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Abstract: Strong aftershocks have the potential to cause accumulated damage in structures, a feature
which has been reported in post-earthquake reconnaissance studies, particularly for eccentric or
irregular structures. This study aims to investigate the seismic behaviors of eccentric RC structural
models under mainshock-aftershock (MSAS) sequences. In this study, three-dimensional structural
models with eccentricities of 5%, 10%, 15%, 20%, 25%, and 30%, and an eccentricity of 0 (symmetric
structural model) are developed by changing the positions of the centers of the structural mass.
A static pushover analysis and a nonlinear time history analysis are conducted on the structural
models with different eccentricities considering unidirectional and bidirectional earthquake loading
(including mainshock ground motion and MSAS sequences). The amplitude of the aftershock ground
motion is scaled according to the structural damage levels calibrated with the inter-story drift ratio
(IDR). Furthermore, the differences in seismic responses between the unidirectional and bidirectional
eccentric structures are discussed. The results show that the peak displacements of the unidirectional
eccentric structures under MSAS sequences are nearly 1.4 times higher than those under mainshock
ground motions. The structural seismic responses under unidirectional earthquake loading are more
sensitive to the intensity of aftershock ground motions than those under bidirectional earthquake
loading. Compared with unidirectional eccentric structures, bidirectional eccentric structures are more
sensitive to the intensity of aftershock ground motions and have larger torsional angles and more
complex displacement trends. The maximum displacement and the maximum IDR of bidirectional
eccentric structures under MSAS sequences can reach 1.5 times and 1.4 times of those under mainshock
ground motions, respectively.

Keywords: mainshock-aftershock (MSAS) sequences; eccentricity; bidirectional earthquake loading;
bidirectional eccentric structure; performance level

1. Introduction

Recently, the influence of mainshock—-aftershock (MSAS) sequences has gained more
and more attention in earthquake engineering research. It has been observed that one
principal earthquake (i.e., the mainshock) has triggered multiple aftershocks in many
earthquake events, such as the Wenchuan earthquake [1] and the Tohoku earthquake [2].
The strong aftershocks have the potential to aggravate the structural damage caused by
the mainshock [3,4]. It has been observed that eccentric structures are more likely to
experience significant damage or collapse compared with regular structures. It has been
confirmed that, in the 1972 Managua earthquake, a 15-story central bank building was
severely damaged due to its stiffness asymmetry, but another 18-story Bank of America
tower was only slightly damaged due to its symmetrical lateral-force-resisting system [5].
Several studies have been conducted that investigated the seismic behaviors of eccentric
structures under MSAS sequences. In earlier studies, Goel and Chopra [6] and Jiang [7]
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discussed the inelastic torsional response of symmetric- or asymmetric-plan systems. Reyes
and Kalkan [8,9] also evaluated the significance of rotating ground motions on the behavior
of multistory torsional-stiff and torsional-flexible buildings.

Structural irregularities can be divided into irregularities in plan and vertical irreg-
ularities. Some researchers have studied the seismic responses of real structures or nu-
merical structural models with irregularities in plan. Kosmopoulos et al. [10] performed
inelastic response history analyses on four real buildings with strong irregularities in
plan. Buratti et al. [11] studied the seismic fragility of precast reinforced concrete build-
ings using observational damage data collected after the 2012 Emilia (Italy) earthquake.
Ruggieri et al. [12] presented a procedure for deriving idealized 3D structures with a few
degrees of freedom that matched the global response of plan-irregular, low-rise frame
buildings, and then proposed some rules and equations for achieving equivalence among
the linear and nonlinear properties (e.g., mass, stiffness, and strength) of the numerical
models. Ruggieri et al. [13] also performed a pushover analysis on both regular and ir-
regular RC buildings. Bhasker et al. [14] developed a seismic fragility model that was
sensitive to torsional irregularity for low-rise, non-ductile RC moment frame buildings.
Manie et al. [15] evaluated the damage and the collapse behavior of low-rise buildings
with unidirectional mass irregularities in plan using a nonlinear static and incremental
dynamic analysis (IDA), and the results showed that the adverse effects of plan irregularity
on structural collapse safety were more pronounced as the number of stories increased.
Some researchers have investigated the structural behavior of buildings with vertical ir-
regularities. Michalis et al. [16] and Sayyed et al. [17] evaluated the influence of vertical
irregularities on the seismic performances of steel frames and RC buildings, respectively.
Han-Seon Lee [18] obtained the seismic response characteristics of three scaled 17-story
RC wall building models, with different types of irregularity at the bottom two stories
subjected to the same earthquake excitations. Hiiseyin et al. [19] also investigated the seis-
mic effect of structural irregularities on RC building responses by using several pushover
analyses. For the earthquake excitation in the dynamic analysis of structures, more and
more studies have been focused on the influence of bidirectional horizontal excitations.
Pant et al. [20] investigated the effects of seismic response of a three-dimensional finite
element model of a code-compliant, four-story RC building under bidirectional excitation.
Kohrangi et al. [21] proposed a conditional spectrum to select bidirectional ground motions
for assessing the performance of 3D structural models. Yamamoto et al. [22] conducted
horizontal bidirectional loading tests for real-sized high-damping rubber bearings and
compared the hysteresis loops of these bearings under bidirectional horizontal loadings
with those under unidirectional loadings. Yang et al. [23] investigated the dynamic re-
sponses of two buildings connected by viscoelastic dampers under bidirectional excitations.
Grant [24] also studied two horizontal ground-motion components in terms of response
spectral matching. All the aforementioned studies were conducted by numerical simula-
tion. Moreover, some researchers have investigated the torsional effect of a plan-irregular
structural model through shaking table tests [25,26].

However, all the aforementioned studies have mainly focused on the seismic perfor-
mance of buildings in one principal earthquake (i.e., the mainshock) and have investigated
the torsional response of buildings during the mainshock. There are only a few studies that
have focused on the effect of aftershocks on the structural seismic response. To the best of
the authors” knowledge, the only studies aimed at MSAS sequences are summarized as
follows: Hosseinpour and Abdelnaby [27] thought it was important to evaluate the effect
of the direction of earthquakes” sequences, in particular, when considering the seismic
behavior of irregular RC frames. Oyguc et al. [28] investigated the performance of three
asymmetric-plan RC structures during the Tohoku earthquake sequences and found there
was an increase in the residual drift demands for irregular RC buildings compared with
regular RC structures. Nevertheless, there is still a lack of research that has systematically
evaluated the seismic performance of eccentric structures or explored the influence of
different eccentricities.
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Based on the aforementioned discussions, this study systematically investigates the
seismic behavior of typically eccentric RC structural models under MSAS sequences and
discusses the influence of different eccentricities and unidirectional /bidirectional earth-
quake loadings on unidirectional /bidirectional eccentric structures. In this study, three-
dimensional numerical models with eccentricities of 5%, 10%, 15%, 20%, 25%, and 30%, and
an eccentricity of 0 (symmetric structural model) are developed by changing the positions
of the structural mass centers, and they are divided into unidirectional and bidirectional
structural models. For the input earthquake record, a representative mainshock-aftershock
sequence is selected and scaled to different amplitudes according to the IDR, which is then
applied under unidirectional and bidirectional loading. A static pushover analysis and a
nonlinear time history analysis are conducted on the structural numerical models. Based
on the aforementioned analysis, the seismic responses in six types of case are discussed in
this study:.

