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Abstract: To achieve rational and precise seismic response predictions of large span spatial structures (LSSSs), the
inherent non-uniformity and multidimensionality characteristics of earthquake ground motions should be properly taken
into consideration. However, due to the limitations of available earthquake stations to record seismic rotational components,
the effects of rocking and torsional earthquake components are commonly neglected in the seismic analyses of LSSSs.
In this study, a newly developed method to extract the rocking and torsion components at any point along the area of a
deployed dense array from the translational earthquake recordings is applied to obtain the rotational seismic inputs for a
LSSS. The numerical model of an actual LSSS, the Dalian International Conference Center (DICC), is developed to study
the influences of multi-support and multidimensional excitations on the seismic responses of LSSSs. The numerical results
reveal that the non-uniformity and multidimensionality of ground motion input can considerably affect the dynamic response
of the DICC. The specific degree of influence on the overall and local structural displacements, deformations and forces are

comprehensively investigated and discussed.
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1 Introduction

Large span spatial structure (LSSS) are a trend in
civil engineering today due to their huge open spaces
and wide applications in stadiums, high-speed train
stations, airport terminals and convention centers, etc.
LSSSs are important public facilities, and it is crucial
to ensure their safety under earthquake events. Unlike
general civil structures, the complexity of LSSS such
as shell roof, large suspended parts and complex nodes
necessitates a more sophisticated dynamic analysis in
the seismic design of such structures.

Previous research in seismology and earthquake
damage investigations has revealed that seismic
ground motions vary temporally and spatially. The
temporal nature of a seismic ground motion means
it is a time history, which has been well considered in
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time history analysis of structures. The spatial nature
of seismic ground motion indicates that different points
and different directions of the ground move differently
during an earthquake, i.e., the non-uniformity and
multidimensionality, which have not been thoroughly
studied in the dynamic analysis of structures. For a
comprehensive understanding of structural seismic
responses, the non-uniformity and multidimensionality
of input earthquake motions should be well researched,
especially for structural styles that are sensitive to the
spatial nature of seismic excitations, such as LSSSs.
For structural seismic analyses, uniform input is
reasonable when the dimension of the foundation is not
comparable with the typical wavelength of earthquake
waves. When the foundation size is large (like LSSS),
the actual seismic motions at the points on the foundation
edge are quite different. The difference can have a
huge impact on the response of the structure, such as
the change of the initial stress condition caused by the
asynchrony of input. A better and realistic understanding
of the response of LSSS during an earthquake requires
that the excitations vary at different supports (Li et al.,
2015; Li et al., 2018a), i.e., multi-support excitation,
instead of uniform excitation. For multidimensionality,
the widely accepted input model in seismic design codes
is a set of 1:1 translational motions along two horizontal
directions or 1:1:0.85 for some special buildings along
two horizontal directions and one vertical direction.
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There are two problems with this model. First, in actual
situations, seismic waves incidence the foundation on
multi-directions with varying wave shapes, amplitudes
and phases, which cannot be included by the simple
linear scaling of different translational components.
Second, actual ground motions not only consist of three
translational components but also of three rotational
components around the respective translational
directions, which are confirmed to be non-negligible
factors in seismic damage of some LSSS and long span
bridges (Gupta and Trifunac, 1990; Gupta and Trifunac,
1991; Li et al., 1997, Trifunac, 2006; Tian et al., 2010;
Yang et al., 2014; Gu et al., 2017). Therefore, in the
seismic response analyses of LSSSs, the ground motion
inputs should be considered in a multi-support and
multi-dimension way (Quan and Li, 2000).

