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Abstract

Seven groups of near-field pulse-like ground motions and three groups of ordinary ground
motions were bidirectionally inputted into a symmetrical high-rise structure to compara-
tively study the deformation and energy dissipation characteristics of the structure. The
results reveal that compared to ordinary ground motions, under near-field pulse-like
ground motions, the inter-story drift angles of the structure significantly exceed the code
limit, accompanied by a downward shift of the floors with the maximum drift angles.
Moreover, the input energy is substantially higher and the hysteresis energy dissipation
supersedes damping energy dissipation as the dominant mode. During an 8-degree fre-
quent earthquake, coupling beams are the main energy-dissipating members, the floors
below 2/3 of structural height mainly dissipate hysteresis energy by coupling beams,
while the floors above 2/3 of structural height mainly dissipate hysteresis energy by frame
beams. During 8-degree design earthquakes and rare earthquakes, frame beams are the
main energy-dissipating members, the hysteresis energy ratio of coupling beams is signifi-
cantly reduced, and the hysteresis energy ratio of shear walls gradually increases. During
8-degree design earthquakes, the 1st floor mainly dissipates hysteresis energy by shear
walls, the 2nd to 6th floors mainly dissipate hysteresis energy by coupling beams, and the
7th to 36th floors mainly dissipate hysteresis energy by frame beams. During 8-degree rare
earthquakes, the hysteresis energy on the 1st to 2nd floors is mainly dissipated by shear
walls, while it is mainly borne by frame beams on other floors.

Keywords: near-field pulse-like ground motion; ordinary ground motion; symmetrical
high-rise structure; inter-story drift angle; hysteresis energy dissipation; damping
energy dissipation

1. Introduction

Strong earthquakes (M > 6) tend to generate near-field pulse-like ground motions
near seismogenic faults. Near-field pulse-like ground motions are a special type of long-
period ground motion characterized by large amplitudes, short duration, and one or
more long-period velocity pulses rich in low-frequency components, as well as high ra-
tios of peak velocity to peak acceleration PGV /PGA [1,2]. Cheng et al. [2] pointed out
that the PGA, PGV and PGD of near-field pulse-like ground motions are 1.34, 1.91 and
2.44 times those of ordinary ground motions, respectively, and the PGV /PGA ratio is
generally greater than 0.2. Near-field pulse-like ground motions are likely to rapidly input
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substantial seismic energy into high-rise structures, causing violent impacts and more
significant damage compared to ordinary ground motions. During major earthquakes
in recent decades, such as the 1994 M6.7 Northridge earthquake, the 1995 M6.9 Kobe
earthquake, the 1999 M7.5 Kocaeli earthquake, the 1999 M7.6 Chi-Chi earthquake and the
2008 M8.0 Wenchuan earthquake, near-field pulse-like ground motion records have been
observed, resulting in severe structural damage and heavy casualties in the vicinity of the
faults [3-6]. Due to unique geographical locations, seismic fault zones are well developed
in China. Many important cities such as Beijing, Xi’an, Lanzhou and Urumgi are located
near seismogenic faults and some large engineering structures even span the fault zones.
These cities and engineering structures may face severe threats from near-field pulse-like
ground motions, and the potential casualties and economic losses resulting from a major
near-field earthquake would be immeasurable [7,8].

Extensive research has been devoted to studying the seismic behavior of high-rise
structures subjected to near-field pulse-like ground motions. Babak et al. [9] compared the
seismic response characteristics of a 20-story reinforced concrete frame structure, finding
that near-field pulse-like ground motions impose larger demands on the structure than
ordinary ground motions. Ma et al. [10] further confirmed that near-field pulse-like ground
motions significantly amplify seismic responses in frame structures, such as inter-story drift
angles, inter-story shear forces and roof accelerations, compared to far-field and non-pulse
ground motions. Jiang et al. [11] examined the influence of velocity pulses of near-field
ground motions on the seismic responses of high-rise steel frame structures, suggesting
that pulse-like ground motions primarily excite the fundamental mode responses of the
structures. Hu et al. [12] and Emamikoupaei et al. [13] extended this understanding to cold-
formed steel (CFS) buildings and steel Modular Building Systems (MBSs), showing that
they also experience larger demands under near-field ground motions. Khademi et al. [14]
specifically highlighted the considerable increase in collapse risk for RC shear wall systems
under near-field pulse-like ground motions, based on the ratio of the pulse period of ground
motions to the elastic first mode period. Furthermore, studies have begun to explore the
influence of specific pulse characteristics. Yang et al. [15] used a synthetic broadband
ground motion model to show the significant influence of pulse amplitude on structural
drift demands, Zhang et al. [16] revealed that the orientation angle of forward-directivity
pulses affects structural collapse capacity because as the angle between the ground motion
and the fault strike increases the destructiveness of the ground motion intensifies, whereas
the collapse capacity of the structures decreases linearly. Majdi et al. [17] investigated
the correlation between pulse-type earthquake characteristics and the seismic response of
buildings under both pounding and non-pounding conditions. Zhang et al. [18] conducted
a comparative study and seismic fragility analysis with consideration of modeling uncer-
tainty for a 12-story reinforced concrete frame structure under excitation by far-field and
pulse-like near-field ground motions by using the multiple stripes analysis method.