2. Numerical Modeling
2.1. Modeling of the Tested Structures

In this study, according to the structural design code of China [29], a model for RC
conventional frame structures with five layers, three spans, and five bays is designed.
The floor height is 3.3 m. The structural model has a longitudinal span of 7.2 m and a
transverse span of 6 m. Component dimensions and reinforcement information are listed in
Table 1. Symmetrical three-dimensional building models are established with the OpenSEES
program [30]. The Concrete02 material model is selected as the constitutive model of
concrete. The model considers the tensile strength of the material and simplifies the
tensioned softening branch to a linear curve, which ensures the accuracy of the calculation
model and has good convergence along with high computational efficiency. The skeleton
curve of the concrete in the constitutive model adopts the modified Kent-Park model [31],
as shown in Figure 1. This study selected the Steel02 material model as the constitutive
model of reinforcement. The Steel02 material model considers the steel tensile strength,
in which the tensile softening branch is simplified as a linear processing. The model
considers the effect of material strain hardening, which has been put forward by Menegotto
Pinta [32] and modified by Filippou [33]. The material model also considers the Bauschinger
effect. Figure 2 shows the Steel02 material monotonic envelope curves. This study used
a nonlinear beam column element and fiber section in addition to the torsional section.
The symmetrical building model is a three-dimensional numerical model. Each node has
six degrees of freedom. The floor slab adopts a three degrees of freedom rigid diaphragm
beam in OpenSEES. The floor mass is concentrated at the geometric center of the floor.

£
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Figure 1. Material envelope curve models of concrete.
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Table 1. Component dimensions and reinforcement information.

Sectional Dimension Longitudinal Bar Hooping Bar
Component P
(mm X mm) (mm?) (mm)
Beam (X direction) 250 x 500 Top 1140/bottom 1140 P8@100
Girder (Y direction) 250 x 500 Top 1140/bottom 1520 $8@100
Column 500 x 500 Top 942 /bottom 942 $10@100
E,
E
z
7
0 1 1 1
0 0.05 0.10 0.15 0.20

Strain

Figure 2. Reinforcement monotonic envelope curves.

Design load represents the combination of permanent loads and variable loads. The
permanent loads include the structural self-weight, decorations, fixed equipment, and
long-term storage. The variable loads include the weight of the distributed popula-
tion, removable partitions, changing pipelines, and the weight of furniture placed on
the floor. The combination of permanent loads and variable loads is calculated by using
the following formula:

Sd = HGSG + HQ15Q1 + HQSQ ey

where S is the designed load value; S and Sg are permanent loads and variable loads,
respectively; Sq is the main controlled variable load; ug and ug are combined factors
for permanent loads and variable loads, which are 1.2 and 0.7, respectively; uq; is the
combined factor for main controlled variable load, which is 0.98.

On the basis of the symmetric structural model, mass eccentric structural models are
developed. Generally, the eccentric structural models are divided into “mass eccentricity
models” and “rigidity eccentricity models”. In this study, the mass eccentricity model
is chosen to characterize structural eccentricity, which is used to represent a wide range
of situations including probable distribution of furniture load, personnel distribution,
equipment installation, construction error, and so on. To achieve different eccentricities in
the structural models, the mass concentration point (i.e., floor mass center) of each floor
is continuously shifted along the horizontal direction. The floor rigidity center remains
unchanged. Then, the models will have different eccentricities with the movement of
the mass concentration point. Moreover, with the eccentricity adjustments, there are no
changes in other building parameters, including floor mass and floor stiffness distribution.
Thus, the only variable that affects the torsional response is eccentricity.

The material parameters of the concrete and steel reinforcement in the structural
models are listed in Table 2. These parameters are requested in Concrete02 and Steel02
material models in the OpenSees.

In this research, there are uniaxial eccentric structural models and bidirectional eccen-
tric structural models in the dynamic time history analyses. The eccentricities of both types
of models are set as 0%, 5%, 10%, 15%, 20%, 25%, and 30% (0% eccentricity corresponds
to the symmetric structural model). In the bidirectional eccentric structural models, the
eccentricities in the X and Y directions are the same. Figures 3 and 4 show the layouts of
the uniaxial eccentric structure and the biaxial eccentric structure.
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Table 2. Material parameters of the concrete and steel reinforcement in the structural models.

Maximum Strain at Ultimate Str Strain at R?}inol beévi/;lleen Tensile Strength STE;?SIiI?:
Material Stress f. Maximum ?Ne[P )ess Ultimate Stress sl oad I gt' 1 f S(;' f: &
(MP2) Stress £ fu a) € ope and Initial (MPa) iffness
u Slope A E; (MPa)
Unconfined —274 ~0.003 55 —0.01 0.1 27 14 x 10°
concrete
Confined |
concrete —35.6 —0.006 -7.1 —0.012 0.1 3.6 1.8 x 10
. Modulus of Strain-
Ylelc(iﬁtlggis Fy steel Eg hardening ratio Parameter RO Parameter cR1 Parameter cR2
(MPa) b
Steel 457 2 x 10° 0.01 18 0.925 0.15
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Figure 3. Plan and layout of the uniaxial eccentric structure.
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Figure 4. Plan and vertical layout of the biaxial eccentric structure: (a) Plan layout; (b) vertical layout
of the biaxial eccentric structure in the X direction; (c) vertical layout of the biaxial eccentric structure
in the Y direction. Note: CM is the center of mass and CR is the rigidity center.
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The eccentricity is obtained by using Equation (2):
Wi = ¢ / Li (2)

where wj denotes the eccentricity of the structural model and e; denotes the eccentric
distance, which is the distance between the mass center and rigidity center. L; denotes the
building outline length in eccentric direction.

For mass eccentric structural models, the basic assumptions are as follows:

(a) Each floor is a rigid floor.