In the consideration of non-uniformity, three effects
are typically included: wave passage effect, incoherence
effect and local site effect (Li et al., 2017; Li et al.,
2018b). Wave passage effect is caused by the phase
difference between the seismic inputs due to the time
lag of wave arrival at different structural supports, and
it is directly associated with the apparent wave velocity.
Incoherence effect is induced by the inhomogeneity of
the medium of seismic wave traveling. The complicated
reflections and scatterings between different media
make the seismic waves incident to the supports, which
results in diverse combinations of reflected and scattered
waves. Local site effect is due to the inconsistency of
local site properties at the supports, which can affect the
frequency components of the inputs at different points.
There are three popular methods to accomplish multi-
support seismic inputs. (1) Take the wave passage effect
to represent the entire feature (Lin et al., 2013; Yadi et al.,
2019). However, as the decisive parameter in the wave
passage effect, the apparent wave velocity still cannot be
precisely obtained (Mu et al., 2019). In practice, a vague
method for choosing a group of apparent velocities at a
wide range (from several hundred to several thousand
kilometers per second) is usually applied, which brings
large randomness in the analysis results. (2) Use the
response spectrum method based on random vibration
theory (Alexander, 2008; Soyluk, 2004; Zhao et al.,
2015), by which the coherence of the dynamic response
of different supports between each vibration mode can
be considered. However, how to simply and precisely
acquire the response spectrum of structures under multi-
support and multi-dimension input is still not considered.
(3) Apply the spectral representation method to synthesize
the spatially varying ground motions at multiple stations
for structural seismic analyses (Mirzabozorg et al., 2012;
Liet al., 2018c; Li et al., 2020).

In consideration of the multidimensionality of
seismic excitation, the translational components of
ground motions have been comprehensively studied and
applied in engineering applications. Thus, the rotational
components of earthquake motions are the focus of this
study. Rotational seismology was once doubted and

neglected among the majority of seismologists, and with
the lag in the development of rotational seismometers,
the research in this field had only minor progress in
the past few decades (Trifunac, 2009). Until about ten
years ago, progress in instrumental science and seismic
damage investigations have made rotational seismology
an emerging field. The rotational components include two
rocking components around two horizontal directions
and one torsion component around the vertical direction.
Due to the lack of reliable actual rotational ground
motion recordings, the research in this field is mostly
based on theoretical inference, such as the Geodetic
method, synthetic method and focal mechanism-based
approach (Lee and Trifunac, 1985; Lee and Trifunac
1987; Spudich et al., 1995). However, the comparisons
between the inferred rotations and several public rotation
motion records reveal that the former ones are one to
two orders of magnitude smaller than the latter ones in
amplitude. Therefore, the inferred rotations obtained
by traditional approaches result in unconvincing
multidimensional structural seismic responses.

As discussed above, the key to realize reasonable
seismic response analysis of LSSSs under multi-support
and multidimensional input is to obtain the precise
six-dimensional ground motion time histories at each
support. In this study, the translational ground motion
recordings from a dense array with a similar size as the
foundation of the structure model are applied. A new
method based on surface fitting is introduced, by which
the rotational components at the supports are obtained.
Finally, the time history analysis of an exemplar LSSS
under multi-support and multidimensional seismic input
is performed. The effects of the rotational components
on the seismic responses of LSSS are discussed in detail.

2 Numerical modeling of the exemplar LSSS

The Dalian International Conference Center (DICC,
shown in Fig. 1(a)) is selected as the objective LSSSs.
The building is located in the north coast of Dalian, and
it is 220 m long, 213 m wide and 59 m high. The three-
dimensional drawing of the DICC is presented in
Figs. 1(b), 1(c) and 1(d). The building area is about
145,000 m? and its shape is unique and complex.

In general, the DICC can be divided into four main
parts: main body, curved roof, central grand theatre
and curtain wall system, as shown in Fig. 2. The main
body consists of 16 core tubes as the force transmission
system and functional space hanging around the system,
as shown in Fig. 3(a). On the top of the core tubes, there
are 13 supports to hold the curved roof. On the periphery
of main body, the curtain wall system is attached and
supported by columns (Fig. 3(b)). The central grand
theatre is an independent structure located at the center
of the main body. With the exception of the core tubes,
which are built with steel reinforced concrete, the rest
of the structure is constructed by different specifications
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(b)

Fig. 1 Actual building and three-dimensional drawing of DICC

(a) Main body
C2

C3 Cl

(c) Central grand theatre

and types of steel. Due to the structural complexity of
the DICC, only a brief introduction is provided here; a
more comprehensive introduction of the DICC model
can be found in Wang et al. (2012). The numerical model
of the DICC is developed in the SAP2000 platform. The
beams and columns are modeled by a bar element and
the walls and floors are modeled by a shell element. A
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(d) Curtain wall system

Fig.2 Four main parts of DICC (The dots in red are the key displacement points and the dashed lines with arrow show the way to
calculate average torsions in the result part.)

