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A B S T R A C T

Historical records indicate that strong earthquakes are usually accompanied by aftershocks with large peak
ground accelerations. Structural damages caused by the mainshock can be further aggravated by aftershocks,
which can lead to structural collapse. Current structure seismic design practices generally consider the main-
shock effects only. Performance of buildings subjected to mainshock-aftershock sequential ground motions,
should always be fully investigated. Previous studies on sequential ground motion focus mainly on frame
structures. There is a paucity of publications addressing other type of structures, especially high-rise buildings.
The reasons for this omission have been identified as the complexity of high-rise buildings and unaffordable
computational costs related to the nonlinear dynamic analysis of long duration sequential ground motions. Thus,
the authors used Tianhe-2, once known as the fastest supercomputer in the world, to conduct nonlinear dynamic
analysis of a typical 20-story frame-core tube building subjected to sequential mainshock-aftershock ground
motions. This study focuses on 104 mainshock and aftershock ground motions from four different sites. Thus, the
effects of mainshocks only and sequential ground motions of a frame-core tube structure at four different sites
were analyzed in this study's finite element model. The Performance of these structures under mainshocks and
sequential ground motions are compared in terms of inter-story displacement ratio, hysteretic energy and da-
mage index based on the Park-Ang model. The results prove that a supercomputer can be used to solve the
computational cost issue in structural engineering and emphasize that the effects of sequential earthquakes need
to be considered in structural design, even for frame-core tube structures with lateral resisting members.

1. Introduction

Earthquakes are one of the most serious disasters that endanger the
safety of people's lives and properties. The mainshock and aftershocks
forms sequential ground motions. In recent years, sequential main-
shock-aftershock seismic activity has caused tremendous losses to so-
ciety. The compounding effect of the damage and disruption caused by
earthquake sequential ground motion reactions have made seismic
history in Chi-Chi (1999) [1], Wenchuan (2008) [2], Christchurch
(2010–2011) [3], Tohoku (2011) [4], and Nepal (2015) [5]. These are
just a few examples of major earthquakes that have caused tremendous
human loss and cost. Based on a 2012 report by the Center for Disaster
Management and Risk Reduction (CEDIM) in Germany, in 2011 alone,
worldwide seismic loss included 133 earthquakes (including after-
shocks) and their consequences (i.e., tsunamis, landslides, ground set-
tlements) caused $365 billion worth of damage including the death of

20,500 people and the loss of homes to approximately one million
people. CEDIM shared the assessment of the Tohoku earthquake da-
mage, where the tremendous loss from the Tohoku earthquake was said
to be mostly due to “aftershocks” [6].

Therefore, understanding the sequential ground motions and the
response of the structure subjected to sequential ground motions in
perspective is of great significance to the improvement of planning for
seismic events and the development of post-earthquake emergency re-
sponses and recovery strategies.

The study of sequential ground motions dates back to 1894 when
Omori [7] summarized the law of frequency attenuation of aftershock
with time. After more than 100 years of exploration, the research on
sequence earthquakes has achieved fruitful results, including the fa-
mous Gutenberg-Richter law [8] and Bath law [9]. In 1980, Mahin's
seminal work [10] made a breakthrough by connecting sequential
ground motions with structures, changing the post-seismic ground
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Fig. 1. (a) Finite element model, (b) Vertical section of frame-core tube structure, (c) Layout, and (d) Partial members.
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motions from a concept in the field of seismology, to a major research
direction in earthquake engineering. Since then, scholars have begun to
study sequential ground motions from different perspectives. In the
early single degree of freedom (SDOF) system studies, two research
routes were developed: 1) the SDOF system or the equivalent SDOF
system, which focuses mostly on frame structure and 2) for complex
structures such as long-span bridges [11], a refined numerical method
was often used.

Under the first frame-structure focused SDOF system method, sev-
eral as-recorded and artificially generated ground motions were applied
to the SDOF system to obtain an inelastic response spectrum, such as
the damage spectrum [12] and strength reduction factor spectrum [13].
Other researchers focused on the response of frame structures subjected
to sequential ground motions. The structural vulnerability curve was
obtained by Monte Carlo simulation or incremental dynamic analysis
(IDA) [14–16]. Based on these studies, the inelastic response spectrum
and vulnerability curve were obtained as important evidence to guide
engineering design and verification.

