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Abstract:To explore the design and safety performance of
super high-rise connected structures under the combined action
of multiple disasters, taking Suzhou Supertall as an example,
a vulnerability analysis is conducted under the combined
earthquake-wind actions. First, the structure􀆳s finite element
model is established. Then, vulnerability assessments are
conducted under individual earthquake and combined
earthquake-wind actions. Finally, the response law of the
structure is obtained. Results indicate that when exposed to
combined earthquake-wind actions, the structure􀆳s
vulnerability increases with the earthquake and wind
intensities, and the seismic action dominates structural
damage. The probabilities of moderate, severe, and collapse
damages are higher under the combined earthquake-wind
actions than those under individual earthquakes. When the
wind speed reaches 40 m/ s, the probabilities of the structure
reaching three failure states under rare earthquakes are
99. 77% , 91. 56% , and 46. 54% , respectively, representing
an increase of 1. 11% , 10. 73% and 14. 65% compared with
those under rare earthquakes alone and an increase of 0. 27% ,
6. 26% and 14. 34% compared with those of a typical high-
rise connected structure under the same combined action of
disasters.
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T he construction of super high-rise buildings has in-
creased in recent years, driven by urban expansion,

population concentration, and increased building density.
These buildings, characterized by long service life, are
inevitably subjected to various dynamic excitations, such
as earthquakes and wind loads, throughout their lifecycle.

As the height of the structure increases, a concomitant re-
duction in lateral stiffness and damping ratio occurs. Con-
sequently, the structure becomes increasingly susceptible
to the influence of wind loads[1 2] . Furthermore, owing
to its long-period vibration characteristics, a high-rise
structure is more vulnerable to the effects of long-period
earthquakes[3 4] . Some studies indicate that during seis-
mic events, a considerable change in atmospheric pressure
often occurs, and strong winds sometimes accompany
earthquakes[5 6] . Localized strong winds were observed in
Tokyo under large fires after the Great Kanto Earthquake
in September 1923[7] . On September 6, 2018, an earth-
quake of magnitude 6. 7 struck Hokkaido (142. 0° E,
42. 7° N), coinciding with the onslaught of super ty-
phoon “ Feiyan,” classified as a Category 14, on the
western coast of Hokkaido (139. 2° E, 43. 0° N) [8] .
This observation underscores the non-negligible risk asso-
ciated with the simultaneous occurrence of earthquakes
and strong winds. Although the likelihood of simultane-
ous occurrences of strong ground motion and wind load is
relatively low, their concomitant impact can lead to con-
siderably greater damage to super high-rise structures than
the mere superposition of the individual effects of the two
disasters[9] .
　 Seismic vulnerability analysis allows for quantitatively
assessing structural damage at different seismic intensity
levels from a probabilistic perspective, which is important
for evaluating the seismic safety of structures[10 12] . Incre-
mental dynamic analysis ( IDA) is one of the most widely
used approaches for assessing structural performance un-
der the influence of ground motions or wind loads. IDA
is a powerful approach that relies on a series of dynamic
elastic-plastic time history analyses, and the results reflect
the changes in the structural system􀆳s response as load in-
tensity varies[13 15] . Li et al. [16] investigated risk assess-
ment and load correction methods for high-rise buildings
under the combined earthquake-wind actions. They con-
sequently revised the strength indicators in the design
loads specified to guarantee structural safety. Wang[17]

analyzed the multi-hazard vulnerability of high-rise frame-
shear isolation structures subjected to combined wind and



earthquake effects. The results show that the coupling ac-
tions increase the probability of damage. Zhou et al. [18]