However, the aforementioned studies have mainly focused on comparative analysis
of internal forces and deformation indicators, with limited attention given to the energy
responses of high-rise structures under near-field pulse-like ground motions. Unlike con-
ventional indicators such as bearing capacity or displacement, the energy response, which
fundamentally represents the process of seismic energy input and dissipation, provides
a more comprehensive assessment of seismic behavior and structural damage mecha-
nisms [19]. While some researchers have investigated energy distribution [20-22] and the
dissipation mechanisms in structural members [23-25] under ordinary ground motions,
research focused on near-field pulse-like motions has been limited. Cheng et al. [26] an-
alyzed the energy dissipation of reinforced concrete frame-core tube high-rise structures
under near-field pulse-like ground motions, showing that the energy release of near-field
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pulse-like ground motions is relatively concentrated, with frame beams bearing most of
the hysteresis energy, shear walls bearing a small portion and frame columns contributing
minimally. A critical limitation of this research was the predominant adoption of unidi-
rectional input for near-field pulse-like ground motions. Spectral analysis revealed that
two horizontal ground motions recorded at a single station may be near-field pulse-like
ground motions. Whether high-rise structures are symmetrical or not, structural responses
under bidirectional ground motions are quite different from those under unidirectional
ground motions [26]. Nevertheless, the energy responses of high-rise structures under
bidirectional near-field pulse-like ground motions are rarely mentioned, necessitating
further investigation.

Deformation and energy dissipation are two critical issues that need to be compre-
hensively considered in the seismic design and damage assessment of high-rise structures.
Therefore, seven groups of near-field pulse-like ground motions and three groups of or-
dinary ground motions were selected and bidirectionally inputted into a symmetrical
high-rise structure. An analysis of the deformation characteristics of the structure was pro-
vided and a focus on the differences in energy dissipation of the structure was investigated,
aiming to offer insights for the seismic design of high-rise structures subjected to near-field
pulse-like ground motions.

2. Design and Modeling of a Symmetrical High-Rise Structure

A 36-story symmetrical SRC frame-RC core tube high-rise structure was designed
based on the current Chinese structural design codes. The structure has a story height of
4.0 m, with total plan dimensions of 36 m x 28 m. The standard floor plan is illustrated in
Figure 1 [27]. The concrete strength grade of beams and slabs is C30, the concrete strength
grades of the SRC columns and RC core tube walls are C60 (1st to 12th floors), C50 (13th
to 24th floors) and C40 (25th to 36th floors). The steel sections in the SRC columns are of
grade Q345, and the reinforcing bars in beams, slabs, SRC columns and shear walls are
of grade HRB400. The dead load on the floors is 5.0 kN/ m?2, the dead load on the roof is
6.0 kN /m?2, the live load is 2.0 kN /m?2, the basic wind pressure is 0.5 kN/ m? and the site
roughness is Class C. The seismic fortification intensity is 8-degree (0.2 g), the site category
is Class II, the design earthquake group is Group III, the characteristic period Tg is 0.45 s
and the seismic resistance classifications of the SRC frames and RC core tube are Class I and
special Class I, respectively. The cross-sectional dimensions and reinforcement information
of structural members are detailed in reference [28].

Structural modeling and dynamic elastic—plastic analysis were conducted using
Perform-3D (Version 7) software. During structural modeling, the Mander constitutive
model was adopted for concrete in regions with dense stirrup configurations, such as the
stirrup-reinforced zones of beam ends and column ends, as well as the constrained edge
regions of shear walls, while the stress—strain relationship curve of concrete under uniaxial
compression given in the “Code for design of concrete structures” was adopted for concrete
in areas with less stirrup reinforcement. Steel sections and reinforcing bars were simulated
using the bilinear elastic—plastic constitutive relationship without descending sections,
while RC beams, SRC columns, coupling beams and shear walls were simulated using the
fiber element model. The detailed modeling process can be found in reference [28].

The first vibration mode of the structure is the first translational mode along the Y
direction, with the corresponding fundamental period T of 3.35 s, which is consistent with
the typical period range of frame-core tube high-rise structures. According to the empirical
formula for the T; of frame-core tube high-rise structures proposed in reference [29], the
T of the structure is approximately 3.55 s, with a difference of 5.6%. The second vibration
mode is the first translational mode along the X direction, with a corresponding second
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period T3 of 2.95 s. The third vibration mode is the first torsional mode along the Z direction,
with a corresponding first torsional period T; of 2.50 s. This indicates that the stiffness of
the structure in the Y direction is lower than that in the X direction and the Y direction is
the main direction of the structure, while the X direction is the secondary direction. The
ratio Tt/ Ty = 2.50/3.35 = 0.75 < 0.85, showing a rational structural load-bearing layout.
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Figure 1. Standard floor plan of SRC frame—RC core tube high-rise structure (Unit: mm) [27].

Structural stiffness characteristics have a direct impact on the seismic response analysis
of the structure. The Y-direction is the more flexible direction of the structure, meaning
it is more susceptible to excitation and will generate larger responses. Therefore, during
bidirectional input, the ground motion with the largest peak acceleration should be input
along the Y-direction, constituting the most critical scenario likely to induce structural
damage. The coupling effect between the two orthogonal ground motions and the inher-
ent stiffness asymmetry of the structure allows for a more comprehensive reflection of
seismic performance.

3. Selection of Near-Field Pulse-like Ground Motions

Near-field pulse-like ground motions are characterized by rich low-frequency compo-
nents and significant velocity pulses. Research has shown that when the weighted average
value f; of the ground motion amplification factor spectrum values within the 2-10 s range
is >0.4, the ground motions can be considered long-period ground motions due to high
proportions of low-frequency components [30]. When the ratio PGV /PGA > 0.2, the pulse
characteristics of the ground motions are highly pronounced [31,32]. Since the current
design response spectrum does not adequately account for the influence of near-field
pulse-like ground motions [4,33], the fitted response spectrum proposed in Reference [34],
which can reflect the characteristics of such ground motions, is accordingly employed as the
matching target to select near-field pulse-like ground motions in this paper. In summary,
the selection criteria for near-field pulse-like ground motions are as follows:

(1) Magnitude > 6, fault distance < 20 km, ; > 0.4 and PGV /PGA > 0.2.

(2) Due to the large peak velocity of the pulses, the PGV of selected ground motions is
required to be >30 cm/s [35].
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(3) Since the site category in this study is Class II, the ground motions are required to
be recorded on Class II sites or Class C sites as classified by the U.S. NEHRP code.