In the second numerical method, the study of complex structures
Ruiz-García et al. [11] analyzed 28 mainshock-aftershock seismic se-
quences of highway bridges based on records from sites near the sub-
duction zone of the Mexican Pacific coast. They noted several RFC piers
of a nine-span freeway overpass bridge were damaged in the 1987
Whittier Narrows earthquake (Mw=5.9) three days after mainshock
seismic activity. Thus, aftershocks were shown to cause additional da-
mage. Despite the sophistication of current research modeling proce-
dures, aftershock seismic analysis is still in the verification stage in
many cases. Thus, seismic performance of complex structure responses
based on post-earthquake file reconnaissance of aftershock ground
motions is still in need of more attention and development.

In the first method, studies of complex structures and their
equivalent SDOF system are studied separately for two reasons. The
first reason is that the equivalent SDOF system is widely researched
under mainshock conditions and extensively applied in construction.
The research route is very clear. The other reason is the difficulty in
calculating complex structures because of limitations in computational
power. The complexity of structure combined with the long-term
characteristics of sequential ground motions bring great challenges to
computing devices. The huge amount of calculations and unbearable
time costs have hindered the development of seismic performance
analysis of complex structures under sequential ground motions.

With the development of urban construction, the number of high-
rise and super-tall buildings with various structural forms is increasing
rapidly. By the end of 2018, 144 super-tall buildings extended upward
by as much as 300m worldwide, and more than 1400 buildings were
over 200m in height [17]. The construction of high-rise and super-tall
buildings has greatly improved the functionality of cities. The accom-
panying structural safety issues, however, cannot be ignored. Although
the general high-rise building can exhibit good resistance to a main-
shock due to the setting of the shear members, limited knowledge has
been published on the response and performance of high-rise buildings
in the case of sequential ground motion. Moreover, current research
shows that, in sequential ground motions, significant differences have
been found between the spectral characteristics of the mainshock and
aftershocks. In addition, artificial seismic sequences lead to an over-
estimation of maximum lateral drift demands compared with the

response of structures subjected to as-recorded seismic sequences [18].
Another question to be studied is which evaluation index should be
chosen to effectively assess the structural damage. In the evaluation of
the equivalent SDOF system, the scholars used the dissipated energy,
the inter-layer displacement ratio or the Park-Ang damage index to
evaluate the structural damage [19,20]. For high-rise buildings, which
index is more suitable is still to be investigated. Therefore, if only a few
sequences are selected for analysis, it is difficult to draw a solid con-
clusion. The use of a more reliable analysis method is urgently needed
for high-rise buildings subjected to mainshock-aftershock seismic se-
quences so as to more systematically evaluate their structural perfor-
mance level and protect the structure itself as well as the safety of
human life and property.

In this paper, a high-rise building's typical structural form, the
frame-core tube is the primary research focus. The authors collected
104 as-recorded sequential seismic ground motions from four different
site classes. The response and performance level of the frame-core tube
structure subjected to sequential ground motion are presented in this
study. The authors' aim is to break through the limitation of traditional
complex structure analysis methods by using more scientific evaluation
indicators and research methods, to gain a deeper understanding of the
responses and performance levels of frame-core tube structures under
sequential seismic ground motions.

2. Establishment of finite element model of tall building

This paper presents an existing 20-stories, 81.2m-tall, frame-core
tube structure, as shown in Fig. 1. The cross section of the frame column
measures 900mm×900mm. The frame beam cross section is
400mm×800mm. The thickness of the outer shear wall is 400mm.
The inner shear wall of the core tube 250mm. The thickness of each
floor is 120mm. The material properties of each component in the
structure are shown in Table 1.

As shown in Fig. 1 (a), a finite element model with a total of 39,291
regular elements, including 21,673 shell elements and 17,618 beam
elements is established. For the constitutive laws, the kinematic hard-
ening of model steel and the plasticity model of concrete with damage
energy consumption have been considered. Mass-proportional Rayleigh
damping model is adopted. In addition, to more realistically simulate
the nonlinear performance of the structure, the beam and column use
fiber beam elements, and the floor and shear wall use a multilayer shell
element [21–23].