used the Shanghai Tower as an example and focused on
the nonlinear dynamic response and vulnerability of super
high-rise structures subjected to the combined effects of
an earthquake and wind. Zheng et al. [8] presented a
multi-hazard-based framework to assess the damage risk
of a 42-story building subjected to earthquake and wind
hazards, individually and simultaneously. The Bayesian
theorem was employed to derive posterior probability dis-
tributions for unknown parameters in the demand mod-
el[19 20] . A reliability-based method was applied to calcu-
late the load modification factors of high-rise buildings
subjected to seismic and along-wind loads[21] . Additional-
ly, corrosion effects were considered factors that could
potentially enhance fragility estimates for structures facing
multiple hazards, including earthquakes and strong
winds[22 23] .
　 A high-rise connected structure refers to the fusion of
multiple similar or dissimilar high-rise structures intercon-
nected via corridors. Although it exhibits certain resem-
blances to conventional high-rise buildings, its dynamic
characteristics under various disasters can substantially di-
verge because of the intricate nature of its design and lay-
out. Despite several studies highlighting the performance
of high-rise connected structures under the combined
earthquake-wind actions, research on the coupling earth-
quake-wind effects on super high-rise connected structures

is scarce. Yang et al. [24] conducted a multi-hazard vul-
nerability analysis on a high-rise connected structure un-
der combined earthquake-wind excitations but did not fur-
ther investigate complex super high-rise connected struc-
tures. Thus, the multi-hazard performance of complex
super high-rise connected structures must be evaluated.
　 This paper takes Suzhou Supertall as an example to
conduct a multi-hazard vulnerability assessment of com-
plex super high-rise connected structures subjected to
combined earthquake-wind actions. The study establishes
a finite element model based on the project design, con-
ducts a vulnerability analysis of the structure under the in-
dividual earthquake actions and under the combined earth-
quake-wind actions, and explores the response of the
structure. Through quantitative vulnerability analysis, this
study establishes a theoretical basis for the design and
safety performance assessment of super high-rise connect-
ed structures under multiple hazards.

1　 Project Overview

　 Suzhou Supertall is a 460-meter-tall structure with a
three-tower reinforced concrete frame, a central core
tube, and an interconnected truss system. It comprises
101 above-ground floors and 5 below-ground floors. The
overall elevation and plane dimensions are displayed in
Figs. 1(a) and (b) . A finite element model of the struc-
ture is depicted in Fig. 1(c) .

(a) 　 (b) 　 (c)

Fig. 1　 Elevation and plane of Suzhou Supertall. (a) Overall elevation; (b) Planes of typical floors; (c) ETABS model

　 The plane layout can be categorized as a triangular lay-
out in lower zones and a three-tower petal layout in higher
zones. Ten refuge floors are spaced vertically at about
50 m apart, dividing the structure into 10 segments. The
bottom two segments are office floors, while the other
eight segments are apartment floors. The three-tower lay-
out is interconnected through three service floors that be-

long to the apartment floor, located on the 46th-51st,
76th-79th, and 97th-100th floors. The reinforced con-
crete core tube extends from the raft to the roof, continu-
ous moment frames are positioned around the office
floors, and closed moment frames are arranged in each
tower of the apartment floors. Connected trusses are loca-
ted in three sky lobbies and the roof.
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　 The core shear wall thickness and frame column dimen-
sions within the structure progressively decrease from the
base to the top. The shear wall thickness ranges from a
maximum of 1 500 mm to a minimum of 300 mm. The
frame columns, constructed with steel-reinforced con-
crete, exhibit dimensions ranging from a maximum of
1 800 mm × 650 mm to a minimum of 800 mm × 650
mm. For floors below 150 m, C80 concrete is utilized;
for those between 150 and 250 m, C70 concrete is em-
ployed, while for heights exceeding 250 m, and C50-C60
concrete are used, respectively. The main bar consistent-
ly adheres to the HRB500 standard.
　 The seismic design specifications include a seismic de-
sign intensity of seven degrees, a seismic design group of
Group 1, a site soil classification of Category Ⅲ, and a
characteristic period of 0. 55 s, which comes from the
preliminary GEO report. The structure􀆳s seismic fortifica-
tion category is Category B, and its damping ratio is
4. 0% . The total mass of the structure is 4. 3 × 105 t. The
first three fundamental periods of this high-rise building
are 8. 49, 8. 28, and 6. 88 s, respectively, and the basic
wind pressure of 50 a return is 0. 45 kPa. The site rough-
ness belongs to Category B, and the shape factor is 1. 3.