(4) To ensure statistical consistency between the design response spectrum and the
selected ground motions, it is required that average acceleration response spectrum values
in the period range [0.1, T¢] and acceleration response spectrum values at period T; deviate
by less than 20% from the corresponding values of the fitted response spectrum [27].

Based on the above criteria, seven groups of near-field pulse-like ground motions
were selected from the 1999 M7.6 Chi-Chi earthquake in the near-field pulse-like ground
motion database [28]. Additionally, three groups of ordinary ground motions were selected
for comparative analysis. The selection criteria were as follows: magnitude < 6, 8 < 0.4,
site Class C, and the acceleration response spectrum values in the period range [0.1, Tg]
and at period T; deviate by less than 20% from the design response spectrum specified in
the seismic code.

All groups of ground motions were inputted bidirectionally. For each group, the
Y-direction horizontal ground motion was selected as the one with the closest acceleration
response spectrum value at the period T to the targeted response spectrum, and the other
ground motion was inputted along the X-direction. Based on the Chinese “Code for seismic
design of buildings”, to rationally consider the simultaneous action and mutual coupling
effect of two orthogonal horizontal ground motions, the peak acceleration PGA of inputted
ground motions was scaled to a PGA,/PGA, ratio of 1:0.85. The basic information of the
selected ground motions is detailed in Table 1.

Table 1. Basic information of selected ground motions.

Fault

Ground No. Earthquake Ground Motion /.o .. o pigo o PGA PGV PGV Input
Motion Type Name Record 8 (km) (cm/s?)  (ecm/s) /PGA P1  Direction
. TCUO046-EW 167 13135  41.08 031 051 Y
TCU046-NS - 11557  31.46 027 031 X
5 TCU052-NS 07 41903 12080 029 051 Y
TCU052-EW : 34805 16212 047  0.69 X
3 TCUO054-EW 53 146.05  60.58 042  0.60 Y
Near-field TCU054-NS ~ 187.75  39.23 021 041 X
pulse-like iChi TCU056-EW 7 133.63  43.34 032 044 Y
ground 4 ChEChE T retos6 NS o 105 13438 4373 033 071 X
motion 5 TCU068-NS 03 45673 26831 059  0.80 Y
TCU068-EW - 55213  180.04 033 051 X
. TCUO087-EW 70 127.94 4157 033  0.60 Y
TCU087-NS : 12205  37.81 031  0.44 X
; TCU101-EW ”1 20205  69.20 034 048 Y
TCU101-NS : 246.09  50.33 021 032 X
MZH090 52.38 4.83 009  0.06 Y
8  Kobe MZH000 69 70 69.65 444 006  0.04 X
Ordinary 9 Kocael; ERG180 75 143 89.69 1515 017 017 Y
grognd Ocaell ERG090 : 106.06  10.96 0.10  0.08 X
motion
. NBI000 41.24 4.14 010  0.08 Y
10 Northridge — Np1g99 6.7 86 6072 525 009 005 X

The average acceleration amplification factor 8 spectrum of the selected ground motion
is presented in Figure 2. It can be observed that the peak values of the  spectrum of near-
field pulse-like ground motions are lower than those of ordinary ground motions. However,
after reaching the peak, as the structural period increases, the 8 spectrum values of ordinary
ground motions decay rapidly, whereas those of near-field pulse-like ground motions decay
relatively slowly. At the fundamental period T (3.35 s) and the second period T3 (2.95s), the
spectral values of near-field pulse-like ground motions are 2.66 times and 3.07 times those
of ordinary ground motions, respectively. Conversely, in the common period range of low-
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and medium-rise structures (T= 0.5-1.5 s), the amplification effect of near-field pulse-like
motions over ordinary motions is smaller. This contrast underscores that the detrimental
effects of near-field pulse-like motions are particularly acute for long-period structures,
while the impact on short-period structures may be comparatively less severe. Further
analysis reveals that near-field pulse-like ground motions exhibit energy concentrations
in the low-frequency range of 0.09 Hz to 3.8 Hz, whereas ordinary ground motions show
energy dispersal in the mid-to-high-frequency range of 0.6 Hz to 6.7 Hz. The frequencies
of the first two modes, which significantly contribute to the seismic response, are 0.30 Hz
and 0.34 Hz, both falling within the frequency distribution range of the main energy of
near-field pulse-like ground motions. Therefore, the selected near-field pulse-like ground
motions inherently contain more resonant components for high-rise structures.

3.5 35
‘ Near-field pulse-like ground motion 20 Near-field pulse-like ground motion
3.0 O F,e . .
oo - Ordinary ground motion H - i Ordinary ground motion
25 | 25 ol
U
2.0 2.0
= Q
1.5 1.5
1.0 1.0
0.5 0.5
0.0 0.0
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

Figure 2. Average acceleration amplification factor B spectrum of selected ground motions. (a) Y-
direction ground motion; (b) X-direction ground motion.

4. Deformation Analysis of the Symmetrical High-Rise Structure Under
Bidirectional Near-Field Pulse-like Ground Motions

The inter-story drift angle is an important indicator characterizing the degree of seis-
mic damage to high-rise structures, and is the main element of deformation verification
in structural seismic design. According to the levels of 8-degree frequent earthquakes,
8-degree design earthquakes and 8-degree rare earthquakes specified in the “Code for
seismic design of buildings”, the peak accelerations of the ground motions inputted along
the Y-axis of the structure were scaled to 70 gal, 200 gal and 400 gal, respectively. Corre-
spondingly, the peak accelerations of the ground motions inputted along the X-axis of the
structure were scaled to 59.5 gal, 170 gal and 340 gal, respectively. Elastic—plastic time his-
tory analyses were conducted to compare the response characteristics of the inter-story drift
angles of the high-rise structure under bidirectional near-field pulse-like ground motions
and ordinary ground motions.