The fiber beam element model is the most commonly used model in
finite element simulation of beams and columns in a frame [24,25]
because it provides a good balance between accuracy and computa-
tional efficiency. As shown in Fig. 2, the beam and column are dis-
cretized into beam elements with multiple integration points based on
the displacement formula or force formula. At each integration point,
the relationship between forces (e.g., bending moment and axial force)
and deformations (e.g., curvature and axial strain) is imposed. To
consider the interaction between the nonlinear beam-column bending
moment and the axial force, the section corresponding to the integra-
tion point is divided into fibers, and a uniaxial stress-strain relationship
can be applied to the fiber. According to the Euler–Bernoulli hypoth-
esis, the strain of each fiber over the section can be determined based
on section deformations, including the curvature and axial strain. In the
meanwhile, internal forces, such as the bending moments and axial
forces, can be determined by integrating the fiber stresses in the section.

The multilayer shell element [26] was originally developed for the
simulation of composite materials. Fig. 3 shows a shell element in the
model divided into several layers. Then, the thickness and material
properties (concrete or steel) of the layers are appointed based on the
actual conditions of the shear wall. When calculating with the finite
element method, the strain and curvature of the central layer of the
shell elements are obtained first. According to plane section assump-
tion, the strain of each concrete layer and the steel layer can be derived

Table 1
Material properties.

Material Grade Elastic
modulus

Tensile
strength

Compressive
strength

Part

Concrete C40 32.5 GPa 3.2MPa 36MPa Beam, Floor
Concrete C50 34.5 GPa 3.5MPa 42MPa Column, Wall
Bar HRB400 200 GPa 400MPa 400MPa
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from the strain and curvature of the central layer. The corresponding
stress is obtained from the constitutive equation of each material.
Eventually, the internal force of the entire shell element can be ob-
tained through integration. The multilayer shell element can more ac-
curately simulate the complex nonlinear mechanical behavior of the
actual shear wall.

3. Selection of sequential ground motions

Selection of earthquake ground motions is a presupposition for
structural seismic response assessment. The artificially generated se-
quential seismic ground motion will overestimate the structural re-
sponse [18]. In addition, due to the inherent random characteristics of
ground motions, if the number of earthquakes selected for analysis is
too limited, the reliability of the conclusion is difficult to guarantee.
Therefore, selecting enough as-recorded sequential ground motions as
load inputs is essential to the success of a project. In this paper, 104
two-sequence ground motion records were selected from the Pacific
Earthquake Engineering Research Center (PEER) [27] and strong-mo-
tion seismograph networks (KiK-net, K-NET) [28].

Selection principles are as follows:

(1) To avoid soil-structure interaction effects, the seismograph stations
which record the selected ground motions should be located on a
free site or on the ground floor of low-rise buildings.

(2) The fault distance should be larger than 10 km to reduce the in-
fluence of near-field effect.

(3) All records should be from the same station and the same seismic
event. The record with the earlier occurrence had a peak ground
acceleration (PGA) greater than 0.10 g, which was taken as the
main shock. The latter ground motion with the second largest PGA
greater than 0.05 g was recorded as an aftershock.

(4) The magnitude of mainshocks and aftershocks should be larger than
Mw 6.0 and Mw 5.0, respectively, excluding earthquakes that are
unlikely to affect a structure.

(5) To ensure that the structure is at rest before the aftershocks and to
consider the calculation time, a time interval of 100 s is added be-
tween the mainshock ground motion and the aftershock ground
motion which we selected.

(6) To research the influence of the site class on the structural response
and damage state, sequential ground motions should be classified
according to the site category. According to the code for seismic
design of buildings, the site category is divided into four classes
based on a soil thickness of 20m and 30m and equivalent shear
wave velocities. The dividing standard [29,30] is shown in Table 2.

Based on the selection principle, 104 actual sequential ground
motions were selected from 7 earthquakes, including 20 for site Class A,
28 for site Class B, 36 for site Class C and 20 for site Class D, as shown in
Table 3. Examples of them are illustrated in Fig. 4. To facilitate a
comparative analysis, the PGA of sequential seismic ground motion
records were scaled to an identical value. Since the high-rise and super-
tall buildings are mainly located in megalopolises, this paper focuses on
the structural response of their high-rise buildings under severe earth-
quakes. The PGA of the ground motion is adjusted to a value with the
50-year exceedance probability of 2%–3%, namely, 0.4 g. On the one
hand, a high-rise structure can fully enter into the plastic phase, so, we
can further study the nonlinear performance of the structure. On the

Fig. 2. Fiber beam element.

