peak values ranging from 0.21 g to
0.73 g, and ground velocity peak values ranging from 19 cm/s to 59 cm/
s. The selected ground motions were not limited to a specific site class
but were chosen randomly to ensure a broad seismological diversity,
including variations in magnitude, source-to-site distance, duration, and
frequency content. Fig. 2 illustrates the elastic spectra of considered
earthquake ground motions considering a viscous damping ratio of 5 %.

As it can be seen in Fig. 3, there is a 20-second gap between two
consecutive seismic events as well as at the end of the aftershock record.
In this gap, there is no acceleration ordinate, and it is enough for the
structure to stop moving after it has experienced the previous seismic
event.

4. MBS modeling
4.1. Design procedure

This study considers corner-supported steel braced MBSs with 4-, 8-,
and 12-stories as structural models. The volumetric module is composed
of columns, beams, the floor (joists, deck, and concrete topping), and
ceiling joists that are rigidly inter-connected. There are 25 modules in
total: five in each direction, horizontally and vertically. Module di-
mensions are 3.6 m wide, 6.1 m long, and 3.1 m high. According to
Fig. 4(a), each module is modeled with a 200 mm gap between
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Fig. 8. IDA results of MBSs under the mainshock records considering IDR, (a) 4-story (b) 8-story (c) 12-story.

horizontal and vertical axes to account for column offsets and small
spaces between columns. Thus, the total heights for 4-, 8-, and 12-story
MBS are 13.2 m, 27 m, and 40.6 m, respectively. As shown in Fig. 4(b),
the plan dimension and other geometrical details are depicted. Units are
accessed through the central modules. Structural integrity is ensured
through horizontal and vertical interconnections between the modules.
A symmetrical distribution of corner X braces provides seismic resis-
tance in combination with perimeter moment resisting frames.
SAP2000 software is used to analyze and design the study buildings
for risk category Il based on ASCE7-16 [51], and AISC [52,53] codes. All
studied MBSs were seismically analyzed using the equivalent lateral
force (ELF) procedure presented in ASCE7-16. In accordance with this,
the MBSs are assumed to be constructed on the site class D. As per FEMA
P-695 [54], MBSs are designed with 1.0 g Sps (short-period spectral
acceleration) and 0.6 g Sp; (one-second spectral acceleration). Due to
the relatively new nature of these types of structures, there is insufficient
research regarding their seismic performance. As a result, the seismic
performance factors for “Dual systems with intermediate moment
frames” in accordance with ASCE 7-16 are used for the preliminary
design of the buildings [55]. Further, a separate diaphragm (one for each
module) was considered at each level of the MBS to obtain a more ac-
curate representation of the lateral stiffness of the steel-braced frame
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and better predictions of the drifts and periods of the building. Table 3
shows the section sizes of columns, beams, and braces. Square hollow
sections (HSS) are used for all elements. Similar mechanical properties
were given to each selected section, such as 200 GPa modulus of elas-
ticity, 350 MPa yield strength, and 0.3 Poisson’s ratio. Connecting
adjacent modules is accomplished by using linear link elements. Also,
both inter-connections and intra-connections are assigned rigid
behavior. Besides the material weight, superimposed dead loads (SDL)
of 0.5 kPa are considered in the design and evaluation of buildings. Live
loads on the floor, ceiling, and corridor are 1.92, 0.96, and 4 kPa,
respectively.

4.2. Horizontal and vertical inter-module connection properties

Both horizontal and vertical inter-module connections (IMCs) are
critical for ensuring stability and structural integrity in multi-story
corner-supported modular buildings. Especially regarding stiffness and
load transfer, The performance of the structure can be significantly
affected by these connections. To link modules at their corners, vertical
and horizontal inter-module connections (VCs and HCs) were simulated
following Styles et al. [56]. A detailed finite element (FE) model was
developed in that study for analyzing typical connections of modular
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Fig. 9. IDA results of MBSs under the mainshock records considering RIDR, (a) 4-story (b) 8-story (c) 12-story.