4.1. Inter-Story Drift Angle of the High-Rise Structure During an 8-Degree Frequent Earthquake

Figure 3 presents a comparison of the inter-story drift angles of the high-rise structure
under two types of ground motion during an 8-degree frequent earthquake. Distinct
differences in both the magnitude and distribution of structural responses were observed.

Under ordinary ground motions, the structure remains elastic, with relatively small
inter-story drift angles. The maximum drift angles range from 0.00077 to 0.00127 in the
Y-direction and 0.00027 to 00077 in the X-direction, occurring in the upper-middle to upper
floors (25th-32nd floor), with corresponding averages of 0.0011 and 0.00058, both less than
the elastic inter-story drift angle limit of 1/800.
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In contrast, under near-field pulse-like ground motions, the structural response is
significantly amplified and exhibits a shift in the location of maximum inter-story drift
angles. The inter-story drift angles of the structure are significantly greater than those
under ordinary ground motions, ranging from 0.0017 to 0.0024 in the Y-direction and
0.0009 to 0.0032 in the X-direction, with corresponding averages reaching 0.0022 and 0.002,
approximately 2.0 and 3.45 times those under ordinary ground motions, respectively, and
exceeding the elastic limit of 1/800. Furthermore, the floors with maximum drift angles
shift downward, particularly in the X-direction, where they are located between the 9th
and 14th floors.

36 —— TCU046 3 —— TCU046
32 1 TCU052 32.r TCU052
28 TCU054 28 TCUO054
24 TCUO056 24 TCU056
‘g 20 F —— TCU068 ‘g 20 | —=— TCU068
= TCUO087 = TCU087
16 TCU101 16 r TCU101
12 Average 12 Average
s+t ¥ Ly 1/800 s F  p MY JF R ST 1/800
4 F . ; 4 g
0 S 1 1 0 PRl 1 1 .
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820 320
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e | like ground motion ground motion
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4ar motion 4 r motion
0 . : L L 0 . . L L
0.000  0.001  0.002 0.003 0.004 0.005 0.000  0.001  0.002 0.003 0.004 0.005
Y-direction inter-story drift angle X-direction inter-story drift angle

()

Figure 3. Inter-story drift angles of the high-rise structure under two types of ground motion during
an 8-degree frequent earthquake. (a) Near-field pulse-like ground motion; (b) ordinary ground
motion; (c) comparison of average inter-story drift angles.
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4.2. Inter-Story Drift Angle of the High-Rise Structure During an 8-Degree Design Earthquake

Figure 4 presents a comparison of the inter-story drift angles of the high-rise structure
under two types of ground motion during an 8-degree design earthquake.

Under ordinary ground motions, the structure experiences limited plasticity. The max-
imum drift angles range from 0.00224 to 0.00353 in the Y-direction and 0.0008 to 0.0019 in
the X-direction, with the maximum values confined to the upper floors (28th-32nd floor).
These drift angles remain within a relatively controlled range.

36 36
32 — e TCU046 32 —+— TCU046
28 TCU052 28 TCU052
=24 TCUO054 .24 TCUO054
So0 t TCU056 220 TCU056
=16 L —=— TCUO068 =16 —=— TCU068
TCUO087 TCUO087
12 r TCU101 12 TCU101
8 Average 8 Average
e 1/100 4 v Az e e 1/100
0 1 0 .
0.000 0.005 0.010 0.015 0.020 0.000  0.005 0.010 0.015 0.020 0.025
Y-direction inter-story drift angle X-direction inter-story drift angle
(a)
36 36
32 F 32}
28 28
24 24+
S20 | ——MzZH 820 | v
=16 ERG I 16 b ERG
12 F NBI 2t NBI
g | Average gt Average
R D -~ L 1/800 a b FLSY e 1/800
0 L L L 0 L L L L
0.000  0.001 0.002 0.003 0.004 0.005 0.000  0.001 0.002  0.003  0.004 0.005
Y-direction inter-story drift angle X-direction inter-story drift angle
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32 F 32 F 1
28 28
=24 F .24 F
820 } 82 |
A~ [z
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0 L L L L 0 L L . L
0.000  0.004 0.008 0.012 0.016  0.020 0.000  0.004 0.008 0.012 0.016 0.020
Y-direction inter-story drift angle X-direction inter-story drift angle
(9

Figure 4. Inter-story drift angles of the high-rise structure under two types of ground motion during
an 8-degree design earthquake. (a) Near-field pulse-like ground motion; (b) ordinary ground motion;
(c) comparison of average inter-story drift angles.

In comparison, under near-field pulse-like ground motions, the structural deformation
demands increase dramatically. The average inter-story drift angles of the structure are
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0.0081 in the Y-direction and 0.0092 in the X-direction, approximately 2.79 and 6.57 times
those under ordinary ground motions, respectively. For some near-field pulse-like ground
motions (e.g., TCU068), the drift angles even surpass the elastic—plastic limit of 1,/100.
The downward shift in the location of the maximum drift angles remains evident, located
between the 22nd and 28th floors in the Y-direction and the 11th and 16th floors in the
X-direction.

4.3. Inter-Story Drift Angle of the High-Rise Structure During an 8-Degree Rare Earthquake

Figure 5 presents a comparison of the inter-story drift angles of the high-rise structure
under two types of ground motion during an 8-degree rare earthquake.