Fig. 3. Multilayer shell element.

Table 2
Site classification criteria.

Site Class Average Shear Wave Velocity V20
(m/s)

Average Shear Wave Velocity V30
(m/s)

A >500 >596
B 250–500 278–596
C 150–250 158–278
D <150 <158
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other hand, several ground motions have been recorded in recent years,
the PGAs of which far exceed the acceleration of structural design
considerations, with some approaching 1 g (such as the 2008 Wenchuan
earthquake and the Mw 9 2011 Tohoku earthquake, which started in
Japan). Therefore, it is also a realistic requirement for structural
earthquake resistance to adjust the PGA to 0.4 g.

To study the response of a structure subjected to horizontal one-way
ground motions, horizontal components of seismic sequential ground
motions were selected and applied separately along the weak axis di-
rection of the structural cross section to investigate the structural re-
sponse under adverse conditions. Ground motions are directly applied
to the structural foundation, soil-structure interaction has not been
considered.

4. Application of Tianhe-2

As mentioned earlier, computational power limitations are a major
constraint on the study of seismic sequential ground motions. This
limitation is especially significant in the analysis of complex structures
such as long-span bridges and high-rise buildings. In this paper, the
central difference method is utilized for analysis, which is suitable for
multi-processor parallel computing. This method ensures stable calcu-
lation, good convergence and high computational efficiency. Even so,
when the frame-core tube model has a complicated form and a large
number of elements, it is still difficult for a common computer to ac-
complish such a large amount of calculation.

The commercialization of supercomputers has brought a new solu-
tion to this dilemma. Supercomputers have the advantages of excellent

Table 3
Selected ground motion record of main aftershock sequence.

Earthquake event Mainshock Aftershock Site

Time Mw Time Mw A B C D

Wen Chuan 2008.05.12 14:28 7.9 2008.5.12 19:11 6.1 4 2
Chi-Chi 1999.09.20 17:47 7.6 1999.9.20 17:57 5.9 4 6 10 2
New Zealand 2010.09.03 16:35 7.0 2011.2.21 23:51 6.2 4 12
East Japan Earthquake 2011.03.11 14:46 9.0 2011.3.11 15:15 7.7 14 12 14 6
Coast of Niigata 2007.07.16 10:13 6.8 2007.07.16 15:37 5.8 4
Niigata-ken Chuetsu 2004.10.23 17:56 6.8 2004.10.23 18:03 6.3 6
Kumamoto 2016.04.14 21:26 6.2 2016.04.16 01:25 7.0 2 4 2
Summation 20 28 36 20

Fig. 4. Examples of sequential ground motions considered in this study: (a) TCU128EW (Chi-Chi, 1999.09.20), (b) KMMH16EW (Kumamoto, 2016.04.14), (c) Pages
Road Pumping Station NS (Darfield-Christchurch, 2010.09.03), and (d) NIG013NS (Coast of Niigata, 2007.07.16).
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computing power, submitting tasks in batches, processing data in bat-
ches, and producing reliable calculations. They have provided strong
technical support for multiple subject areas, greatly improving com-
putational efficiency and shortening computation time. Although su-
percomputers have been widely recognized and applied in meteor-
ology, physics, life sciences, materials science and other fields, their
application in structural engineering is still in its infancy.

The Tianhe-2 supercomputer platform is utilized in this research to
realize batch parallel computing analysis of the core tube structure.
Tianhe-2 was once the world's fastest supercomputer, which won six
consecutive championships in a supercomputing conference [31].
Tianhe-2 has 16,000 compute nodes, each of which is equipped with
two Xeon E5 CPUs and three Xeon Phi 57 accelerator cards. A total of
3.12 million computing cores are provided by 32,000 Xeon E5 CPUs
and 48,000 accelerator cards. Its peak floating-point operation per
second reaches 54,902.4 TFLOPS with a maximum computing power of
33,862.7 TFLOPS [32]. In contrast, the computing power of CPU (Intel
i7-8700 K) commonly used in ordinary personal computers is only
about 60 GFLOPS.