(b) The total mass and moment of inertia of each floor are appointed at the geometric
center of the floor.

(¢) Each floor has three degrees of freedom (two translational degrees of freedom and
one rotational degree of freedom).

(d) The torsional stiffness of the structure is elastic.

(e) The centers of stiffness are basically located at the geometric center of each story,
present on the same vertical axis. The floor stiffness distribution could be regarded as
uniform and symmetric.

(f)  The influence of the non-synchronous nonlinear behavior of different columns on the
change in eccentricities is not considered in this study.

2.2. Vibrational Characteristic Analysis

To calculate the natural frequencies and modes of the structures, eigenvalue analyses
are performed for all the structural models in OpenSEES. The first five vibration periods
of both the uniaxial eccentric structural models and the bidirectional eccentric structural
models are listed in Tables 3 and 4, respectively. The first two modes of the structures are
translational modes, and the third mode is the torsional mode. The translational-torsional
period ratio is the ratio of the translational mode period to the torsional mode period, which
is also the ratio of the first period to the third period. With an increase in eccentricity, the
fundamental periods of the structures gradually rise, and the translational-torsional period
ratios also become higher. Moreover, the second mode period remains stable no matter
what the eccentricity is. It can also be observed from Tables 3 and 4 that the first mode
periods of the bidirectional eccentric structural models exceed those of the corresponding
uniaxial eccentric structural models. Consequently, translational-torsional period ratios of
bidirectional models are greater than those of uniaxial models.

Table 3. The first five vibration periods of the uniaxial eccentric structural models.

Eccentricity (%)

Mode
0 5 10 15 20 25 30
1 1.169 1.169 1.195 1.244 1.306 1.380 1.462
2 1.152 1.163 1.170 1.169 1.169 1.169 1.169
3 0.770 0.766 0.756 0.742 0.726 0.712 0.698
4 0.328 0.328 0.338 0.354 0.374 0.397 0.423
5 0.323 0.327 0.328 0.328 0.328 0.328 0.328
Translational—torsional 1.518 1.526 1.581 1.677 1.791 1.938 2.094

period ratio

Since there are no differences in the total mass and stiffness distribution among
different eccentricity models, there is only one parameter to change, which is eccentricity.
Therefore, the period is considered to be a function of eccentricity. Since the vibration of
the structure is controlled by the translational mode and the torsional mode, in this study,
the formulas for the first and third periods and eccentricity, respectively, are shown in
Equations (3)—(6). Equations (3) and (4) are subjected to the first mode and third mode in
Table 3, and Equations (5) and (6) are subjected to the first mode and third mode in Table 4.

T=3x10"4w? +4 x 10~ %w + 1.164 R* = 0.9981 3)
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T=3x10"%% -2 x 107%w? — 1 x 10™*w + 0.7701 R? = 0.999 (4)
T=4x10"*w?+14 x 103w + 1.164 R*> = 0.998 (5)
T=3x10"%%—-2x10"%w? —2 x 10w + 0.7701 R = 1 (6)

Table 4. The first five vibration periods of the bidirectional eccentric structural models.

Eccentricity (%)

Mode
0 5 10 15 20 25 30
1 1.169 1.175 1.209 1.268 1.342 1.430 1.528
2 1.152 1.161 1.165 1.166 1.166 1.166 1.166
3 0.770 0.765 0.753 0.737 0.720 0.704 0.691
4 0.328 0.330 0.342 0.362 0.386 0.413 0.443
5 0.323 0.326 0.327 0.327 0.327 0.327 0.327
Translational-torsional 1518 1536 1.606 1.720 1.864 2.031 2211

period ratio

2.3. Ground Motion Selection and Scaling

In this research, a recorded MSAS ground motion from the 1999 CHICHI earthquake,
whose information is summarized in Table 5, was selected as the representative earthquake
input for the dynamic analysis. The CHICHI earthquake was a very famous earthquake
that occurred in Taiwan. Rich ground motion records were obtained, and, after the main-
shock, there were many recorded aftershocks. Many mainshock-aftershock sequences
were recorded at the same station in orthogonal directions. Therefore, a representative
mainshock-aftershock sequence recorded at the CHY029 station in direction N was selected.
The acceleration time history is shown in Figure 5a. In this manuscript, for simplicity and
consistency, “CHICHI-CHY029-N”" is used to designate this earthquake.

Table 5. Information of the selected mainshock and aftershock earthquake records.

Earthquake Name Type Station Direction Time My PGA
CHICHI Mainshock CHY029 N 20 September 1999 7.62 0.238 g
Aftershock CHY029 N 25 September 1999 6.30 0.158 g
0.3
0.8

Design spectra

0.2 % —— Mainshock
Z 0.6 —— Aftershock
= 0.1 N=
z =
E | B
% 0.0 I W Wi h[\wfm\qw,w"l— 8 0.4
S | 8
Q —
< -0.1 40s g
Mainshock = - Aftershock 3 0.2
=9
-0.2 wn
03 ) ) ‘ . . . 0.0
0 20 40 60 80 100 120 140 160 180 0
Time(s) Period T (s)
(a) (b)

Figure 5. The records of CHICHI-CHY029-N mainshock and aftershock: (a) The acceleration time
history; (b) spectral acceleration.
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Figure 5b shows the design spectra and acceleration response spectra of the mainshock
and aftershock. The design spectra are based on the Chinese seismic design code [29],
where the maximum acceleration coefficient is 0.5. The mainshock and aftershock records
are scaled to rare earthquake level in degree 7. As shown in Figure 5b, the periods corre-
sponding to maximum spectral acceleration of mainshock and aftershock records are 0.2 s
and 0.6 s, respectively.

The amplitudes of the mainshock and aftershock are scaled according to the following
method. The peak acceleration (PGA) of the recorded mainshock earthquake is 0.238 g,
and that of the aftershock is 0.158 g. The maximum IDR is more sensitive to the intensity
of the aftershock ground motion as compared with other structural response indicators,
which is due to the dynamic analysis results that the structural IDR most obviously changes
with the structural eccentricity. Therefore, the IDR was selected as an amplification factor
for earthquakes. The performance level and the corresponding IDR are listed in Table 6,
as recommended in FEMA 2000. When the structural IDR reaches 1%, 2%, and 4%, the
mainshock PGA is calculated to be 0.15 g, 0.25 g, and 0.32 g, respectively. For each
mainshock PGA, the amplitude of the aftershock is scaled by 0.6, 0.8, 0.9, and 1 times the
amplitude of the mainshock. Table 6 shows the proportional PGA values of the mainshock
and aftershock at different damage levels. It is worth mentioning that for consistency, all
the cases of mainshock amplitudes are calculated and determined based on symmetric
structural models. A time interval of 40 s between the mainshock and aftershock is added
into the program to calm the model vibration after the mainshock loading.