36 v , 36
2t i 4 —— TCU046 32 —— TCU046
28 ; TCU052 28 TCU052
24 F | TCU054 .24 TCUO054
S0 | | i TCUO0S6| 59 TCU056
=6 | 1 § —=— TCUO068 16 —=— TCU068
i ¢ TCU087 TCU087
8 r i Average 8 Average
4 + ML L xT mmmm 1/100 4 V AT === 1/100
0 L L 0 L .
0.00 0.01 0.02 003 0.04 005 0.06 0.00 0.01 002 0.03 0.04 005 0.06
Y-direction inter-story drift angle X-direction inter-story drift angle
(a)
36 : :
s s
28 ' i
24 F ! !
220 | Mz | I
—
e —
12} NBI | NBI :
8 r Average | Average 1
s b L 1/100 A S S 7 . S T PP 1/100 i
] N ]
0 A 1 1 1 0 . 1 1 1 1 1
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Y-direction inter-story drift angle X-direction inter-story drift angle
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32 -‘
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2 220 |
= = .
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ground motion .
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Y-direction inter-story drift angle X-direction inter-story drift angle
()

Figure 5. Inter-story drift angles of the high-rise structure under two types of ground motion during
an 8-degree rare earthquake. (a) Near-field pulse-like ground motion; (b) ordinary ground motion;
(c) comparison of average inter-story drift angles.
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Under ordinary ground motions, the maximum drift angles of the structure are
0.00469 to 0.00858 in the Y-direction and 0.00144 to 0.0027 in the X-direction, all meeting
the elastic—plastic inter-story drift angle limit of 1/100, occurring on the 28th to 32nd floors
in the Y-direction and the 16th and 21st floors in the X-direction.

Compared to ordinary ground motions, the structural response is extreme under
near-field pulse-like ground motions. The average inter-story drift angles of the structure
are 0.022 in the Y-direction and 0.0201 in the X-direction, about 3.28 and 9.14 times those
under ordinary ground motions, respectively, and significantly exceeding the elastic—plastic
limit of 1/100. The floors with maximum drift angles shift downward, located between the
18th and 26th floors in the Y-direction and the 10th and 14th floors in the X-direction.

Based on the above analysis, there are obvious differences in the inter-story drift angles
of the high-rise structure under two types of ground motion. At the same earthquake level,
the inter-story drift angles under near-field pulse-like ground motions are significantly
larger than those under ordinary ground motions. The inter-story drift angles under ordi-
nary ground motions fully meet the requirements of the code limit, while they significantly
exceed the code limit under near-field pulse-like ground motions, approximately 0.72 to
2.56 times and 1.21 to 3.94 times the code limit during the 8-degree frequent earthquake
and rare earthquake, respectively. These indicate that high-rise structures designed in ac-
cordance with the current Chinese structural design code may suffer unpredictable damage
under near-field pulse-like ground motions. Therefore, it is essential to pay attention to the
adverse effects of near-field pulse-like ground motions on high-rise structures.

The floors with the maximum drift angles are mainly located above 2/3 of the struc-
tural height under ordinary ground motions, whereas the floors shift downward under
near-field pulse-like ground motions, mainly located within the range of 1/4 to 2/3 of the
structural height. This is because the long-period pulses of near-field pulse-like ground
motions are in resonance with the fundamental period of the structure, strongly exciting the
fundamental vibration mode of the structure and causing larger inter-story drift angles in
the middle and lower floors of the structure. This is consistent with the distribution pattern
of the hysteresis energy dissipation along the floors, as described in the subsequent section.

5. Energy Dissipation of the Symmetrical High-Rise Structure Under
Bidirectional Near-Field Pulse-like Ground Motions

The energy dissipation of a structure under seismic excitation is expressed as
Eiy=Ex+Eg+Ep+Eqg (1)

Here, Ej, Ex, Eg, Ep and Ey correspond to the input energy, kinetic energy, elastic
strain energy, damping energy, and hysteresis energy, respectively. Ep and Ep are calculated
according to Equations (2) and (3), respectively.

't~T )
ED:/ x Cxdt (2)
Jo

m n .
En=) )Y 74 F(u)du 3)
j=1li=1"
where x and C represent the velocity and damping matrices of the structure, respectively;
u and F(u) represent the deformation and restoring force of the member, respectively; f
represents the area of the hysteresis loop; and n and m represent the number of the same
member and the total number of all members, respectively.
In accordance with the levels of 8-degree frequent earthquakes, design earthquakes
and rare earthquakes, the PGAs of Y-direction ground motions were scaled to 70 gal,
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200 gal and 400 gal, respectively. Correspondingly, the PGAs of X-direction ground motions
were scaled to 59.5 gal, 170 gal, and 340 gal, respectively. Time history analyses were
conducted to compare the energy dissipation characteristics of the high-rise structure under
bidirectional near-field pulse-like and ordinary ground motions.

5.1. Distribution of Input Energy in the High-Rise Structure

The input energy of the high-rise structure was calculated. It can be ascertained that
at the same earthquake level, the input energy under near-field pulse-like ground motions
consistently surpasses that under ordinary ground motions. During an 8-degree frequent
earthquake, 8-degree design earthquake and 8-degree rare earthquake, the average input
energy under near-field pulse-like ground motions is 1.0 x 10* kN m, 8.09 x 10* kN m
and 31.12 x 10* kN m, respectively, approximately 2.56 times, 4.76 times, and 5.92 times
that under ordinary ground motions, respectively. Furthermore, the input energy exhibits
a pronounced growth with increasing PGA. When the PGA reaches 200 gal and 400 gal,
the average input energy under near-field pulse-like ground motions is approximately
8.09 and 31.12 times that at 70 gal, respectively, whereas at ordinary ground motions, it is
about 4.36 and 13.49 times that at 70 gal, respectively.

Hysteresis energy Ey is dissipated through structural inelastic deformation and is
directly linked to the structural cumulative damage. For a given input energy, a larger
hysteresis energy implies potentially more severe structural damage. Conversely, damping
energy Ep is dissipated through inherent structural damping. If damping can dissipate
a major portion of input energy, the structure may avoid damage or sustain only minor
damage. Thus, the ratios of hysteresis energy and damping energy to the total input
energy, namely Egx/E; and Ep/Ej, can better reflect the structural damage status and
energy dissipation mode. Table 2 lists the Eyy/Ey and Ep/Ej of the high-rise structure under
two types of ground motions.