The calculation and analysis of the frame-core tube structure by

means of the Tianhe-2 processor are realized by programing a batch
program. Forty compute nodes are used, each of which computes a
structural model subjected to a seismic sequential ground motion. For
the calculation model established in this paper, Table 4 gives the
comparison of the computational efficiency between Tianhe-2 and a
personal computer. Clearly, the calculation efficiency of a single com-
puting node is about 4 times that of a PC. The parallel processing using
multiple nodes can increase efficiency to nearly 140 times of that of PC.
It takes only 6 days to complete all calculations.

Table 4
Comparison of calculation efficiency.

Computer Unit calculation time Calculate nodes Total time

Tianhe 2d 40 6d
PC 8d 1 832d

Fig. 5. Response (Inter-storey Drift Ratio) of the frame-core tube model under sequence-type ground motions: (a) TCU128EW (Chi-Chi, 1999.09.20), (b)
KMMH16EW (Kumamoto, 2016.04.14), (c) Pages Road Pumping Station NS (Darfield-Christchurch, 2010.09.03), and (d) NIG013NS (Coast of Niigata, 2007.07.16).

Fig. 6. Maximum displacement difference.
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5. Results and discussion

The amplitude, duration and spectral characteristics of the ground
motions have a significant impact on the structural response. The
ground motions' amplitudes were scaled to the same and a relatively
large level ( =PGA 0.4g) to study effects of other two factors without
compromising amplitude's effect. The influence of duration on the
structure is mainly reflected in the nonlinear phase of the structure, and
its significance exists in both the first passage failure and the

cumulative hysteresis energy of the nonlinear system. The maximum
displacement, inter-story displacement ratio (IDR) and hysteretic en-
ergy in calculation results are investigated to study the effect of after-
shocks on the frame-core tube structure. The response (IDR) of the
frame-core tube model under examples in Fig. 4 is examined and shown
in Fig. 5. Notably, some aftershocks, but not all aftershocks, can affect
the displacement response of the structure. Based on this, the authors
thoroughly investigated the displacement responses of the structure.
The results are shown in Fig. 6 and Fig. 7. They show ratio of numbers
of ‘Same’ cases and ‘Different’ cases over total number of selected re-
cords. The label means same or different values, e.g. maximum dis-
placement or IDR, are obtained from mainshock-only input and se-
quential earthquakes input. Fig. 6 shows that very few seismic
sequential ground motions can affect the maximum displacement of the
frame-core tube structure (about 14%). In most cases, the aftershock
only has a small effect on the maximum displacement of the structure.
Fig. 7 compares the IDRs of the structure under mainshocks and seismic
sequential ground motions. Obviously, the results are much like the
ones of maximum displacement. More than 80% of the seismic se-
quential ground motions have the same effect on the IDR as the cor-
responding main shock. The aftershocks have less influence on the
frame-core tube structure IDR, which is contrary to the reported effects
of the 1995 Hyogoken-Nanbu (Kobe, Japan) earthquake by Chung [33].
This phenomenon compared favorably with Ruiz-Garcia's [18] 2011
report on the response of steel frames under actual sequence-type
ground motions. Their conclusion was that aftershocks do not sig-
nificantly increase the peak and residual displacement demands of ex-
isting steel frames. In addition, the reinforced concrete cylinder in-
creases the rigidity of the structure, which causes less lateral
displacement demand of the structure under horizontal ground motions
compared with frame-type structure. Consequently, the displacement
response doesn't increase significantly after aftershocks, but the hys-
teretic energy caused by shear force will increase. Therefore, it is not
reasonable to rely solely on displacement as an index to measure the
influence of aftershock on the frame-core tube structure. However, this
does not fully reflect the cumulative damage effect of the structure
subjected to seismic sequential ground motions.

Park et al. [34,35] proposed a two-parameter structural damage
model considering the structure's first transcendence damage and cu-
mulative damage effects, which has been widely used by scholars all
over the world. It is a non-dimensional parameter to evaluate and de-
scribe the damage degree of components or structures under random
earthquake excitations. The index is also an important basis for deci-
sion-making on the structure after earthquakes. In this paper, we con-
sider the Park-Ang two-parameter damage model as the damage index
needed to evaluate the damage degree of the structure. The model is

Fig. 7. Inter-story displacement ratio difference.