structures, emphasizing on the horizontal and vertical ties. By using
separate ties and end plates, this system provided vertical and horizontal
connectivity independently of one another. Based on the finding by
Styles et al., the numerical results include force displacement behavior
of horizontal IMCs in the X and Z directions and moment-rotation in the
X and Y directions. In contrast, there is no information available
regarding the moment rotation of vertical IMCs. The moment-rotation
behavior of horizontal connections has been assumed to apply to both
vertical and horizontal connections due to insufficient data and in an
attempt to simplify the problem [57,58]. Table 4 demonstrates the
stiffness properties of the horizontal and vertical of the utilized
connection in this study in the axial (Y), shear (Z), and rotational (R).
Vertical connections (VCs) are constructed from end plates welded to
both ends of the columns, with connectivity achieved by multiple bolts.
A similar configuration is applied to horizontal IMCs, which involves
welding end-plates to the side faces of columns and bolting them
together. The shear and rotational behaviors of bolted endplate IMCs
have been experimentally analyzed in references [59,60]. Fig. 5 presents
a schematic representation of these horizontal and vertical
inter-connections.

Structures 76 (2025) 108960

4.3. Numerical modeling

OpenSees software is used as a nonlinear dynamic analysis program.
A two-dimensional model along with the leaning columns has been used
to model the lateral force-resisting frame located at the perimeter of the
building due to its regularity in the plan and elevation. Thus, the
perimeter frame illustrated in Fig. 4(b) is analyzed, as shown in Fig. 6.

Steel grade S350 is used in this research which has a yield strength
and ultimate strength of 350 MPa and 450 MPa, respectively. The
modulus of elasticity of this material is taken as 200 GPa. This material’s
stress-strain relationship was defined with the uniaxial material model
Steel02 in OpenSees. To represent nonlinear structural behavior, a
plastic hinge rotational spring (zero-length element) is used to connect
the elastic beam and column elements. These hinges have a moment
rotation relationship which is represented by the Ibarra-Median-
Krawinkler (IMK) model [61] as well as the regression equations pro-
vided in [62]. Moments and rotations are mainly described by their yield
points [y, My] and capping points [c, Mc]. The rotation between the
yield and capping points is denoted as 8p, while 8, is the post-capping
plastic rotation. According to [62,63] the parameters necessary for the
present study were calculated.

In the two-dimensional model, gravity columns are represented by
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pin-ended rigid columns rigidly connected to the frame. In each story,
the axial load acting on each internal gravity column is equal to the sum
of the gravity loads on the leaning column. To account for P-delta
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Fig. 11. Roof drift results for the 8-story MBS under mainshock-aftershock sequences with the same AS records but different intensities.

effects, elastic beam-column elements with larger cross sections and
moments of inertia were employed. A zero-length rotational spring
element with a low stiffness was used to connect leaning columns to

10
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beam-column joints. Leaning columns and the main frame are related to
rigid links by means of truss elements, thereby transferring the effects of
P-delta. To consider the second-order effects in OpenSees, the corota-
tional transformation is applied.

In this study, braces are modeled using the method presented by
Gunnarsson in previous studies [64]. Herein, the brace’s buckling
behavior is modeled by using a 10 dispBeam Column fiber element along
its length. An initial displaced shape is considered to predict brace
buckling. A sinusoidal function with an amplitude equal to 1/1000 of
the length of the brace is considered in order to predict brace buckling. A
brace aligned with single and multiple springs and located at the end of
the plate was examined to adequately capture the rotational behavior of
out-of-plane gusset plates at the connections. For an accurate assessment
of the buckling capacity of a brace, a correct estimate of the stiffness of
the gusset plate is essential [65]. To simulate the degradation of strength
and stiffness of welded connections, zero-length nonlinear spring ele-
ments were used in OpenSees. A detailed description of the brace and
gusset plate can be found in Fig. 7.

5. Results and discussion
5.1. Mainshock analysis

Fig. 8 displays the results of IDA for MBSs. According to the spectral
acceleration (S,) trends, the maximum achievable S, decreases with
increasing building height, most likely due to their greater flexibility
and an increase in the structural period. Also, the taller buildings reach
nonlinearity in lower S, levels. The four-story building has a greater
slope, which means it is much stiffer and more resistant to seismic loads
at the beginning. The gentler slopes of the 8-story and 12-story buildings
show greater flexibility and a greater tendency for large displacements
during seismic events.