Table 6. Scaled PGAs of the mainshock and aftershock for different damage levels of the CHI-CHI-
CHYO029-N earthquake record.

Performance Level Damage Description PGAms PGA.s/PGAms PGA s
Immediate occupancy ~ Maximum IDR is 1% 015¢g 0.6 0.09g
0.8 012g
0.9 0.135¢g
1 015¢g
Life safety Maximum IDR is 2% 025¢g 0.6 015¢g
0.8 02g
0.9 0225¢g
1 025¢g
Collapse prevention Maximum IDR is 4% 032g 0.6 0192¢g
0.8 0.256 g
0.9 02838 g
1 032g

3. Results and Discussion
3.1. Spatial Pushover Analysis (SPA)

A pushover analysis is applied to the tested eccentric structures in this section. The
lateral loads are assigned to the mass center of each floor. The roof displacements and first
floor displacements of the eccentric structures of different eccentricities under lateral load
are shown in Figure 6a,b, respectively. The resistance force decreases as the eccentricity
increases, which means the seismic capacity of the structure is weaker. The structure with
5% eccentricity is an exception. The structure with 0% eccentricity (i.e., a symmetrical
structure) has the best seismic capacity, and the structure with 30% eccentricities has the
worst seismic capacity.

3.2. Seismic Dynamic Analyses of Unidirectional Eccentric Structures

In this section, the nonlinear time history analyses of the unidirectional eccentric
structural and bidirectional eccentric structural models are presented. The details of all
models used in the research are described in Section 2. A total of six cases are explored,
as shown in Table 7. Firstly, the dynamic analysis of the unidirectional eccentric structure
under unidirectional seismic load is carried out, i.e., the UUM situation shown in Table 7. In
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this study, several structural response parameters in the UUM analysis are compared, and
the most sensitive response parameters to eccentricity are selected as the criteria indicators
in earthquake amplitude modulation. These are used in the dynamic analysis subjected to

MSAS sequences.
250 . . . 250 . .
Z 200 P e 1 Z200, — 1
~ rr""'ﬂ s ~
8 e — 3 -
g 150+ & —=— Eccentricity 0% || 2 150 s —=— Eccentricity 0% |
= = Eccentricity 5% “CE) r.ri, = Eccentricity 5%
2 1001 —=— Eccentricity 10%|| 9 1004 ¥ —=— Eccentricity 10%|
8 —=— Eccentricity 15% e g —=— Eccentricity 15%
& —— Eccentricity 20%|| £ ——=— Eccentricity 20%
50 —=— Eccentricity 25%|| 50 —=— Eccentricity 25%||
—=— Eccentricity 30% —=— Eccentricity 30%
O T T 0 T T
0 5 10 15 0 5 10 15
The top floor drift displacement ratio (%) The too floor drift disnlacement ratio (%)
(a) (b)
Figure 6. The results of the pushover analysis: (a) Top floor drift displacement ratio; (b) first floor
drift displacement ratio.
Table 7. Seismic dynamic analyses of eccentric structures.

No Structure Load Abbr.
1 Unidirectional eccentric structure Unidirectional mainshock ground motion UUM
2 Unidirectional eccentric structure Unidirectional mainshock-aftershock sequences uus
3 Unidirectional eccentric structure Bidirectional mainshock ground motion UBM
4 Unidirectional eccentric structure Bidirectional mainshock-aftershock sequences UBS
5 Bidirectional eccentric structure Bidirectional mainshock ground motion BBM
6 Bidirectional eccentric structure Bidirectional mainshock-aftershock sequences BBS

3.2.1. Response of the Unidirectional Eccentric Structure under Unidirectional Mainshock

In order to find the structural seismic response parameters that are most sensitive to
structure eccentricity, a dynamic time history analysis of unidirectional eccentricity under
the ground motion records of the mainshock (Case UUM) was carried out. Taking the
ChiChi-CHY029-N earthquake record as an example, the acceleration time history of the
mainshock record is shown in Figure 7. The amplitude of the mainshock adopts the actual
recorded PGA, i.e., 0.238 g. The unidirectional eccentric structural model is symmetric in
the X direction and eccentric in the Y direction, with eccentricities of 0%, 5%, 10%, 15%,
20%, 25%, and 30%. Only the Y direction is utilized to input ground motion. The running
time of the program (110 s) is 40 s longer than the ground motion time, which is used to
calm the structural vibration after the mainshock.

The response results, including maximum displacements in the X and Y directions, the
maximum residual displacement, the torsional angle, the relative torsional effect, and the
maximum IDR, are extracted and compared. The maximum displacements of structural
models in the Y direction under all eccentricities are shown in Figure 8a. It is evident that as
eccentricity increases, the structural displacement also increases, and the increasing speed
exhibits a pattern of at first rapid and then slow growth. This indicates that the influence of
eccentricity on displacement will gradually weaken with an increase in eccentricity. The
maximum increase was more than 2.5 times, at 30% eccentricity.
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Figure 7. Acceleration time history of the CHICHI-CHY029-N mainshock record.
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Figure 8. Maximum displacements of structural models in: (a) the Y direction; (b) the X direction.

In the X direction, another horizontal direction perpendicular to the Y direction of
earthquake loading, the effect of ground motion is very small and almost negligible for the
symmetrical structure, as shown in Figure 8b. When the structure produces eccentricity,
even if the eccentricity is 5%, a displacement of more than 10 mm can be generated, which
is about 1/10 of the Y direction displacement. With an increase in eccentricity, the X
direction displacement of the structure becomes larger and larger, showing linear growth
until the eccentricity reaches 25%. When the eccentricity continues to increase to 30%,
the displacement growth trend slows down in the Y direction. It is anticipated that the
displacement decreases in the X direction, possibly as a result of the structure’s plane—
torsion coupling reaction, which also reflects the complexity of the eccentric structure’s
torsional response as compared to the symmetric structure’s response.