Table 5
Relationship between structural performance level and damage index.

Performance level Slight Minor Moderate Severe Collapsed

Damage index (D) < 0.1 0.1–0.25 0.25–0.4 0.4–1.0 >1.0

Fig. 8. Damage index differences.

Fig. 9. Damage indexes on Site Class A.
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obtained by linear superposition of the displacement term and an en-
ergy term, which can be expressed as:

= +D x
x

β E
F x

.m

u

h

y u (1)

where xm is the maximum response deformation, xu is ultimate de-
formation capacity under static loading, Eh is cumulative hysteretic

energy dissipation, Fy is calculated yield strength under static loading,
and β is the energy dissipation factor, which can be calculated as fol-
lows:

= − + + + ×β λ n ρ ρ( 0.447 0.073 0.24 0.314 )t w0 (2)

where λ is the shear span ratio (replaced by 1.7 if ≤λ 1.7), n0 is the
axial compression ratio (replaced by 0.2 if ≤n 0.20 ), ρt is the

Fig. 10. Damage indexes on Site Class B.

Fig. 11. Damage indexes on Site Class C.

Fig. 12. Damage indexes on Site Class D.
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longitudinal reinforcement ratio expressed as a percentage (replaced by
0.75% when ≤ρ 0.75%t ), and ρw is the volume stirrup ratio expressed as
a percentage.

The damage index of a single component is calculated based on
Equation (1). By weighting and summing the damage index of in-
dividual components, the overall damage index of the structure can be
obtained. The overall damage index can be expressed as:

∑=D λ D
i

N

i i
(3)

where D is the overall damage index of the structure, N is the number
of structural components, Di is the damage index of the i component,
and λi is the weighting coefficient of the i component, which is calcu-
lated by the following formula:

=
∑

λ E
E

.i
i

i (4)

where Ei is the hysteretic energy of the i component.
Based on the indicators obtained by Park [35] and Kunnath [36],

the seismic structural damage was mainly divided into five performance
levels. The damage index range corresponding to each performance
level is shown in Table 5.

As shown in Fig. 8, during the actual ground motion, the structure
will be damaged after the mainshock. Due to the short time interval
between the mainshock and aftershocks, the structure will undergo
cumulative damage again after undergoing the aftershocks without
repair. Therefore, the damage index of the structure after the sequence
shock is almost greater than the damage index after only the main-
shock; thus, the aftershocks increase the damage of the structure, which
is consistent with the results of the earthquake damage investigation.

Since the concept of damage index contains a displacement term
and a hysteretic energy dissipation term, the impact of the aftershock
on the damage index is between the two terms. Figs. 9–12 show the
damage index of the structure under the excitation of each ground
motion in four different site classes. Thus, during the excitation of the
mainshock, the structural damage index is almost less than 0.4. Only a
few indexes of the site class D are larger than 0.4, accounting for about
5% of the total. =D 0.4 is the repairable and irreparable boundary
proposed by the Park-Ang model [35]:

If ≤D 0.4, the structure is repairable;
If >D 0.4, the structure is difficult to repair;
If >D 1.0, the structure has collapsed.
Therefore, under the excitation of the main shock, the overall col-

lapse or serious damage to the frame-core tube structure can be
avoided. In addition, the damage is basically within the repairable
range, and the safety of the structure can be guaranteed.

Under the excitation of seismic sequential ground motions, the
structural damage index effects were different under the aftershocks
recorded for various site classes. The aftershocks on site class A had
only a minor effect on the structural damage indexes. Damage indexes