2 　 Ground Motion Selection and Wind Load
Simulation

2. 1　 Ground motion selection

　 Ground motion is a wide-frequency-band,nonstationary
random vibration process with great uncertainty that is af-
fected by various factors, such as site conditions, propa-
gation paths, and seismogenic mechanisms. Different re-
cord inputs into the structure lead to great differences in
the displacement and internal force of the structural sys-
tem. Therefore, to ensure the reliability of the analysis
results, ground motions must be reasonably selected ac-
cording to specific standards.
　 Selection principles for ground motion records are pro-
posed in FEMA P-695[25], as outlined in the following

eight points:
　 1) The earthquake magnitude should be at least 6. 5.
　 2) Earthquakes are induced by strike-slip or reverse
sources.
　 3) Seismic recordings should be on soft rock or stiff
soil sites.
　 4) The source-to-site distance should be greater than
10 km.
　 5) No more than two records should be taken from one
earthquake for a record set.
　 6) The limits on PGA and PGV should be greater than
0. 2g and greater than 15 cm / s, respectively.
　 7) Records should have a valid frequency content of at
least 4 s.
　 8) Instruments located in a free-field location or on the
ground floor of a small building should be used.
　 According to the US Federal Highway Administra-
tion[26], site characteristics include the shear wave veloci-
ty within the upper 30 m of the site, vs,30, and the corre-
sponding National Earthquake Hazard Reduction Program
(NEHRP) Site Class. Because of differences in the site
soil classification in seismic codes between China and
USA, the approach proposed by Liu[27] is applied to in-
terpret the soil characteristics according to Chinese speci-
fications[28] and obtain the seismic records that meet the
site soil classification of the structure.
　 Based on selection principles for ground motion records
in FEMA P-695 with a consideration of the site character-
istics of Suzhou Supertall, a set of 10 real ground motion
records is chosen. These records will be employed in
nonlinear dynamic analysis, supplying essential data for
the vulnerability analysis. Only the first 90 s of the re-
cords are considered. Table 1 presents detailed informa-
tion on the ground motion records. Fig. 2 depicts a com-
parison between the input record response spectrum and
the design response spectrum as per Chinese specifica-
tion[28], where T represents the period, and Sa signifies
the spectral acceleration.

Table 1　 Ground motion records
Number Ground motion Year Station Magnitude vs,30 / (m·s - 1) NEHRP class

EQ1 Imperial Valley-06 1979 Delta 6. 53 242 D
EQ2 Imperial Valley-06 1979 El Centro Array #11 6. 53 196 D
EQ3 Superstition Hills-02 1987 El Centro Imp. Co. Cent 6. 54 192 D
EQ4 Superstition Hills-02 1987 Imperial Valley Wildlife Liquefaction Array 6. 54 179 D
EQ5 Kobe, Japan 1995 Fukushima 6. 90 256 D
EQ6 Kobe, Japan 1995 Shin-Osaka 6. 90 256 D
EQ7 Chi-Chi, Taiwan, China 1999 CHY101 7. 62 259 D
EQ8 Hector Mine 1999 Bombay Beach Fire Station 7. 13 257 D
EQ9 Tottori, Japan 2000 SMN005 6. 61 182 D
EQ10 El Mayor-Cucapah, Mexico 2010 TAMAULIPAS 7. 20 242 D
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Fig. 2　 Acceleration response spectrum of the input records