In Figure 9, the residual displacements of the structural models show a small fluc-
tuation in certainty scope before the eccentricity rate of 15%. When the eccentricity is in
the range of 15-30%, the residual displacement of the structure ascends rapidly, which
reflects the structure going into plastic status. Figure 10 shows the trend of the torsional
angles for all of the structural models. The torsional angle is one of the important indicators
to evaluate the torsional effect of the structure. The torsional angle steadily increases
with increasing eccentricity and increases approximately linearly when the eccentricity is
between 0% and 15%. The growth rate decreases when the eccentricity is in the range of
15-25%, but the slope is negative after surpassing an eccentricity of 25%. It clearly presents
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the process that the structure follows from the elastic stage to the plastic stage and its finally
destruction with the rise in eccentricity.
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Figure 9. Residual displacements of the top floor of the structural models in the Y direction.
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Figure 10. Torsional angles of the structural models.

Figure 11 shows the moving trend of relative torsional effect with a change in eccen-
tricity. The relative torsional effect -y is defined as the ratio of the displacement at the radius
of rotation from the rigid center to the translational displacement of the floor. It reflects
the ratio of the torsional displacement to the translation displacement of the structure due
to torsion and is one of the important indexes to measure the torsional effect for eccentric
structures. It is calculated by Equation (7):

vy=0r/u (7)

where 0 refers to the torsional angle of the characteristic point which is located at the radius
of rotation from the rigid center. Herein, since a rigid floor is adopted in these models, 6
is the torsional angle of the whole floor. The parameter r is the radius of rotation, i.e., the
distance between the center of mass and the rigid center in these models. The parameter u
is the horizontally lateral displacement of the floor in the direction of seismic loading.

At low eccentricities (eccentricity 0-10%), the relative torsional effect rises gradually;
however, from 10% eccentricity, it rises quickly, with an almost linear trend. Then, the
relative torsional effect appears to slow the growth rate as it approaches the high eccentricity
region (eccentricity 25-30%). In contrast to the maximum IDR, the relative torsional effect
exhibits a similarly linear upward trend with increasing eccentricity, but it is unable to
accurately and broadly characterize the extent of damage in all structures. The relative
torsional effect is zero in the symmetric structural model; however, it does not depict that
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there is absolutely no damage at that time. Moreover, it needs to be calculated extensively
rather than obtained directly by measuring or by a simple calculation such as an inter-story
drifts ratio. Therefore, in this study, the maximum IDR is selected as the criteria indicator
in earthquake scaling, as shown in Table 7, and it is used as the response indicator in the
later seismic analysis work subjected to mainshock-aftershock sequences.
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Figure 11. Relative torsional effects of the structural models.

Moreover, the maximum IDRs in the Y direction for symmetrical and eccentric struc-
tural models is obtained in the study, as shown in Figure 12. For each model, the largest IDR
appears at the bottom layer. With the improvement in eccentricity, the IDR becomes larger
and larger for the first floor. This illustrates that the bottom of structures is most influenced
by eccentricity, and the maximum IDR is the most sensitive indicator for the increase in
eccentricity. Moreover, the maximum IDR is considered to be an intuitive observation
indicator of structural deformation in many national codes. It can directly present the
structural damage phenomenon in the failure process. This is another justification for
choosing the maximum IDR as the scaled criterion indicator in this study, as shown in
Table 7.
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Figure 12. Maximum IDR of structural models in the Y direction.

3.2.2. Responses of the Unidirectional Eccentric Structure under Unidirectional
Mainshock-Aftershock Sequences

In this section, the seismic responses of the unidirectional eccentric structure under uni-
directional mainshock-aftershock sequences (Case UUS) are investigated. The influences
of aftershock and the eccentricity of structures on the seismic responses are discussed.

Figure 13 shows the seismic responses of structures under mainshock-aftershock
sequences with different mainshock PGAs, including maximum displacement (as shown in
Figure 13a,c,e) and IDR (as shown in Figure 13b,d,f). For each mainshock PGA, the PGA of
the aftershock is scaled to 0.6, 0.8, 0.9 and 1.0 times that of the mainshock.
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Figure 13. Seismic responses of structures under mainshock-aftershock sequences with different
mainshock PGAs (case UUS): (a) Top floor maximum displacement with mainshock PGA at 0.15 g;
(b) IDR with mainshock PGA at 0.15 g; (c) top floor maximum displacement with mainshock PGA at
0.25 g; (d) IDR with mainshock PGA at 0.25 g; (e) top floor maximum displacement with mainshock

PGA at 0.32 g; (f) IDR with mainshock PGA at 0.32 g.
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Moreover, the maximum displacements during the MSAS sequence and the mainshock
are extracted. The ratios of structural maximum displacement during the MSAS sequence to
that during the mainshock are presented in Figure 14a,c,e, corresponding to the mainshock
PGAs which are 0.15 g, 0.25 g, and 0.32 g, respectively. Similarly, Figure 14b,d,f show the
ratios of structural IDR during MSAS sequences to that during the mainshock when the
mainshock PGAs are 0.15 g, 0.25 g, and 0.32 g, respectively.
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Figure 14. Ratios of maximum displacement and IDR under mainshock-aftershock sequences with
different mainshock PGAs (case UUS): (a) Ratio of maximum displacement of aftershock to that of
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mainshock with mainshock PGA at 0.15 g; (b) ratio of IDR of aftershock to that of mainshock with
mainshock PGA at 0.15 g; (c) ratio of maximum displacement of aftershock to that of mainshock with
mainshock PGA at 0.25 g; (d) ratio of IDR of aftershock to that of mainshock with mainshock PGA at
0.25 g; (e) ratio of maximum displacement of aftershock to that of mainshock with mainshock PGA at
0.32 g; (f) ratio of IDR of aftershock to that of mainshock with mainshock PGA at 0.32 g.

As illustrated in Figure 14a, at the same eccentricity, the ratio of aftershock displace-
ment to mainshock displacement exceeds 1.0 and increases gradually with an increase in
aftershock magnitude. It shows that the displacement during the aftershock is larger than
that during the mainshock. When the scaling factor of aftershock amplitude is equal to
0.8, the displacement ratios increase significantly, except for the structural models with
eccentricities of 25% and 30%. While the scaling factor is 1, the displacement ratios of
almost all structures are increased, and the maximum ratio is increased by about 1.4 times.
This means that if an aftershock with the same intensity as the mainshock (PGA 0.15 g)
is encountered, there is a high probability that the displacement of the eccentric structure
during the aftershock will exceed the maximum displacement during the mainshock. In
addition, the amplification effect is more prominent in high eccentric structures, up to about
1.4 times more prominent.

Figure 14b indicates that the effect of aftershock on the 15% eccentricity structural
model is the most significant. When the magnitude of aftershock is equal to that of
the mainshock, the maximum IDR of the aftershocks is 1.5 times that of the mainshock.
Compared with the displacement, the effect of scaled aftershocks can be more clearly
reflected in the maximum IDR.