increase by about 10% on average, which is not enough to change their
performance level. The structure had only minor or moderate damage
under seismic sequential ground motions. For site class B, structural
damage indexes under the excitation of aftershocks increased to dif-
ferent extents, averaging out at about 27%. A few indexes will exceed
their original level of performance, which results in more serious da-
mage, which can also be unrepairable. Obviously, the aftershocks on
site class C had a great impact on the structure. The structural damage
indexes generally have a large increase, averaging out at about 67%.
Some indexes are in a repairable state under the excitation of main-
shock, but when suffering aftershocks, the indexes increase several
times, up to 1.0, which indicates a state of near collapse. The influence
of aftershocks on the site class D building is not significant. Structural
damage indexes increase by about 11% on average. In the selected
sequential ground motions from the site class D, no aftershock occurred
that could change the structural performance level. Nevertheless, dif-
ferent from the other three site classes, a mainshock on site class D
could cause serious damage to the structure, i.e., >D 0.4. Therefore, for
the design of frame-core tube structure located on site classes B, C, and
D, especially on site class C, the impact of aftershocks on the structure
should be fully considered.

For those aftershocks causing severe structural damage, their spec-
tral characteristics, besides amplitudes and durations, are explored as
another factor.

First, the modal analysis of the frame-core tube structure was car-
ried out to analyze its structural dynamic characteristics. The effective
masses of the first 10 natural frequencies and the three translational
directions are shown in Table 6.

The first three natural periods of the structure are longer, and the
period is slightly larger than 1.0 s, which is likely to coincide with the
predominant period of ground motions. In this research, seismic se-
quential ground motions are input along the weak axis direction of the
structural cross section (i.e., the X direction) respectively. Thus, the first
and sixth natural frequencies have a large contribution to the response,
which corresponds to the predominant period of ground motion 1.397s
and 0.328s.

Focusing on the analysis of ground motions spectral characteristics,
in Fig. 13, several typical seismic sequential ground motions were se-
lected on each site class. Elastic response spectra of mainshocks and the
corresponding aftershocks were calculated respectively, to compare the
difference of spectral characteristics between them. An identical
damping ratio of 0.05 was used. The controlling periods of both the
intact structure and damaged structure are shown in Fig. 13. Existing
studies [37–40] and Fig. 13 show that the spectral components of
ground motions vary widely depending on the condition of site class.
The softer the site, the more low-frequency components tend to be
found in the ground motion, i.e., the predominant period of ground
motion increases. In the meantime, the high-rise building had a longer
natural vibration period compared with the ordinary multi-story
building, which caused the structural response to be more susceptible to
long-periodic components of ground motion. Therefore, in the selected
ground motions recorded on site class A, response spectra were small
near the natural vibration period, coincident with low level structural
responses. In the selected ground motions recorded on site class D,
mainshock response spectra have abundant long-periodic components,
especially at the first natural period of 1.397s. When mainshocks are
applied, structural damage is much more severe and reaches the level of
serious damage. Because the response spectra of corresponding after-
shocks on site class D were smaller than the mainshock near the first
natural period of the structure, structural damage indexes were not
significantly increased. This is consistent with the structural damage
indexes obtained by nonlinear time history analysis shown in Figs. 9
and 12.

For seismic sequential ground motions with large increases in
structural damage indexes (i.e., the ground motion in Figs. 10 and 11),
two typical ground motions were selected for each site class.

Table 6
Modal information of the structure.

Mode Frequency (Hz) Effective Mass (kg)

X Y Z

1 0.716 17334.0 82.0 0.0
2 0.750 74.2 18769.0 0.0
3 0.857 187.2 1.5 0.0
4 2.628 0.7 3227.8 0.1
5 2.825 292.2 22.9 0.3
6 3.051 3938.4 3.2 0.1
7 5.353 4.6 295.5 5.5
8 5.469 5.5 594.6 0.3
9 5.731 0.0 0.4 18118.0
10 6.211 0.2 65.4 21.1

J. Shen, et al. Soil Dynamics and Earthquake Engineering 124 (2019) 86–97

94



Fig. 13. Comparison of response spectra of main shock and corresponding aftershocks. (a, b) Site class A, (c, d) Site class B, (e, f) Site class C, and (g, h) Site class D.
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Mainshocks and aftershocks in the elastic response spectra were cal-
culated separately, and the results are shown in Fig. 13(c–f). Damping
ratio is equal to 0.05. The comparisons show that for the same seismic
sequential ground motions, the frequency components of the mainshock
and aftershock are quite different. The aftershock may have larger
spectral accelerations than the mainshock, especially around natural
periods, such as in Fig. 13 (c). On the other hand, in the natural vi-
bration period of the structure, the spectrum value of the mainshock is
generally larger than the aftershock, which means if the sequential
ground motion is simulated by repeating mainshock, the damage of the
structure may be overestimated [18]. Therefore, under the excitation of
aftershocks, structural displacement responses and hysteretic energy
consumption levels have increased. Correspondingly, structural damage
indexes experienced a large increase, which tends to makes the struc-
tural performance level unsafe.