bidirectional oblique twist is formed by the complex
curtain wall system. The stress-strain relationships of
the materials are present in Fig. 4. There are several
unique features of the DICC, including huge weight
and uneven distribution of mass (most of the mass
is higher than 15.3 m), a large number of core tubes
with varying heights, sizes and stiffness and uneven
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(a) Core tubes and connecting bars
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(b) Supporting columns

Fig. 3 Core-tube system and supporting system of the DICC (The members highlighted in red are the connecting bars and

supporting columns, which are analyzed in result part)
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Fig. 4 Strain-stress curves of the materials used in the numerical model

distribution among the foundation, and the large distance
between the tubes and large suspended parts around the
periphery, etc. All these features are harmful for seismic
safety of the DICC; thereby, the multi-support and
multidimensional ground motion inputs are required to
comprehensively assess the structural seismic responses.

3 Surface fitting method (SFM)

3.1 Introduction of SFM

A primary method to obtain rotational ground motion
is from the translational recordings of seismic dense
arrays, such as the widely accepted geodetic method.
In this research, a new method to extract rotational
components from a dense array proposed by the authors
is applied to calculate the corresponding rotational
ground motion inputs (Zhang et al., 2020a, 2020b). The
following is a brief introduction of this method.

The ground surface deforms as a seismic wave passes
through it. The shape of the surface is the joint effect of

all the translational and rotational components of ground
motion. If the ground shape at a time instant during an
earthquake can be determined or approximated, then
the corresponding rotational components at that instant
can be obtained. Recordings of dense arrays provide a
relatively intense displacement field which can be used
to simulate the surface shape. The rotations can be
described by the curvature of the curves along the surface.
In (Zhang et al., 2020a), it is revealed that a paraboloid is
a reasonable description of the surface shape of the array
used in this research. The surface fitting method used in
this study is divided into two parts: rocking calculation
and torsion calculation, and they are illustrated in Fig. 5.
The detailed procedures of the rotational components
calculation are as follows:

(1) As shown in Fig. 5(a), choose the center of an
array as the origin of an XYZ coordinate system. At time
instant 7, the positions of the observed point among
the array are fitted to a paraboloid F by multi-linear
regression. The surface is described by Eq. (1).

ZN(X,,Y)=aX] +bY +cX Y, +dX,+eY, + f, (1)
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Fig. 5 Illustration of surface fitting method

in which a,b,c,d,e are the parameters determined by

multi-linear regression. (Xl.,Yl.,Zl.P ) are the points on
the fitted paraboloid.

(2) Randomly select a point M (x,,y,) on the array
surface, define two orthogonal vertical planes S1 and
S2, both passing through M(x,,y, ), with their normal
vector 7,7, , as shown in Eq. (2)

Y.(X)=kX +m )
Y,(X)=(-1/k)X +n @

in which

m=—kx, +y,
n=x,/k+y,

where k is the slope of the normal vector of plane S1,
and (-1/ k) is that of S2.

By solving the equation of the fitted paraboloid and
the vertical planes, the intersecting curves between F
and S1, S2 can be represented by Eq. (3). Both curves
are parabolas.

Pl: Z(X)=A4X’+BX+C,

3
P2 Z,(X)=A4,X*+B,X +C, )

in which

A =a+bk’ +ck A =a+b/k’-clk
B =2bkm+cm+d+ek {B,=-2bn/k+cn+d—-elk
C,=bm’>+em+f C,=bn’*+dn+f

Then the curvature of P1 and P2 can be computed by

o Z'(x )‘ _ 24|
(1 +[Zl” (X)D% (1 +[24, X + Bl]z)%
. ZZ"(X)‘ _ |2A2| @

% (1+[2A2X+BZT)%

(1 +|2) (X)m

The curvature of P1 and P2 changes with the position
on the parabola; here, the average curvatures among the
range of the array are selected as their extent of bending,
as in Eq. (5).

PNIREES VY )

=

in which N is the number of the points selected along P1
and P2.

According to the definition of average curvature
shown in Eq. (6), when ¥ and As are known, the
induced angle of the tangent Aa at a point on the curve
can be calculated by Eq. (7), which can be taken as the
rocking of the surface around the direction perpendicular
to the curve.

_|Aa 6
== (©)
Ao =K -As (7

in which x is the average curvature, Aa is the included
angle of the tangent at a point on the curve and As is the
length of the curve.