Table 2. Eyy/E; and Ep/Ej of the high-rise structure under two types of ground motions.

Ground  Ground Eorthquae e hquae SDegree Rare Earthquake
Motion Type  Motion En/Er Ep/E; En/Er Ep/Er En/Er Ep/E;
TCU046 0.243 0.470 0.446 0.455 0.521 0.446
TCU052 0.358 0.447 0.451 0.475 0.538 0.442
Near-field TCUO054 0.075 0.661 0.449 0.484 0.535 0.433
pulse-like TCU056 0.189 0.631 0.443 0.504 0.454 0.490
ground motion " pjn6g 0.185 0.478 0.580 0.381 0.624 0.366
TCU087 0.314 0.491 0.383 0.563 0.498 0.481
TCU101 0.015 0.566 0.394 0.505 0.496 0.430
MZH 0 0.59 0.025 0.779 0.123 0.798
grogiilirrlr??t]ion ERG 0 0.584 0.148 0.697 0.332 0.597
NBI 0 0.506 0.117 0.718 0.206 0.683

The following can be observed:

(1) During an 8-degree frequent earthquake, the Eyy/Ej is 0 under ordinary ground
motions, indicating that the structure remains elastic without plastic damage. In contrast,
under near-field pulse-like ground motions, the structure exhibits inelastic behavior. The
En/Ej ranges from 0.015 to 0.314, averaging 0.197, which suggests a limited degree of
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damage. In this scenario, damping dissipates 53.5% of the input energy, demonstrating
that it serves as the primary energy dissipation mode.

(2) During an 8-degree design earthquake, the structure experiences certain plastic
damage. Under ordinary ground motions, the hysteresis energy and damping energy
account for an average of about 82.8% of the input energy, but the average Ey/Ej is
only 0.097, with a maximum of 0.148, significantly lower than Ep/Ej. This indicates that
the structural damage development is insufficient, with damping energy dissipation still
remaining dominant. Under near-field pulse-like ground motions, the hysteresis energy
and damping energy together dissipate 89.9% to 96.1% of the input energy, and Eyj/Ey
increases significantly to an average of 0.449, about 4.63 times that under ordinary ground
motions, indicating that the inelastic deformation response of the structure is greater at this
time, more hysteresis energy is consumed, and the damage is more severe.

(3) During an 8-degree rare earthquake, the structure experiences further deepened
plastic development. Approximately 90% to 99% of the input energy is dissipated through
hysteresis energy and damping energy, with a further increase in Eyj/E;. The average
Eyy/E; values under near-field pulse-like ground motions and ordinary ground motions are
0.524 and 0.22, respectively, which are 1.17 times and 2.28 times those during an 8-degree
design earthquake, respectively, indicating that the structure consumes a greater propor-
tion of hysteresis energy. The average Ey/Ej value under near-field pulse-like ground
motions is 2.38 times that under ordinary ground motions, meaning deeper plastic damage
development under such conditions. Comparative analysis reveals that under ordinary
ground motions, Ep/Ej significantly exceeds Ery/Ej, with damping energy dissipation
remaining dominant. Whereas under near-field pulse-like ground motions, Eyy/Ej is larger
than Ep/Ej, with hysteresis energy dissipation becoming the main mode.

5.2. Distribution of Hysteresis Energy in the High-Rise Structure

The hysteresis energy dissipation or Eyj/Ej cannot fully and accurately reflect the
damage development in the high-rise structure. The structural damage degree depends not
only on the magnitude of hysteresis energy, but also on the distribution of hysteresis energy
among structural members and floors. Identical hysteresis energy distributed differently
among members and floors can lead to significantly different damage degree. Based on the
calculated energy responses of the structure, further comparative studies were conducted
on the distribution patterns of hysteresis energy among structural members and floors
under two types of ground motion.

5.2.1. Distribution of Hysteresis Energy Among Structural Members

The distribution of hysteresis energy among structural members is expressed as the
ratio of Erp.Member/ EH, representing the hysteresis energy Erynember Of €ach member to the
total hysteresis energy Ep of the high-rise structure. Figure 6 presents the Exy Memper/ En 0f
structural members under near-field pulse-like ground motions during an 8-degree frequent
earthquake. Since the structure remains in the elastic stage under ordinary ground motions,
no analysis is provided. It can be seen that under near-field pulse-like ground motions,
SRC columns and shear walls are in the elastic stage and do not contribute hysteresis
energy, while frame beams and coupling beams begin to dissipate hysteresis energy. The
coupling beams are the main energy-dissipating members, dissipating about 80% to 98% of
the total hysteresis energy, with frame beams dissipating the remaining smaller portion.
Further analysis reveals that although few in quantity, coupling beams yield first during
an earthquake and dissipate more than 80% of the total hysteresis energy. This effectively
shields other structural members from damage, establishing coupling beams as the first line
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of seismic defense. Therefore, structural design should incorporate reasonable measures
that enhance their energy dissipation capacity.

W Frame beam #®Coupling beam

EH-Member/EH (%) —_
=) >® [=3
(=] (=1 (=]

o
(=]

NN

TCU046 TCUO052 TCU054 TCUO056 TCU068 TCUO087 TCUI101
Near-field pulse-like ground motion

Figure 6. Ey Member/ EH Of structural members under near-field pulse-like ground motions during
an 8-degree frequent earthquake.