2. 2　 Wind load simulation

　 Downwind wind speed includes average wind speed and
pulsating wind speed. Typically, the average wind speed
is characterized over more than 10 min, whereas the pul-
sating wind speed is assessed over much shorter dura-
tions, typically ranging from a few seconds to several
tens of seconds. Therefore, different methods are applied
to describe these two aspects of wind speed.
2. 2. 1　 Average wind speed
　 The impact of average wind speed on a structure can be
simplified as a static force. According to the code[29],
roughness Category B corresponds to a roughness coeffi-
cient of 0. 15 and a gradient wind height of 350 m. The
average wind speed at various heights above the ground is

vz = v10
z
10( )

0. 15

(1)

where vz represents the average wind speed; z denotes the
height above the ground; v10 stands for the average wind
speed at a height of 10 m above the ground.
2. 2. 2　 Pulsating wind speed
　 The pulsating wind speed has a shorter period and grea-
ter uncertainty than the average wind speed. To model the
pulsating wind speed, the Davenport spectrum and the
harmonic superposition method are employed[30 33] . In the
Davenport spectrum, turbulence is considered constant
along the height, and the power spectral density function
is expressed as

Sv(n) = v2
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where Sv(n) is the power spectrum of the pulsating wind
speed; n signifies the pulsating wind frequency; k repre-
sents the ground roughness coefficient; x is the turbulence
integral scale.
　 Fig. 3 displays the time-history simulation of pulsating
wind speed based on an average wind speed of 15 m / s at

a height of 10 m, demonstrating close agreement with the
target spectrum.

(a)

(b)

Fig. 3 　 Pulsating wind speed simulation based on an average
wind speed of 15 m / s at a height of 10 m. ( a) Time history of
pulsating wind speed; (b) Comparison of power spectral density

2. 2. 3　 Wind load calculation
　 The wind pressure specified in the code[29] is given by

ω = μs
ρ
2 (V + v) 2 (3)

where ω is the wind pressure on the area surface; V and v
represent the average and pulsating wind speed at the
wind load action point, respectively; μs is the shape fac-
tor of the structure, taken as 1. 3 as the project design da-
ta; ρ is the air density at the height of the action point,
which is represented as

ρ = 1. 25 × 103exp( - 1 × 10 - 4z) (4)

　 To improve computing efficiency, a structure with a
roof height of 450 m is divided into nine computing areas
along the height, and each area is 50 m high. The wind
load􀆳s point of action is situated at the centroid of each ar-
ea. The wind load in each calculation area of the structure
is defined as

W = ωA (5)

where W is the wind load; A is the projected area of the
windward surface of the computing area.
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3　 Vulnerability Analysis of Structures

3. 1　 Vulnerability analysis of a structure under indi-
vidual earthquake actions

　 Structural vulnerability refers to the probability of sur-
passing a predefined damage level under a given disaster
intensity[34 35] . The optimal choice of intensity measure
RIM and structural damage measure RDM is crucial for vul-
nerability analysis. Within the framework of this study,
the intensity measure is defined as the spectral accelera-
tion corresponding to a structure􀆳s fundamental period for
earthquake actions, Sa(T1,ξ), while the maximum inter-
story drift θmax is chosen as the structural damage meas-
ure. To achieve comparability with the result in Ref.
[24], the corresponding median values for the maximum
inter-story drift define performance levels: slight, moder-
ate, severe, and collapse damage are represented by
1 / 500, 1 / 200, 1 / 100, and 1 / 50, respectively.
　 The probabilities of exceedance under individual earth-
quake actions are expressed as

Pf = P(C ≤ RDM) = ∫P(C ≤ RDM RDM = x) f(x)dx

(6)

where C denotes the structural capacity; Pf stands for the
conditional probability of exceedance; f( x) signifies the
probability density function of RDM . Under the lognormal
distribution assumption for RDM and C, Pf is approximated
by[36]