Since the description of P1 and P2 is analytical,
their length can be precisely calculated; called L, and
L, for P1 and P2, respectively. As shown in Fig. 5(a),
the rocking angle around the normal vector of P1 and P2
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can be determined by Eq. (8).

Rocking, = kL, )
Rocking, = x,L,

Through the above deduction, a pair of rocking
components around two orthogonal directions at any
point among the array surface can be determined.

For the torsion component, the idea is to calculate the
average of some segments formed by the points among
the array before and during earthquake. One method
is to form a group of segments by connecting any two
stations, then average their torsion angles. The other
is to calculate the mean torsion of the rays composed
by the stations along those directions from the center
of the array. The analysis results show that the torsion
components computed from the two methods are almost
identical. For simplicity, the second method is selected
herein, which is illustrated in Fig. 5(b). The torsion angle
at any time instant then can be determined by Eq. (9).

5
Torsion = %Z a. ©

i=1

In this section, a brief introduction on the surface
fitting method to obtain the rotational ground motions is
provided. Note that the rocking components are not only
related to the position of the studied point but also depend
on the directions of the two defined vertical planes. In this
study, the recorded translations are along the X, Y and Z
directions, so in rocking computation, the directions of
S1 and S2 in Fig. 5(a) coincide with the X and Y axes.
Moreover, the principles for rocking computation and
torsion computation are different. The former one is a
second order curved surface approximation and the
latter one is a one order approximation (the ground is
treated as a whole rigid plane rotating around Z axis),
which means the torsion component is identical at any
point on the surface.

3.2 Validation of SFM

The validation of SFM requires comparison with
directly recorded time histories of rotational components.
In2014, there was a program called SINAPS @ conducted
on Cephalonia Island, Greece. In this program, a dense
array consisting of 21 translational seismometers and one
rotational seismometer at the center were deployed and a
dataset with both translational and rotational recordings
for each earthquake was obtained (Imtiaz et al., 2018).
SFM was applied to the translational displacement field
of this dataset to derive the rotational components at the
center and compared with the rotational seismometer
recordings at the same point. Good agreement between
the SFM derived rocking and recorded rocking were
observed. Here, two typical events are presented in Fig. 6(a),
with an Ormsby filter from 0.5-1 Hz to 20-25 Hz. As

illustrated, the SFM derived time histories of the rocking
components and the actual recordings are close to each
other, especially around the peak rocking for both events.
The large discrepancy among the amplitude of rotational
components can be explained by the difference in the
essence for rocking and torsion component calculation
schemes, shown in Fig. 5, in which rocking computation
is based on a second order approximation of the surface
while that of torsion computation is only one order
approximation. For a better comparison between the
wave form, the time histories are normalized by their
peak values, as shown in Fig. 6(b). The wave form of all
the rotational components of SFM are alike with actual
recordings.

If the time histories are filtered to a more common
frequency range for use in civil engineering, such as
0.5-1 Hz to 5-6 Hz, the coincidence becomes even
better, as shown in Fig. 7. SFM obtained rocking
components from Event #1 are almost identical to the
actual rocking recordings. This phenomenon implies
that SFM can produce rocking components with high
reliability for civil engineering purposes, such as seismic
response analysis. A more comprehensive study on the
rationality and advances in SFM are provided in Zhang
et al. (2020Db).

4 Data of translational seismic recordings

The translational seismic motions used in this study
are recorded by the Array S in Program NERA. Array
S is installed in a basin near the town of Argostoli,
Cephalonia Island, Greece (Imtiaz et al., 2018). As
shown in Fig. 8, Array S consists of 21 three-axis
translational seismometers, which are evenly distributed
on the circles with radius of 0, 5 m, 15 m, 40 m and
80 m, forming five rays originating from the central
station. A series of earthquake events were recorded and
two principals were followed in event selection: (1) to
achieve prominent seismic structural responses, choose
earthquakes with strong signals (i.e., large magnitudes);
(2) for the diversity of analysis, choose events with
significant differences in basic earthquake characteristics.
Finally, a far-field earthquake with M =4.6, event #21
and a near-field earthquake with M =3.5, event #36, are
chosen as the translational seismic input herein, with the
basic information listed in Table 1.