Figure 7 compares Eynember/ EH and average values among structural members
during an 8-degree design earthquake. Under ordinary ground motions, SRC columns
and shear walls still remain elastic and hysteresis energy is dissipated mainly by coupling
beams (average 63.9%) and frame beams (remaining 36.1%). Under near-field pulse-like
ground motions, the Efy prame beam/ EH Value begins to increase, accounting for about 57%
to 70%, and frame beams become the primary energy-dissipating members. In contrast,
the Ey Coupling beam/ Ent value reduces significantly to about 17% to 41%. Shear walls begin
to yield and dissipate a small portion of hysteresis energy, averaging about 2.2% and no
more than 8.7%, while SRC columns remain elastic. Analysis indicates that under near-field
pulse-like ground motions, the plastic development of the structure is relatively fast, and
the inter-story drift angles under some ground motions even exceed the limit of 1,/100.
Coupling beams yield first and form plastic hinges to dissipate hysteresis energy, but their
limited number constrains their energy dissipation capacity. Consequently, frame beams
dissipate a larger proportion of hysteresis energy through developed plastic deformation,
forming the second line of seismic defense. Shear walls exhibit limited plastic development,
contributing minimally to energy dissipation.

Figure 8 compares the Epempber/En Values and average values among structural
members during an 8-degree rare earthquake. Under ordinary ground motions, SRC
columns and shear walls remain largely elastic, and hysteresis energy is dissipated jointly
by coupling beams (34% to 63%) and frame beams (37% to 65%). Compared with ordinary
ground motions, under near-field pulse-like ground motions Ef{Frame beam / EH significantly
increases, accounting for approximately 70% to 86%, and frame beams become the main
energy-dissipating members, while Ey.coupling beam/ Ex reduces significantly to only 7%
to 15%. Meanwhile, the Efy ghear wall/ EH rises, ranging from 8% to 23%, with an average
nearly matching that of the coupling beams, while SRC columns still remain elastic. This
occurs because under near-field pulse-like ground motions, the seismic action on shear
walls increases significantly, causing wall limbs to yield and develop plasticity more fully,
thereby dissipating more hysteresis energy.
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Figure 7. Comparison of Eyy_vemper/ Ex Values and average values among structural members under
two types of ground motions during an 8-degree design earthquake.
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Figure 8. Comparison of Erynfempber/ EH and average values among structural members under two
types of ground motion during an 8-degree rare earthquake.

5.2.2. Distribution of Hysteresis Energy of Structural Members Along the Floors

(1) Hysteresis energy distribution along the floors under an 8-degree frequent earthquake
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Figure 9 shows the hysteresis energy distribution of coupling beams and frame beams
along the floors under near-field pulse-like ground motions during an 8-degree frequent
earthquake, namely the proportion of hysteresis energy of coupling beams and frame
beams on each floor to the total hysteresis energy of coupling beams (Ep.coupling beam) and
frame beams (Ef1-Frame beam), T€Spectively.

It can be seen that the hysteresis energy proportion of coupling beams increases from
the bottom, peaks at the 6th to 8th floors (about 1/6 of the structural height), accounting for
5.7% t0 6.9% of the Ey_coupling beam, then decreases rapidly as the floor rises, approaching
zero in the range above the 30th floor (about 5/6 of the structural height). Thus, the
hysteresis energy dissipation of coupling beams is concentrated in the floors near 1/6
of the structural height, with minimal dissipation at the bottom and above 5/6 of the
structural height. The hysteresis energy proportion of frame beams increases gradually
from the bottom, about 2% to 3% of the Ef_grame beam at the 24th floor, which is 2/3 of
the structural height, suddenly increases significantly to 5% to 6% at the 25th floor, and
decreases slowly as the height increases. The calculation shows that the frame beams
above the 24th floor dissipate approximately 60% of the Efyprame beam and are the main
energy-dissipating regions.

36
——TCU046 32 ——TCU046
TCUO052 TCUO052
—=—TCU054 28 —=—TCU054
—eo—TCU056 24 —e—TCUO056
—=—TCU068 520 —a—TCU068
TCU087 <2 TCUO087
——TCU101 16 ——TCU101
Average 12 Average
8
4
1 0 L L 1 1
0 4 6 8 10 12 0 2 4 6 8 10
Distribution proportion of coupling beam Distribution proportion of frame beam
(%) (%)

Figure 9. Hysteresis energy distribution of structural members along floors under near-field pulse-like
ground motions during an 8-degree frequent earthquake.

To gain a clearer understanding of the hysteresis energy distribution along the floors
under near-field pulse-like ground motions, Figure 10 shows the average proportion of
hysteresis energy of coupling beams, frame beams and floor structure on each floor to the
total hysteresis energy. As the floor level increases, the hysteresis energy of the structure
first increases and then decreases, reaching the maximum of 6.4% on the 7th floor. Below
the 24th floor, which is 2/3 of the structural height, each floor mainly dissipates hysteresis
energy by coupling beams, among which the hysteresis energy dissipation of coupling
beams on the 1st to 18th floors and on the 19th to 24th floors accounts for 88.1% to 99.9%
and 71% to 85.9% of the hysteresis energy of each floor, respectively. Above the 24th
floor, each floor mainly dissipates hysteresis energy by frame beams, among which the
hysteresis energy proportion of frame beams on the 25th floor rapidly increases to 65.9%
of the hysteresis energy dissipation of each floor and further increases to 99.8% on the
31st floor. The hysteresis energy above the 32nd floor is entirely borne by the frame beams.
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Figure 10. Hysteresis energy distribution of the high-rise structure along floors under near-field
pulse-like ground motions during an 8-degree frequent earthquake.

(2) Hysteresis energy distribution along the floors during an 8-degree design earth-
quake and rare earthquake

Figure 11 presents the hysteresis energy distribution of frame beams, coupling beams,
and shear walls along the floors under near-field pulse-like ground motions during an
8-degree design and rare earthquake. The following can be seen:

( The hysteresis energy proportion of frame beams on the bottom floor is very small.
As the floor rises, the proportion gradually increases, reaching its maximum at the 12th
and 18th floors, that is, at 1/3 to 1/2 of the structural height, accounting for about 3.5%
to 4.8% of the EfFrame beam- After that, as the floor level increases, the proportion begins
to decrease slowly, averaging about 1.8% to 2.0% at the top floor. Overall, the hysteresis
energy dissipation of frame beams on the lower floors is very small, while that on the
middle and upper floors is relatively large.