Pf≈1 -Φ
lnθc - lnθmax

β2
D + β2

C
( ) =Φ

lnθmax - lnθc

β2
D + β2

C
( )　 (7)

where θc denotes the inter-story drift limit associated with
distinct damage levels; βC is the logarithmic standard de-
viation of the structural resistance capacity ( assumed as
0. 3); Φ represents the standard normal distribution func-
tion; βD signifies the lognormal distribution standard devi-
ation of the structure􀆳s disaster resistance requirement RDM

and is expressed as[8]

βD ≃
∑

n

i =1
( lnθmax,i - a - blnRIM)

2

N - 2 (8)

where N is the number of samples; θmax,i represents the
maximum inter-story drift of the i-th simulated sample.
　 The relationship between RDM and RIM approximately
satisfies[37]

RDM = αRβ
IM (9)

where α and β are constants.
　 Applying the natural logarithm to both sides of Eq. (9)
gives

lnRDM = a + blnRIM (10)

where a = lnα and b = β are constants.
　 RIM of 10 ground motion records in Table 1 is scaled to
0. 02g, 0. 04g, 0. 06g, 0. 08g, 0. 10g, and 0. 12g before
their application in nonlinear dynamic structural analysis.
The results from the nonlinear dynamic analysis are then
inserted into Eq. (10) for linear regression analysis, and
the regression equation is obtained as

lnθmax = - 1. 749 + 0. 995lnSa(T1,ξ) (11)

　 By substituting Eq. (11) into Eq. (7), the probabili-
ties of the structure reaching different damage states can
be obtained as

　 　 Pf =Φ
- 1. 749 + 0. 995lnSa(T1,ξ) - lnθc

β2
D + β2

C

é

ë
ê
ê

ù

û
ú
ú (12)

　 Using Eqs. (11) and (12), the probability demand
model and vulnerability curve for the structure under indi-
vidual earthquake actions are derived ( see Fig. 4) . This
figure indicates that the regression curve of the demand
model fits well with the structural response to seismic ac-
tions. As the ground motion intensity increases, the prob-
abilities of reaching the four damage levels are observed
to also increase. Under rare earthquake scenarios, the pro-

(a)

(b)

Fig. 4 　 Structural vulnerability analysis under seismic action
alone. (a) Seismic demand model of the structure; (b) Seismic vul-
nerability curve
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babilities of the structure suffering slight, moderate, se-
vere, and collapse damage are 100% , 98. 66% ,
80. 83% , and 31. 89% , respectively.

3. 2 　 Vulnerability analysis under combined earth-
quake-wind actions

　 Considering the structure damage probability under the
combined earthquake-wind actions, the structural vulnera-
bility function under multiple disaster scenarios is defined
in Eq. (7) with the description of βD provided as

βD =
∑

n

i =1
( lnθmax,i - a - blnRIM1 - clnRIM2)

2

N - 2 (13)

where RIM1 and RIM2 signify intensity measures for the seis-
mic action and the wind load, respectively.
　 The multi-hazard probability demand model approxi-
mately satisfies

lnRDM = a + blnRIM1 + clnRIM2 (14)

where c is a constant.
　 Within the framework of this study, RIM1 for the seis-
mic action is defined as the spectral acceleration corre-
sponding to the structure􀆳s fundamental period, Sa ( T1,
ξ), and is scaled to 0. 02g, 0. 04g, 0. 06g, 0. 08g,
0. 10g, and 0. 12g, respectively. RIM2 for the wind load is
described as the average wind speed at a height of 10 m
above the ground, v10, and is scaled to 15, 20, 25, 30,
35, and 40 m / s, respectively. The maximum inter-story
drift of the structure θmax is chosen as the DM. The wind
load is initially calculated using Eqs. ( 3 ) and ( 5 ) .
Then, 360 combinations of the seismic action and the
wind load of different intensities are obtained, which are
subsequently input for nonlinear dynamic analysis. The
results obtained are substituted into Eq. (14) for multiple
linear regression analysis, and the regression equation is
obtained as

lnθmax = - 2. 896 + 0. 828lnSa(T1,ξ) + 0. 256lnv10 (15)