5 Multi-support and multidimensional inputs

The DICC is basically supported by the 16 core
tubes, from which the ground motions transmit into the
structure. The diameter of Array S is 160 m and it is
close to the size of the foundation of the DICC. Fig. 9
illustrates the DICC numerical model in Array S with the
angles adjusted. All 141 foundation nodes are divided
into five groups by keeping the closeness of the nodes
and the large distance between groups, namely G1-G5
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Fig. 8 Information of Array S (Imtiaz et al., 2018)

Table 1 Basic information of the selected earthquake events

Event M, Depth (km) Epicentral distance (km) PGA (g)
#21 4.6 19 119.3 0.00194
#36 3.6 18.5 3.1 0.0177
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Fig. 9 Foundation nodes groups and input point representation
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in the figure. For each group of foundation nodes, a
station is chosen as a representation of the seismic input
point. Here, the stations A15-A19 are chosen for G1-
G5, respectively (A20 is not selected for G1 due to its
dysfunction during #21 and #36). As the control group, a
uniform input case is needed in the analysis. The ground
motions at A0O, i.e., the central station, are chosen as
the uniform inputs for all the foundation nodes in the
uniform excitation case.

The mainstream approaches for multi-support input
include the large-mass method, large stiffness method
and displacement input method (Luo et al., 2015). In
this research, the displacement input method is selected,
which can be straightforwardly performed in SAP2000
(Luo et al., 2015). By applying the surface fitting
method at the selected seismic input points, the rocking
and torsional components are computed. Along with the

translational recordings, the six-dimensional ground
motion time histories at multiple supports are obtained
for events #21 and #36, as shown in Figs. 10 and 11. For
a better understanding of the input displacement time
histories, the response spectra of the displacements and
accelerations are shown in Figs. 12 and 13, respectively.
The major responses are concentrated on structures with
natural frequencies of 1 Hz—8 Hz for the acceleration
response spectra and 1 Hz—4 Hz for the displacement
response spectra.

The actual soil site of the DICC belongs to Category
II, which is a seismically unfavorable site with
predominant periods of 0.137 s, 0.135 s and 0.147 s on
the E-W, S-N and T-D directions, respectively. Based
on the Code for seismic design of buildings (GB 50011-
2010, 2010) and the Seismic ground motion parameter
zonation map of China (GB 18306-2015, 2015), the
seismic fortification intensity of the Dalian district is 7
degree and the design basic acceleration of ground motion
is 0.1 g. To study the seismic performance of the DICC
under major earthquakes in the Dalian district, the peak
ground accelerations (PGAs) of events #21 and #36 are
scaled to 0.22 g in the time history analysis. Moreover,
the direct integration method on the SAP2000 platform
is employed in the numerical simulation. Four load
cases were selected for each earthquake event, including
uniform translational motion input (denoted by “Uni”),
uniform translational motion and three rotational motion
input (“Uni+3R”), multi-support three translational
motion input (“Multi”’), multi-support translational
motion and three rotational motion input (“Multi+3R”).
Note that the rotational seismic inputs in Case “Uni+3R”
are different from those in Case “Multi+3R”. In the
former case, the rotational components computed at the
central station (A00) are employed; while the rotation
components obtained at multiple input points (A15—
A19) are used in the latter case.
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6 Results and discussion

The seismic performance of the exemplar LSSS is
investigated from two aspects: overall response and local
response. Overall response includes the displacements at
key points and the average torsion response of the main
body and curved roof, as well as the base reaction time
histories. Local response includes the response of the
connecting rod between main body and roof, and the
response of the supporting columns at the foundation.
Modal analysis is conducted first. As shown in Table
2, the natural frequency of DICC is 1.7252 Hz. The
principal mode in the X direction is Mode 7 with a
frequency of 2.6185 Hz, as shown in Fig. 14(a). The
principal mode in the Y direction is Mode 1 with a frequency

0f2.6185 Hz, as shown in Fig. 14(b). The principal mode
in the Z direction is Mode 14 with a frequency of
4.2753 Hz, as shown in Fig. 14(c). The principal torsion
mode is Mode 5 with a frequency of 2.3601 Hz, as
shown in Fig. 14(d).