Fig. 9 shows the IDA results for the 4-story, 8-story, and 12-story
modular buildings by plotting spectral acceleration versus the Resid-
ual Inter-Story Drift Ratio (RIDR). It is evident from this figure that for
the 4-story MBS, the initial slope of the IDA curve is steep; this reflects
limited residual deformations. Despite this, the 4-story building shows
large residual drifts as the spectral accelerations increase. The rela-
tionship between S, and RIDR in the 8-story building is more moderate
than that in the 4-story building, with the RIDR increasing less steeply as
S, increases. Among all the buildings, however, 12-story buildings show
the least steep increase in RIDR, indicating their lower sensitivity to
changes in spectral acceleration. Considering the number of stories on a
building, with an increase in the number of stories on a building, the
failure of MBS increases at low seismic intensities.

A boxplot of the spectral accelerations of each ground motion asso-
ciated with each of the four damage states for MBSs is shown in Fig. 10.
Spectral acceleration normalization was performed to enable meaning-
ful comparisons despite differences in structural periods. The results
reveal that as expected, normalized spectral accelerations increase for
all building heights when mainshock damage is more severe. The
normalized median for DS4 significantly increases from the 4-story to
the 8-story building (64 % increase), highlighting a notable rise in
relative spectral acceleration. However, the increase from the 8-story to
the 12-story building changes minimally. It indicates that taller struc-
tures, beyond a certain height, may exhibit similar normalized spectral
acceleration behavior under this damage state [66].

5.2. Mainshock-aftershock analysis

The roof drift time-history response of an 8-story modular steel
building subjected to a mainshock (GM2) followed by aftershocks (GM4)
at increasing intensities (0.4 g, 0.85 g, and 1.0 g) is depicted in Fig. 11.
The initial mainshock induces DS2 (IDR=0.03) and causes 0.48 % of
residual roof drift (RRD). The subsequent residual roof drifts induced in
the various aftershocks are accordingly 0.47 %, 1.40 %, and 2.0 % each,
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Table 5
Spectral acceleration values for MBSs at the MCE level.

Structures 76 (2025) 108960

Archetypes T1,software(S) height (m) Ta(s) T(s) S.(T1,5 %) Samt(T1,5 %)
4-story 0.51 13.2 0.34 0.47 1 1.5
8-story 1.3 27 0.58 0.81 0.74 1.11
12-story 1.99 40.6 0.78 1.1 0.55 0.82
across these building types was conducted with estimates based on

1.5 - - MS FEMA’s IDR thresholds.

- MS-DS1-AS The findings indicate that while the median RIDR values for DS1
l:l MS-DS2-AS align well with FEMA’s predictions, indicating reasonable accuracy for
| minor damage, the median RIDR values for DS2 through DS4 consis-

1.2 - MS DS3-AS tently fall below the expectations of FEMA. In particular, the 8-story and
12-story modular buildings, particularly at DS3 and DS4, illustrate a
tendency to overestimate RIDR by FEMA guidelines as the severity of

0.9 damage increases. This may indicate that FEMA P-58 overestimates the

g residual drifts in modular buildings. These differences can be explained
o by unique structural features of modular constructions, such as inter-

0.6 1 module connections and discrete diaphragms. Therefore, developing
an assessment methodology specifically for modular construction will be
desirable.

0.3 4 The fragility curves for all buildings under mainshock-only (MS) and
mainshock-aftershock (MS-AS) scenarios in Fig. 14 illustrate how the
likelihood of collapse varies with seismic intensity. Buildings that

0.0 - experienced more severe damage from the MS were found to be signif-

4 Storey 8 Storey 12 Storey

Fig. 15. The values of collapse margin ratio for only MS and MS-AS scenarios.

Table 6
Values of CMR along with the differences of MS-AS sequences with only MS
scenario.

Seismic 4st Difference 8st Difference 12st Difference
scenarios with MS with MS with MS
(%) (%) (%)

MS 1103 — 1.126 — 1.020 —
MS-DS1- 1.05 4.85 1.09 2.88 1.02 1.50

AS
MS-DS2- 0.99 10.30 0.99 11.60 1.03 1.86

AS
MS-DS3- 0.94 14.52 0.84 25.03 0.84 16.11

AS

demonstrating an accumulation of permanent deformation. This high-
lights the progressive damage caused by aftershocks, which signals the
need to consider aftershock sequences when assessing the seismic
resilience of modular steel structures and thus the contribution of this
research study.