When the mainshock PGA is 0.25 g, as shown in Figure 14c, the ratios of the maximum
displacement response show an upward trend with the increase in aftershock amplitude
in each eccentricity. All the models” displacement response ratios significantly increase
when the aftershock to mainshock ratio is 0.9, with the exception of the structural model
with a 30% eccentricity. All structural models have significantly improved displacement
response ratios when the mainshock to aftershock PGA ratio is 1. Among them, the
displacement of the aftershock is, at most, 12% larger than that of the mainshock. This
reflects that after experiencing a mainshock of 0.25 g, structures may suffer aggravated
damage when loaded with aftershocks again of the same intensity. However, compared
with structures experiencing a mainshock of small magnitude (i.e., 0.15 g), in the case of
a mainshock of large magnitude, the influence of aftershocks on the structural model is
significantly reduced.

Figure 14d presents that with an increase in eccentricity, the IDR grows obviously, and
the growth rate slows down slightly at high eccentricity; structures with an eccentricity
from 0% to 15% are more sensitive to the effects of aftershock than structures with higher
eccentricity. When the scaling factor is less than 0.9, the maximum IDR of all structures
during a scaled aftershock do not exceed that during the mainshock. However, when the
scaling factor of aftershock amplitude is 1, the maximum IDR response in an aftershock
is equal to 1.15 times that in the mainshock. Compared with the case of the structural
model experiencing mainshock PGA = 0.15 g, the IDR responses in an aftershock can reach
1.5 times of that in the mainshock, when the mainshock PGA is 0.25 g. The results illustrate
that the influence of aftershocks on the structural model is not as great as that of the former
case, and it has little influence on the growth factor of IDR in aftershocks.

When the mainshock PGA is 0.32 g, the structural model’s displacement rises as the
eccentricity increases, but it does not change significantly as the aftershock amplitude
changes when the eccentricity is the same. In Figure 14e, the aftershock displacement
increases by less than 5%. The reason is as follows: When the structure is about to collapse,
the prior damage caused by the mainshock to the structural model is so large that the
effect of aftershock is negligible, which causes the displacement following the aftershock to
possibly be less than the displacement after the mainshock.

For the maximum IDR, it similarly shows that the aftershock has little effect. As shown
in Figure 14f, the response of structural models of eccentricity 0-25% also has an upward
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trend, with the increase in eccentricity under the mainshock PGA being 0.32 g. However,
the scaled aftershocks do not aggravate the structural damage directed by the index of
maximum IDR. After loading the aftershock with the same intensity as the mainshock
(0.32 g), the maximum IDR of the structure may not increase. The reason is that the structure
already has experienced a large response under the mainshock, and even become severely
damaged. Although the effect of scaled aftershocks does exist, it is still difficult to surpass
the effect of the mainshock.

To sum up, with an increase in the mainshock PGA, the influence of aftershocks
on the top floor maximum displacement and the maximum IDR of structures tend to
decrease gradually. Compared with other mainshock PGAs, the effect of aftershock is most
evident when the mainshock PGA is 0.15 g. The aftershock displacement of the structure
reaches 1.4 times the mainshock displacement and the IDR reaches 1.5 times the mainshock
displacement. When the mainshock PGA is 0.32 g, the response of the structure under the
aftershock does not exceed the maximum response of the mainshock since the structure
under the mainshock is close to destruction or even collapse.

3.2.3. Response of Unidirectional Eccentric Structure under Bidirectional Mainshock

In this section, the seismic responses of the unidirectional eccentric structure under
bidirectional mainshock-aftershock sequences (case UBM) are discussed. The influences of
earthquake sequences and the eccentricity of structures on the structural seismic responses
are discussed in this section. The difference is more significant in bidirectional earthquakes
than in unidirectional earthquakes due to the coupled action of the translational mode and
torsional mode, particularly in eccentric structures.

The earthquake ground motions are loaded along two horizontal directions, i.e., the
X and Y directions. According to the seismic design code of buildings [34], the ratio of
PGA of ground motion loaded in the X direction to that in the Y direction is set as 1:0.85.
“CHICHI-CHY029-N” and “CHICHI-CHY029-E” are used to name the ground motions
in the X direction and the Y direction, respectively. The PGAs in the X direction and Y
direction are 0.238 g and 0.185 g, respectively.

In contrast to the displacement under bidirectional loading, as shown in Figure 15a,
the Y direction displacement under unidirectional loading exhibits a similar upward trend
with an increase in eccentricity. Additionally, when eccentricity is high, the growth rate
slows. It is observed that the displacement of structural models with various eccentrici-
ties under bidirectional loading is larger than that under unidirectional loading, which
shows that horizontal ground motion in the other direction (X direction) has an additional
influence on the displacement in the Y direction. In Figure 15b, the residual displace-
ments of structural models under unidirectional and bidirectional loadings are presented.
It can be observed that the residual displacement increases in the overall trend with an
improvement in eccentricity. But the residual displacement under biaxial loading is larger
than that under unidirectional loading in small eccentricities, which demonstrates that the
bidirectional horizontal ground motion has complex and adverse effects on the structural
model. Figure 15¢ shows a comparison of the relative torsional effects on the structural
model under unidirectional and bidirectional loadings. The relative torsional effects on
the structural model almost increase linearly with an increase in eccentricity. Compared
with the unidirectional loading, this parameter value of bidirectional loading is greater
over the whole eccentricity range. Figure 15d illustrates the changing trend of torsional
angles for structural models under unidirectional and bidirectional loadings. Although
the torsional angle expresses the torsional behavior of a structure, it is still not a preferable
index at several eccentricities. Both torsional angles seem to be the same. According to
Figure 15a,c, with an increase in eccentricity, the torsional effect shows a trend of rising. In
addition, the bidirectional loading causes more serious damage than unidirectional loading
at each eccentricity. However, the torsional angle decreases at 30% eccentricity. Even at
5% eccentricity, the torsional angle of the bidirectional loading is smaller than that of the
unidirectional loading.
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Figure 15. Response results of unidirectional eccentric structural models under bidirectional main-
shock (case UBM): (a) Maximum displacements of top floor in Y direction; (b) residual displacements
of top floor in Y direction; (c) relative torsional effects; (d) torsional angles.

3.2.4. Response of the Unidirectional Eccentric Structure under Bidirectional
Mainshock-Aftershock Sequences

The seismic responses of the unidirectional eccentric structure under bidirectional
MSAS sequences (Case UBS) are explored. For the amplitude of the mainshock and
aftershock, the mainshock PGAs are still 0.15 g, 0.25 g, and 0.32 g as determined above
(Section 2.3), while the aftershock PGAs are still 0.6, 0.8, 0.9, and 1.0 times that of the
mainshock. The amplitude of the ground motion loaded in the X direction is also 0.85 times
that in the Y direction.