6.1 Overall response

6.1.1 Peak displacements of key points

The key points for different parts of the DICC model
are labeled with red dots in Fig. 2. The peak displacement
responses of these key points under different cases are
shown in Fig. 15. Generally, the non-uniformity of
seismic input significantly affects the response, while
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Fig. 12 Translational and rotational acceleration response spectra of two events at A00

Table 2 Modes and frequencies

Mode Frequency (Hz) Mode deformation

Mode

Frequency (Hz) Mode deformation

1 1.7252 Y
2 1.8463
3 1.9983
4 2.2809

Local vibration
Local vibration

Local vibration

5 2.3601 RZ
7 2.6185 X
14 4.2753 VA

the multidimensionality of input does not result in an
influence comparable with that of the non-uniformity.
There are three features of influence from non-
uniformity and multidimensionality, as follows. (1) The
non-uniformity mostly increases the displacement with
an average increase of about 15% and the largest rise
is the torsion angle of B2 in the main body under event
#36, about 320%. Also, some decreases occur when
the average decrease was less than 5% and the largest
was about 130% of the vertical displacement of R3 in

the curved roof. (2) Under uniform seismic input, the
rotational components hardly affect the displacement
response; while under multi-support inputs, the rotational
components notably increase the displacement.

6.1.2 Average torsion responses
The torsion responses of the main body and curved

roof are selected to study the change of the deformation
pattern under different load cases. For a better
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(b) Translational and rotational displacement response spectra for Event #36
Fig. 13 Translational and rotational displacement response spectra of two events at A00

(c) Mode 14Z (d) Mode 5 RZ

Fig. 14 Principal modes on X, Y and Z and principal torsion
mode

representation of the overall reaction, the averaged
torsion is studied instead of the torsion at a local point.
The main body is used as an example to illustrate how the
average torsion is calculated. As shown in Fig. 2(a), the
positions before and during the earthquake of the three
counterclockwise key points selected on the periphery
of main body B1, B2 and B3 are (x,,y,), (x,,»,) and
(x3:5) (% +Ax, 7 + Ay ), (%, +Ax,, p, + Ay, ) and
(x; + Axy, yy + Ay, ), respectively. Then, the rotation of

segment B1-B2 is:
—tan”' [ ]

(10)

In the same way, the rotations of B2-B3 and B3-
Bl, ie., ¢, , and ¢, ,,, can be calculated. The average
value of the three rotations is the average torsion of the

(3 +any) = (v +4ay)
((x2 +Ax, ))—(x1 +Ax))

Yo =N

Xy =X

?_,, = tan
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(b) Peak displacement of the key points for different parts for #36
Fig. 15 Peak displacements at key points under different load cases

main body, as shown in Eq. (11).

_ 1
(43 =§(¢Hz T, 5 +¢3»1) (11)

For the curved roof, the average torsion @, can be
computed with the same procedure, then the relative
torsion between the two parts can be calculated by

O=@y — @y . Figure 16 shows plots of the time histories
of average torsion and relative torsion for the main
body and curved roof under events #21 and #36. For
both earthquakes, the multi-support input significantly
increases @5, @y and @ . The torsion of the main body is
much smaller than that of the roof due to the high torsional
stiffness provided by the steel reinforced concrete core
tubes similar to the situation with peak displacements
of key points, the rotational components hardly have an
influence on the torsion response for the uniform input
cases. Table 3 summarizes the peak torsions of different
cases and their comparison with Case Uni. For #21,
the multi case increases ¢,, @, and ¢, with 20.83%,
83.34% and 16.14%, respectively. When the rotational
components are considered, the influences on ¢, and ¢

are reduced to 12.57% and 9.77%. The rotations here
positively contribute to the seismic resistance of the
structure. However, this phenomenon does not occur in
event #36 with similar influence of Multi and Multi+3R
cases, which both strongly rise ¢,, ¢, and ¢ with
about 52%, 25% and 82%. Meanwhile, the frequency
analyses of ¢ for #21 and #36 shows that under multi-
support input, the relative average torsion has more high
frequency content than that under uniform input. It is
revealed that non-uniformity and multidimensionality
can induce torsion motions with higher frequency
and larger amplitude between the main body and the
curved roof. The response coordination between the two
crucial parts and the stability of the roof are under more
serious challenges when the input is non-uniform and
multidimensional.