Fig. 12 illustrates the time history of roof drift in the 12-story MBS
after a mainshock (GM1) followed by several aftershocks of constant
intensity. A mainshock causes initial damage (DS2) to the structure,
placing it in a vulnerable state, while subsequent aftershocks cause
further damage. In the figure, the point of structural collapse is evident
as one of the aftershock records results in a significant negative value of
roof drift that leads to collapse. A collapse of this nature indicates the
modular building’s reduced capacity to resist additional seismic loads
after mainshock damage. Even though the intensities are equal for the
aftershocks, the underlying variability in the aftershock responses really
points to the consideration of seismic design for aftershock sequences, as
the accumulation of damage can dramatically reduce structural resil-
ience, result in the potential failure of the structures under repeated
earthquakes.

Fig. 13 analyzes the relationship between the RIDR and various
damage states (DS) for modular buildings with 4, 8, and 12 stories, using
FEMA P-58 criteria. A comparison of median RIDR values observed

13

icantly more vulnerable to collapse during subsequent aftershocks.
Across all building heights, aftershocks that follow a mainshock are
associated with an increased likelihood of collapse with the effect
increasing as the damage state increases from DS1 to DS3. The results
suggest that shorter buildings are generally more susceptible to collapse,
with the 4-story building showing a notably higher risk of collapse under
these conditions. While the "mainshock only" scenario consistently ex-
hibits greater resilience across all heights, the MS-DS3-AS scenario
highlights a significant vulnerability, especially in the 8-story building,
where the gap in performance between different damage states becomes
particularly pronounced.

The 4-story building shows a pronounced increase in fragility be-
tween damage states, suggesting that shorter modular buildings are
more vulnerable to cumulative damage and aftershocks. In contrast, the
8-story and 12-story modular buildings show a more gradual change in
fragility, indicating that taller and more flexible structures are better
able to manage cumulative damage, even though they become more
susceptible as the damage continues to accumulate. As compared to
lower structures, the 12-story modular building has more closely spaced
curves; this could be due to the fact that more redundancy in high-rise
structures supplies more paths for transferring the load after the fail-
ure of a member [67].

Overall, these findings emphasize the crucial impact of modular
building height and pre-existing damage on the vulnerability of modular
structures to seismic forces. This highlights the importance of custom-
ized design strategies for earthquake-prone regions to enhance resilience
and reduce the risk of collapse.

5.3. Collapse Margin Ratio (CMR)

In performance-based seismic design, the Collapse Margin Ratio
(CMR) is a critical metric, reflecting the resilience of a structure under
seismic loading. It is a useful index to evaluate global seismic anti-
collapse resistance of structures and is defined as the ratio of a build-
ing’s median collapse capacity to the spectral acceleration at the design
level, typically associated with the Maximum Considered Earthquake
(MCE). A Collapse Margin Ratio (CMR) greater than 1.0 shows that a
structure can endure ground motions beyond its design capacity, offer-
ing a safety margin against collapse. On the other hand, a CMR below
1.0 indicates a heightened risk of collapse under expected seismic
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conditions. This ratio is especially useful in IDAs as it measures the
building’s performance across different seismic intensities, helping to
evaluate the structure’s safety and resilience in potential earthquake
scenarios. IDA is used to determine the median collapse capacity of
structures according to Eq. 9 and the collapse margin ratio of structures
according to Eq. 10.

Scr=Median(S;, collapse) 10
CMR = 57 an
Swur

Where Scr represents the median collapse capacity obtained from IDA
for all records, Sa,collapse represents the collapse capacity obtained from
IDA for each record, and Sy represents the spectral acceleration that
corresponds to the maximum Considered Earthquake in the fundamental
period of the structure.

MCE earthquakes have a probability of occurring every 50 years of
2 %, according to ASCE. MCE’s acceleration response spectrum is 1.5
times that of a DBE’s. As mentioned earlier, the Spc of Dyax was
considered in this study. In accordance with ASCE 7-10, the approxi-
mate fundamental period of the structure is:

T,=C, xh* 12)
where, h;, is structure height, and c; and x are coefficients calculated
from table 12.8-2, depending on structure type, with values of 0.0488
and 0.75 given. The following equation determines the fundamental
period of the structure, T:

T=C,xT, (13)
where C, is taken 1.5 as Sp; is greater than 0.4. The transition period
(Ts) can be calculated as:

_S;m

T. = 2D
* Sps

a4
Based on the comparison of the T and Ts, the design spectral accel-
eration of the structure can be determined:

Sa=SpsForT<Tg (15)

S, = S% ForTs<T < Ti(long period) (16)

Table 5 shows calculated values for 4-, 8-, and 12-story buildings.
The corresponding median Scr under mainshock records for these
structures is 1.65, 1.25, and 0.83, respectively.