When the mainshock PGA is 0.15 g, as shown in Figures 16a and 17a, the structural
displacement will increase with an increase in eccentricity under the same aftershock
intensity. Compared with structures with different eccentricities, the symmetrical structure
is most affected by the aftershock, and the maximum displacement under the aftershock
is nearly 1.35 times of the mainshock displacement. If the structure eccentricity is larger,
the effect of aftershock modulation amplitude is smaller. The IDRs of structures with
eccentricities 0-30% under the bidirectional mainshock-aftershock sequences are shown in
Figures 16b and 17b. Similarly, the IDR of the structure gradually increases with an increase
in eccentricity, and the growth speed is rapid at high eccentricity. It is observed that the
aftershock shows the most significant effect on the 0% eccentricity structure. When the
aftershock amplitude is equal to the mainshock amplitude, the IDR of the aftershock is
1.3 times that of the mainshock.
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Figure 16. Seismic responses of structures under mainshock-aftershock sequences with different
mainshock PGAs (case UBS): (a) Top floor maximum displacement with mainshock PGA at 0.15 g;
(b) IDR with mainshock PGA at 0.15 g; (c) top floor maximum displacement with mainshock PGA at
0.25 g; (d) IDR with mainshock PGA at 0.25 g; (e) top floor maximum displacement with mainshock
PGA at 0.32 g; (f) IDR with mainshock PGA at 0.32 g.
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Figure 17. Ratios of maximum displacement and IDR of structures under mainshock-aftershock
sequences with different mainshock PGAs (case UBS): (a) Ratio of maximum displacement of after-
shock to that of mainshock with mainshock PGA at 0.15 g; (b) ratio of IDR of aftershock to that of
mainshock with mainshock PGA at 0.15 g; (c) ratio of maximum displacement of aftershock to that of
mainshock with mainshock PGA at 0.25 g; (d) ratio of IDR of aftershock to that of mainshock with
mainshock PGA at 0.25 g; (e) ratio of maximum displacement of aftershock to that of mainshock with
mainshock PGA at 0.32 g; (f) ratio of IDR of aftershock to that of mainshock with mainshock PGA at

032g.
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In the case of the mainshock, the PGA is 0.25 g, and the displacement growth speed
slows down in the case of high eccentricity, as shown in Figure 16¢c. As illustrated in
Figure 17¢, despite the fact that the displacement of the structure with an eccentricity of
5% during the aftershock increased by 5% compared with that during the mainshock,
the displacement of the other structures did not increase. It can be concluded that the
aftershock shows a slight effect on eccentric structures with a life safety performance level.
For the structural IDR, it can be seen in Figures 16d and 17d that the IDR of the aftershock
cannot exceed that of the mainshock due to possible greater damage in mainshock loading.

For the mainshock PGA of 0.32 g, the aftershock fails to show an increasing effect on
the structural displacement or IDR for structures with all the different eccentricities. It can
be seen from Figure 17e,f that the aftershock displacements of all structures did not exceed
the mainshock displacements. This shows that the structure tends to be damaged after the
first earthquake of a larger amplitude, and at this time, the aftershock response does not
manage to exceed the mainshock.

The reason could be that the structure’s response to the bidirectional mainshock is
already extremely large and its performance level at 0.32 g under the mainshock reaches
collapse prevention. In the structure with high eccentricity (i.e., 30%), the IDR decreased,
which showed that the structure had been damaged seriously or even collapsed. Therefore,
the response of the aftershock can hardly exceed that of the mainshock.

In summary;, it can be concluded that, similar to the unidirectional loading, with an
increase in the mainshock PGA, the influence of aftershock on the structural maximum
displacement and IDR will decrease. When the mainshock PGA is 0.15 g, the aftershock
shows the most significant influence on the structural response. During the aftershock, the
maximum displacement of the top floor is more than 1.35 times of the mainshock, and the
IDR is 1.3 times.

3.3. Seismic Dynamic Analyses of Bidirectional Eccentric Structures
3.3.1. Response of Bidirectional Eccentric Structure under Bidirectional Mainshock

In this section, the seismic analyses of bidirectional eccentric structures under bidi-
rectional mainshock (case BBM) are studied. The earthquake ground motions used in the
case are the same as the aforementioned earthquake records, i.e., the “CHICHI-CHY029-N”
and “CHICHI-CHY029-E” earthquake records. The eccentric structural models used in the
case are bidirectional eccentric models which are developed by a unidirectional eccentric
structure. Both of them have the same eccentricity. The mass center of the bidirectional
eccentric structure is adjusted along the x-axial and y-axial directions at the same time.

The seismic responses of unidirectional and bidirectional eccentric structures with
different eccentricities are compared. As shown in Figure 18, the overall trend of the
bidirectional eccentric structure increases with the improvement in eccentricity. The in-
creasing trend is more obvious in the Y direction than that in the X direction. Comparing
unidirectional eccentric structure and bidirectional eccentric structure, after loading the
same bidirectional earthquakes, the displacement trend of unidirectional eccentric struc-
ture is positively correlated with the eccentricity, probably a linear relationship, while the
bidirectional eccentric structure is more complex.

Moreover, the torsional angles of the unidirectional eccentric structure and the bidi-
rectional eccentric structure are presented in Figure 19. It can be seen that both torsional
angles climb upward with an increase in eccentricity. This indicates that the torsional
effect of the bidirectional eccentric structure is slightly larger than that of the unidirectional
eccentric structure.

3.3.2. Response of the Bidirectional Eccentric Structure under Bidirectional
Mainshock-Aftershock Sequences

The seismic responses of the bidirectional eccentric structure under bidirectional
mainshock-aftershock sequences (case BBS) are further examined through a dynamic analy-
sis. The maximum displacement responses of the structures are presented in Figure 20a,c.e.
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To investigate the influence of aftershock, the ratios of the maximum displacement under
the MSAS sequences to the displacement under the mainshock are also compared, which
are shown in Figure 21a,c,e. It can be demonstrated that structures with small eccentricities
are more sensitive to aftershocks, and the maximum impact of aftershocks on displacement
can reach 1.5 times that of the mainshock (at the mainshock PGA 0.15 g). But, for high PGAs
of the mainshock (i.e., 0.25 g and 0.32 g), aftershocks have little impact on the structural
displacement. Only for symmetrical structures and structures with small eccentricities,
such as 5% eccentric structures, could aftershocks increase the displacement response, but
the increase effect is less than 5%.
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Figure 18. Comparison of top floor displacement of unidirectional eccentric structure and bidirec-
tional eccentric structure with different eccentricities: (a) Top floor displacement in the Y direction;
(b) top floor displacement in the X direction.
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Figure 19. Comparison of the torsional angles between the unidirectional eccentric structure and the
bidirectional eccentric structure.