As noted from the experimental results shown thus far, the spectral
characteristics of mainshocks and aftershocks in seismic sequential
ground motions are significantly different. In the structural analysis, the
artificially induced ground motion cannot be simply used to simulate
the seismic sequential ground motion by repeating the mainshock
motion or by randomly composing ground motions. The as-recorded
seismic sequential ground motions should be used for studying struc-
tural response. Moreover, the influence of seismic sequential ground
motions on a structure is mainly controlled by the frequency (period)
distribution of the mainshock and aftershock. Therefore, even if the
frame-core tube structure incurs no significant damage under the
mainshock, there is still the possibility of serious damage under the
excitation of aftershocks. That is, the effects of aftershocks cannot be
ignored. The serious damage is more likely to occur on sites where the
soil is softer, and the ground motion has a large amplitude for long-
periodic components. Aftershocks should be considered when designing
the high-rise building. In addition, the structure has the possibility of
serious damage under the mainshock on site class D. It is recommended
to consider the sensitivity of the structural response to the long-periodic
component of the ground motion when constructing high-rise buildings
on soft soil foundations. Due to the small number of selected ground
motions recorded in site class D experiment, the influence of after-
shocks in the selected small samples is not significant. The response of
the frame-core tube structure subjected to seismic sequential ground
motions on site class D needs further study.

6. Conclusions

The authors collected 104 as-recorded seismic sequential ground
motions for four different site classes. With the superior computing
power of the Tianhe-2 supercomputer, the nonlinear time-history ana-
lysis method was used for the frame-core tube structure subjected to
mainshocks and sequence-type ground motions separately. Then, the
damage indexes of the structure are given based on the Park-Ang da-
mage model. Meanwhile, the structural performance level is quantita-
tively evaluated. Finally, combined with the response spectrum of the
mainshock and aftershock, the conclusions of the structural study are as
follows:

(1) Using a supercomputer, typical finite element calculation analysis
problems can be efficiently solved in the field of structural en-
gineering. In this research, for the frame-core tube structure, using
only a small number of Tianhe-2 compute nodes can improve the
computational efficiency by 140 times compared with the common
PC. Its excellent computational stability is suitable for large-scale
parallel computation. Researchers are advised to consider high-
performance supercomputers for calculations when doing large-
scale structural analysis to save computation time.

(2) Inclusion of aftershocks leads to a longer duration than mainshock,
which has a greater impact on the cumulative hysteresis energy.
Thus, the possibility of structural damage is increased. On the other

hand, the spectral characteristics of seismic sequential mainshock-
aftershock tested site events were significantly different. This was
especially true in the softer areas of the sites and in the long-peri-
odic components of the aftershock, which corresponds to the nat-
ural period of the structure. Thus, the long-periodic nature of the
aftershocks has a possibility of inflicting structural damages several
times larger than the mainshock. Therefore, in the design of high-
rise buildings, the possibility of aftershock secondary damages on a
structure or even multiple damages to a structure cannot be ig-
nored.

(3) The reinforced concrete cylinder of the frame-core tube structure
has a good effect in resisting the lateral load by the mainshock, and
the structural damage condition is basically maintained within the
repairable range. However, for the softer area of the site, the frame-
core tube structure located above it has the possibility of a large
increase in the damage index when the aftershocks come. The
corresponding performance level can change from a repairable state
to a severe damage or even collapse status. Therefore, for the softer
area of a site, the anti-collapse design of high-rise buildings also
needs to consider the effects of aftershocks.

In fact, for high-rise buildings, there are many factors that affect
their structural safety, such as strong winds and fires. In order to em-
phasize the influence of seismic sequential ground motion on the frame-
core tube structure, this paper only considers the impact of a single
disaster on the test structure. It should be noted that future research
will consider the impact of multiple hazards and carry on a more
comprehensive study of high-rise buildings.
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