Fig. 15 shows the median CMR in the 4-, 8-, and 12-story modular
buildings under MS-only and MS-AS sequences at different damage
states. For all buildings, CMR is greater than one under the mainshock-
only scenario, which reflects resiliency more than design expectations.
For MS-AS sequences, however, the CMR is less than 1 for all building
heights and damage states, except for the 12-story building in MS-DS1-
AS and MS-DS2-AS scenarios. This reduced CMR indicates that after-
shocks increase the probability of collapse after a primary mainshock.
The maximum reduction in CMR corresponds to the MS-DS3-AS sce-
nario, implying that pre-damaged buildings are more susceptible to
aftershock effects. These results underscore the importance of account-
ing for aftershocks within modular building design to improve post-
mainshock resilience and to minimize the risk of collapse.

In addition, it is important to note that under the mainshock-only
records, CMR for the designed steel modular buildings may approach
the collapse threshold under maximum considered earthquake (MCE)
conditions due to the proximity to 1.0 for these structures. Although
further research is required for its validation, these relatively low CMR
values hint that the seismic design parameters used may not fully align
with the specific behavior and performance needs of modular buildings
specifically the seismic modification factor used, and the spectral ac-
celeration values of SDS = 1.0 and SD1 = 0.6 recommended by FEMA P-
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695 for seismic design category Dp,.x. The greater value of CMR would
improve the seismic collapse resistance of modular structures in
earthquake-prone areas by providing an added safety margin against
collapse.

The following Table 6 summarizes CMR values for all the modular
buildings under varied seismic scenarios. CMR value for the mainshock-
only ranged from 1.02 to 1.126 across the different building heights.
However, as aftershock scenarios progressed from MS-DS1-AS to MS-
DS3-AS, a notable decline in CMR was observed, particularly in the 8-
story building, which experienced a 25.03 % reduction at the most se-
vere damage state (DS3). In the case of the 4-story building, there is a
gentler drop in the CMR, while for the 12-story building, resistance was
up to the initial damage states and then suddenly dropped 16.11 % at
DS3. These results suggest that taller buildings might be more vulner-
able to severe damage when aftershocks occur and point to the impor-
tance of considering building height in seismic design and assessment.

6. Concluding remarks

The purpose of this study was to investigate the seismic performance
of steel volumetric modular building systems (MBSs) under a sequence
of mainshock-aftershock (MS-AS) records for the first time. OpeenSees
software was used to model three typical MBSs. Incremental dynamic
analyses (IDA) of mainshocks were conducted to determine the spectral
acceleration demands corresponding to specific damage states. Four
mainshock damage states have been defined based on FEMA P-58 to
induce these damage levels on the selected modular buildings. IDAs of
aftershocks were then conducted to assess the performance of each MBS
under MS-AS conditions.

According to the comparison of the residual inter-story drift ratio
obtained from IDAs and FEMA P-58, estimates of the latter are generally
conservative, especially for higher damage states (DS2 to DS4). As the
severity of damage increases, the 8- and 12-story buildings, particularly
at DS3 and DS4, showed a tendency to overestimate the peak residual
inter-story drift (RIDR) as prescribed by FEMA guidelines. According to
the fragility curves, aftershocks following a mainshock increased the
likelihood of collapse across all building heights with this effect
increasing as the damage state increased from DS1 to DS3. This high-
lights the importance of considering the cumulative effects of multiple
seismic events rather than just a single event. Furthermore, taller MBSs
have a greater ability to withstand cumulative damage than shorter
ones. It is evident from these results that aftershock considerations must
be incorporated into the design and assessment of modular buildings.
The calculated Collapse Margin Ratios (CMRs) further highlight this
vulnerability, as modular structures demonstrate relative resilience in
single mainshock scenarios but experience notable declines in CMR
values following MS-AS sequences. In particular for the 12-story build-
ing, the CMR in high-damage aftershock scenarios drops below the
collapse threshold. The results show that modifying the design param-
eters considering the unique behavior that modular buildings depict
under sequential seismic loading will improve resilience and safety. This
research therefore advocates for the development of specific seismic
assessment frameworks for modular steel buildings that would enhance
resilience through performance-based design adaptations in earthquake-
prone regions by considering both mainshock and aftershock events.
Other subtypes of MBSs could also be explored thereafter in order to
generalize these observations.
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