As illustrated in Figure 20b,d,f, with an improvement in eccentricity, the IDR increases
obviously and uniformly at eccentricities of 0~15%, increases slowly at eccentricities of
1~25%, and decreases at the stage of 25~30%. The influence of aftershocks on IDR is
only reflected in the structures with an eccentricity of 0% and 5%, which is similar to the
maximum displacement response. Figure 21b,d,f also show that when the mainshock PGA
is 0.15 g, the aftershock IDR can reach up to 1.4 times that of the mainshock. However, the
aftershock IDR is about 1.06 times the mainshock IDR in the case of a mainshock PGA of
0.25 g, and equal to zero time in the case of a mainshock PGA of 0.32 g.



Appl. Sci. 2023,13, 10767 22 of 26

Figure 20. Seismic responses of structures under mainshock-aftershock sequences with different
mainshock PGAs (case BBM): (a) Top floor maximum displacement with mainshock PGA at 0.15 g;
(b) IDR with mainshock PGA at 0.15 g; (c) top floor maximum displacement with mainshock PGA at
0.25 g; (d) IDR with mainshock PGA at 0.25 g; (e) top floor maximum displacement with mainshock
PGA at 0.32 g; (f) IDR with mainshock PGA at 0.32 g.
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Figure 21. Ratios of maximum displacement and IDR of structures under mainshock-aftershock
sequences with different mainshock PGAs (case BBS): (a) Ratio of maximum displacement of after-
shock to that of mainshock with mainshock PGA at 0.15 g; (b) ratio of IDR of aftershock to that of
mainshock with mainshock PGA at 0.15 g; (c) ratio of maximum displacement of aftershock to that of
mainshock with mainshock PGA at 0.25 g; (d) ratio of IDR of aftershock to that of mainshock with
mainshock PGA at 0.25 g; (e) ratio of maximum displacement of aftershock to that of mainshock with
mainshock PGA at 0.32 g; (f) ratio of IDR of aftershock to that of mainshock with mainshock PGA at

032g.
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In addition, compared with the unidirectional eccentric structure, the influence
of aftershock on the bidirectional structure is obviously greater. It is noted that in
Figures 16f and 20f, when the mainshock PGA is 0.32 g, the IDR response decreased
at high eccentricities of 15-30%, which was different from the general increasing sit-
uations. The reason is that the bidirectional structure has a greater response than the
unidirectional eccentric structure in the bidirectional 0.32 g mainshock. The IDR of the
structure with an eccentricity of 30% decreases, indicating that the structure is damaged
or even collapsed. In this case, it is difficult for the aftershock to exceed the effect of the
mainshock, even if the aftershock amplitude is equal to the mainshock amplitude.

Consequently, for the bidirectional eccentric structures, with an increase in the main-
shock PGA, the influence of aftershocks on the maximum displacement and the IDR of
the structures are decreased. When the mainshock PGA is 0.15 g, the effect of aftershock
is the most significant. The maximum displacement of the structure is about 1.5 times
greater than that of the mainshock, and the IDR is around 1.4 times greater than that of the
mainshock. However, when the mainshock PGAs are 0.25 g and 0.32 g, the impact of after-
shocks on the structure is weakened or even not present. The reason is that the bidirectional
eccentric structures are close to destruction or even collapse under such strong mainshocks.
Meanwhile, compared with the unidirectional eccentric structures, it is demonstrated that
aftershocks have a greater impact on the bidirectional eccentric structures under the same
bidirectional loading.

4. Conclusions

This study investigates the effects of aftershocks on seismic responses of unidirectional
eccentric structures and bidirectional eccentric structures with different eccentricities sub-
jected to unidirectional and bidirectional loadings. In the investigation, three-dimensional
models of unidirectional and bidirectional eccentric structures with eccentricities of 0%,
5%, 10%, 15%, 20%, 25%, and 30% are established by using the OpenSEES software. A
representative mainshock-aftershock sequence is selected and scaled according to the
performance level indicated by the IDR. Seismic capacities of the symmetric structural
models and eccentric structural models are estimated by a static pushover analysis and a
nonlinear time history analysis. Seismic response results under a total of six types of cases
(called UUM, UUS UBM, UBS, BBM, and BBS) are discussed. The main conclusions are
as follows:

1.  For unidirectional eccentric structures, the displacement response during the unidi-
rectional mainshock increases obviously with an improvement in eccentricity, and
the displacement growth rate increases first and then decreases. The structural re-
sponse increases further under the unidirectional MSAS. The peak displacement and
maximum inter-story drift ratio during the aftershock can reach up to 1.4 times and
1.5 times those of the mainshock, respectively, when the structure experiences a main-
shock of 0.15 g. When the amplitude of the mainshock is low, the aftershock shows a
more significant influence on the structural response.

2. For unidirectional eccentric structures, bidirectional horizontal loadings are more
likely to cause damage to the structures and have a more adverse effect on the
structural displacement responses in the main direction. The symmetric structure is
most affected by the aftershock under the bidirectional MSAS. The peak displacement
and maximum inter-story drift ratio during the aftershock can reach up to 1.35 times
and 1.3 times those of the mainshock, respectively, when the structure experiences
a mainshock of 0.15 g. Compared with the structural response under bidirectional
loading, the structural response under unidirectional loading is more sensitive to the
intensity of aftershock ground motions.

3. For bidirectional eccentric structures, the peak displacements and maximum inter-
story drift ratios of the structures tend to ascend with an increase in eccentricity.
Compared with unidirectional eccentric structures, the responses of bidirectional
eccentric structures are more complex under the same bidirectional horizontal earth-
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quakes, and the aftershocks have a more significant influence on the responses of
bidirectional eccentric structures. When the structure experienced a mainshock of
0.15 g, the peak displacement during the aftershock can reach 1.5 times that of the
mainshock, and the maximum inter-story drift ratio during the aftershock can reach
1.4 times that of the mainshock.

The non-synchronous nonlinear behaviors of different columns of the perimeter frames
may have an influence on the change in eccentricities, which need to have further investi-
gations. Different nonlinear behaviors of columns could produce different increased trends
of structural demands (i.e., torsional angle and inter-story drift ratio).
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