6.1.3 Base reaction

The base reaction time histories and the peak
reactions of four load cases are compared. Figures 17
and 18 show the results for #21 and #36 and Table 4
presents a summary of the peak reactions. Compared
with the impact brought by the non-uniformity of input,
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Fig. 16 Average torsion of main body and roof and relative torsion for #21 and #36
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Fig. 17 Time histories of base reactions for #21
Table 3 Peak (;,®; and @ under four load cases
Events Cases @R(urad) @B(urad) 7 (urad) Apy Agy Ap
#21 Uni 14.36 3.37 13.78 - - -
Uni+3R 14.87 3.24 14.17 3.49%  -3.88%  2.83%
Multi 17.36 6.17 16.00  20.83% 83.34%  16.14%
Multi+3R 16.17 6.34 1512 12.57% 88.26%  9.77%
#36 Uni 6.79 3.01 5.60 - - -
Uni+3R 6.72 297 5.52 -1.03%  -1.33%  -1.43%
Multi 10.30 3.81 10.18  51.69%  26.58%  81.84%
Multi+3R 10.30 3.76 10.17  51.69%  24.92%  81.59%
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Fig. 18 Time histories of base reactions for #36

Table 4 Peak base reactions for #21 and #36 under four load cases

FX FY FZ AFX AFY AFZ
(x10°kN) (x10°kN) (x10°kN)
#21 Uni 4.60 13.31 26.58 - - -
Uni+3R 5.03 13.95 27.76 9.28% 4.77% 4.44%
Multi 571 12.86 23.75 24.09%  -342%  -10.66%
Multi+3R 5.94 12.39 22.82 29.02%  -691%  -14.16%
#36 Uni 7.00 29.51 59.05 - - -
Uni+3R 6.82 28.71 57.45 2.54% 2.71% 2.71%
Multi 8.12 24.61 50.10 16.11%  -16.60%  -15.16%
Multi+3R 7.64 22.85 46.58 9.17%  -22.57%  -21.12%
MX MY MZ AMX AMY AMZ
(x10°kN'm)  (x10°kN'm)  (x10°kN-m)
#1 Uni 378.21 72.69 172.26 - - -
Uni+3R 395.91 75.03 180.51 4.68% 3.23% 4.79%
Multi 714.97 759.38 439.68 89.04%  944.73%  155.24%
Multi+3R 701.42 756.73 433.79 85.46%  941.08%  151.82%
#36 Uni 840.89 170.52 378.70 - - -
Uni+3R 818.11 166.15 368.11 2.71% 2.56% 2.80%
Multi 1019.83 869.14 405.08 2128%  409.69%  6.97%
Multi+3R 978.82 876.90 406.87 16.40%  41424%  7.44%

rotational components affect the base reactions in a very
mild way with the highest increase 0f 9.28% on F.X under
#21 and less than £5% for the rest. The influence of non-
uniformity is mainly reflected by the sharp rise of the
peaks of overturning moment and torque. For event #21,
MY increases 9.4 times and torque increases 1.5 times.
For event #36, MY increases 4.1 times. This impact is
enormous, which can bring high risk to the base of the
structure. On the other hand, the axial force and shears

for both events undergo much smaller but still obvious
impact. FX increases 29.02% and 9.17% in Multi+3R
for both events, while FY and FZ are substantially
decreased.

The moment reactions are substantially affected
by non-uniformity and multidimensionality of input,
especially the overturning moment around the Y axis,
which raises questions on the safety of the base. The
flexural and torsional rigidities of the DICC need to
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be checked or even strengthened when the seismic
input is non-uniform and multidimensional. The huge
discrepancy of MY due to multi-support input may be
because some rocking modes of the DICC are excited
by the non-uniformity of excitations. A similar study
on the DICC also revealed an enormous rise of moment
response due to multi-support input, even higher than
that in this study (Zhao et al., 2016).

6.2 Local response

There is a total of 12168 nodes, 34819 beam
elements and 3581 area elements in the DICC model. It
is difficult to precisely locate the positions of the weak
nodes or elements. Therefore, in local response analysis,
two critical connection systems are used: the connecting
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bars between the main body and the roof, as well as
the supporting columns of the curtain wall system (the
elements highlighted in red in Fig. 3), which are selected
as the research target.

6.2.1 Internal forces of connecting bars

The connecting bars are highlighted and labeled
in Fig. 3(a). Figures 19 and 20 show the distribution
of peak internal forces for events #21 and #36. The
following features can be observed as follows. (1)
Regardless of uniform input or non-uniform input, the
rotational components hardly affect the internal forces
in the bars. (2) The non-uniform input leads to some
decrease in the reactions, especially under event #21
with the largest decrease of 38.5%. The situation for
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Fig. 19 Distributions of the peak internal forces of connecting bars for event #21
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event #36 is different with negligible effects induced
by the non-uniformity of input. (3) The non-uniformity
and multidimensionality do not change the distribution
mode of the internal forces, which is illustrated by the
similarity of the peak lines.