@ The hysteresis energy proportion of coupling beams increases gradually from the
bottom floor, peaks at the 6th to 12th floors, that is, at 1/6 to 1/3 of the structural height,
accounting for about 3.9% to 6.2% of the Ey couplingbeam- After that, as the floor level
rises, the proportion decreases gradually, becoming negligible above the 32nd floor. In
summary, the hysteresis energy dissipation of coupling beams is primarily confined to the
lower floors.

(® The hysteresis energy dissipation of shear walls is mainly confined to the 1st floor,
accounting for approximately 89.7% and 62.1% of the Epyghear wan during an 8-degree
design earthquake and rare earthquake, respectively, and are the main energy-dissipating
regions. As the floor level rises, the hysteresis energy of shear walls decreases sharply.
During an 8-degree earthquake and rare earthquake, respectively, it is about 8.2% and 18.5%
of the Epy ghear wanl O the 2nd floor, and it is approximately 0.9% and 5.3%, respectively, of
the Epyghear wanl O the 3rd floor. Above the 3rd floor, the shear walls remain nearly elastic
and do not participate in energy dissipation.

In order to more clearly understand the hysteresis energy distribution along the floors,
Figure 12 presents the average proportion of the hysteresis energy of the frame beams,
coupling beams, shear walls and floor structure on each floor to the total hysteresis energy
under near-field pulse-like ground motions during 8-degree design and rare earthquakes,
respectively. The results reveal that the hysteresis energy dissipation of the structure first
decreases, then increases, and decreases again as the floor rises. During an 8-degree design
earthquake, the hysteresis energy proportion of the 12th floor is the largest, accounting
for 4.4%. The hysteresis energy of the 1st floor is primarily dissipated by shear walls,
accounting for 75.9% of the total hysteresis energy of that floor. Above the 2nd floor, the
hysteresis energy of the structure is mainly borne by coupling beams and frame beames.
Among them, the 2nd to 6th floors primarily rely on coupling beams to dissipate the
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hysteresis energy, accounting for 55.4-81.9% of the hysteresis energy of each floor; while the
7th to 36th floors mainly rely on frame beams to dissipate the hysteresis energy, accounting
for more than 50.2% of the hysteresis energy of each floor. In particular, above the 32nd floor,
the hysteresis energy is almost entirely dissipated by frame beams. During an 8-degree rare
earthquake, the hysteresis energy of the 1st floor is the largest, accounting for 8.1%. The
hysteresis energy of the 1st to 2nd floors is mainly dissipated by shear walls, accounting
for 93.4% and 71.5% of the total hysteresis energy of that floor, respectively. Above the 3rd
floor, the hysteresis energy of the structure is mainly borne by frame beams, and above the
8th floor frame beams dissipate at least 80% of the hysteresis energy of each floor.
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Figure 11. Hysteresis energy distribution of structural members along floors under near-field pulse-
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like ground motions. (a) 8-degree design earthquake; (b) 8-degree rare earthquake.
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Figure 12. Hysteresis energy distribution of the high-rise structure along floors under near-field
pulse-like ground motions. (a) 8-degree design earthquake; (b) 8-degree rare earthquake.

It is noteworthy that compared with unidirectional input, the bidirectional ground
motion input is more representative of real seismic scenarios, leading to more complex
distribution of energy dissipation among structural members. A comparative study with
unidirectional input results is recommended for future research to elucidate these interac-
tion effects.

6. Conclusions

Seven groups of near-field pulse-like ground motions and three groups of ordinary
ground motions were selected and bidirectionally inputted into a symmetrical high-rise
structure to comparatively study the deformation and energy dissipation characteristics of
the structure. The following conclusions can be drawn:

(1) At the same earthquake level, the inter-story drift angles of the structure under
near-field pulse-like ground motions are significantly larger than those under ordinary
ground motions, and the maximum values are approximately 0.72 to 2.56 times and 1.21 to
3.94 times the code limit during 8-degree design and rare earthquakes, respectively. Fur-
thermore, the floors with the maximum drift angles shift downward. Therefore, high-rise
structures designed according to the current structural design code may suffer unpre-
dictable damage under near-field pulse-like ground motions.

(2) The input energy of the structure under near-field pulse-like ground motions
consistently surpasses that under ordinary ground motions. More critically, the energy
dissipation mechanism differs fundamentally. Under ordinary ground motions, damping
energy dissipation remains dominant. In contrast, under near-field pulse-like ground
motions, hysteresis energy dissipation is the main mode.

(3) Under near-field pulse-like ground motions, during 8-degree frequent earthquakes,
coupling beams are the main energy-dissipating members and frame beams dissipate the
remaining smaller proportion. During 8-degree design earthquakes and 8-degree rare
earthquakes, frame beams become the main energy-dissipating members, the hysteresis
energy ratio of coupling beams significantly reduces, and the hysteresis energy ratio of
shear walls gradually increases.

(4) Under near-field pulse-like ground motions, during 8-degree frequent earthquakes,
the floors below 2/3 of the structural height mainly dissipate hysteresis energy by coupling
beams, while the floors above 2/3 of the structural height mainly dissipate hysteresis
energy by frame beams. During 8-degree design earthquakes, the hysteresis energy of the
1st floor, 2nd to 6th floors and 7th to 36th floors is mainly dissipated by the shear walls,
coupling beams and frame beams, respectively. During an 8-degree rare earthquake, the
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hysteresis energy on the 1st to 2nd floors is mainly dissipated by shear walls, while above
the third floor, it is mainly borne by frame beams.
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