6.2.2 Internal forces of support columns

The supporting columns are highlighted and labeled
in Fig. 3(b). These columns mainly support the curtain
wall system and the suspended part at the edge of the
core tubes. Figures 21 and 22 show the distribution
of peak internal forces for events #21 and #36. The
following features can be observed. (1) The influence
of the earthquakes shows large discrepancy with the
greater increase in the column internal forces under
event #21. The rotational components of event #21 have

Uni+3R

Shear, (kN)

Shear,, (kN)

I 5 10 15 20 25 30 3538

Supporting column label

a considerable effect on the internal forces but have
hardly any influence in event #36. (2) The impact can
be divided into two groups: No. 1-16 columns undergo a
decrease in internal forces while on the contrary, No.17-
38 columns had a substantial rise in internal forces. This
reveals that non-uniformity and multidimensionality of
input can redistribute the loads from the inner part to
the outer part, which suggests the members at the edge
should be strengthened.

6.3 Discussion

Through the above analysis, the features of the
seismic response of DICC under four loading cases
are presented. Most of the findings are consistent
with other research on this topic. Zhang et al. (2015)
studied the dynamic response of the same DICC model
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under uniform translational and torsion seismic input
and found that the torsion component increased the
displacement response and the internal forces of the
columns at the edge. Chen et al. (2014) conducted time
history analysis on the cable supported barrel vault
structure under multi-support seismic input and found
that multi-support input can excite higher order modes
which lead to the amplitude rise and uneven distribution
of element internal forces. Zhang ef al. (2019) analyzed
the Jinan East Station, which is an irregular LSSS,
under multi-support and multi-dimension earthquake
excitation. It was found that multi-support and multi-
dimension inputs increase the torsion response and
reduce the shear reaction on the base. Lin et al. (2013)
conducted shaking table experiments on a scaled long-
span connected structure and confirmed the significant
increase in overall response and diverse influence on
element responses. Bai ef al. (2010) proposed the time
history analysis model for two typical types of LSSS
subjected to spatial translational ground motions and
drew similar conclusions.

Without consideration of specific details, the general
trend of the findings in this study is mostly consistent
with other researchers’ FE simulation and shaking table
tests. The unique point of this study is that the influences
on rotational directions (such as the point rotational
angles and moments reactions) are higher than those on
translational directions (such as the point translational
displacements and force reactions). This may be
explained by the introduction of three rotational ground
motion components, which is hardly considered in other
research.

With respect to the actuality and comprehensiveness
of seismic excitation, the present research is novel and
advanced, which is the reason for the inconsistencies
between this study and previous research. Meanwhile,
the multi-point and multidimensional input may make
the results more reasonable and reliable.

7 Conclusion

This study investigates the seismic response of
a LSSS (i.e., the DICC) under multi-support and
multidimensional seismic excitations. The key findings
include the following three points.

(1)  Generally, the  non-uniformity  and
multidimensionality of seismic input can increase the
overall and local seismic responses of the LSSS. The
commonly applied input model in seismic analysis, i.e.,
uniform translational motion input, may significantly
underestimate the response of LSSSs, especially the
base reactions.

(2) There is no obvious superposition effect
between the influences from non-uniformity and
multidimensionality of seismic inputs for the DICC. The
response increase induced by non-uniformity is much
higher than that induced by multidimensionality. The
greatest influence induced by the multidimensionality

is about 9.28% for the displacement and 9.50% for
the internal force in the supporting columns. For non-
uniformity, it is 88.26% for displacement and 9.4 times
for the overturning moment at the base.

(3) The effects of non-uniformity and
multidimensionality are strongly dependent on the input
of the earthquake. As a typical distant earthquake, event
#21 has a more significant influence than event #36,
which is a typical near fault earthquake, in almost all
the results. The difference in frequency content may be
the major reason for this phenomenon. However, due to
the limitation of the number of actual recordings from
the dense array with a similar size of foundation, a more
detailed analysis is required to better understand this
observation.
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