　 Fig. 5 presents the probability demand model for the

Fig. 5　 Demand model for the structure subjected to the com-
bined effects of earthquake and wind

structure under combined earthquake-wind influences.
This figure illustrates that the regression surface of the de-
mand model fits well with the response of the structure
under the coupling action.
　 By inserting Eq. (15) into Eq. (7), the probabilities
of the structure attaining various damage levels are deter-
mined as

Pf =Φ
- 2. 896 + 0. 828lnSa(T1,ξ) + 0. 256lnv10 - lnθc

β2
D + β2

C
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ù
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(16)

　 According to Eq. (16), the vulnerability surface for
the structure under the earthquake-wind coupling excita-
tions is drawn in Fig. 6. This figure depicts that when the
structure is subjected to coupling actions, the vulnerabili-
ty increases with the earthquake and wind intensity. For
further quantitative analysis, Table 2 presents the proba-
bilities of the structure exceeding the four damage levels
under the earthquake-wind coupling excitations. In this
table, the seismic action plays a dominant role in the
structural damage in the four damage levels. With in-
creasing earthquake intensity, the probabilities of the
structure exceeding the four damage levels increase rapid-
ly, while the increase in wind load intensity results in a
slower growth in the probability of exceeding these lev-
els. More precisely, at a maximum wind speed of 40 m /
s, the probability of exceeding collapse damage within
the range of the studied earthquake intensity increases by
0. 67. However, at the maximum earthquake intensity,
the probability of the structure exceeding collapse damage
within the scope of the studied wind load intensity only
increases by 0. 21.
　 Table 3 summarizes the vulnerability of the super high-
rise connected structure under individual rare earthquake
actions and the combined actions of a rare earthquake and
an average wind speed of 40 m / s. It is evident that when
subjected to combined earthquake-wind actions, the prob-
abilities of the structure reaching moderate, severe, and
collapse damage are 99. 77% , 91. 56% , and 46. 54% ,
respectively, representing an increase of 1. 11% ,
10. 73% , and 14. 65% respectively, compared to the
case of rare earthquake actions alone. This comparison
underscores the importance of wind load on the structure􀆳s
performance, emphasizing that neglecting it could lead to
an overestimation of the structure􀆳s safety and result in an
unsafe condition.
　 To compare the multihazard vulnerability of super high-
rise and high-rise connected structures[24], the probabili-
ties of exceedance of two structures under the combined
effects of a rare earthquake and an average wind speed of
40 m / s are presented in Table 4. The data indicate that
compared to the high-rise connected structures, super high-
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(a) 　 　 　 　 (b)

(c) 　 　 　 　 (d)

Fig. 6　 Vulnerability surface under the combined earthquake-wind excitations. ( a) Slight damage; ( b) Moderate damage; (c) Severe
damage; (d) Collapse damage

Table 2　 Probabilities of exceedance under coupling actions of earthquake and wind

Damage level
Intensity of

wind / (m·s - 1)
Probability of exceedance for different earthquake intensities

0. 02g 0. 04g 0. 06g 0. 08g 0. 10g 0. 12g

Slight

15 0. 95 1. 00 1. 00 1. 00 1. 00 1. 00
20 0. 96 1. 00 1. 00 1. 00 1. 00 1. 00
25 0. 97 1. 00 1. 00 1. 00 1. 00 1. 00
30 0. 98 1. 00 1. 00 1. 00 1. 00 1. 00
35 0. 98 1. 00 1. 00 1. 00 1. 00 1. 00
40 0. 98 1. 00 1. 00 1. 00 1. 00 1. 00

Moderate

15 0. 38 0. 82 0. 95 0. 98 0. 99 1. 00
20 0. 44 0. 86 0. 96 0. 99 1. 00 1. 00
25 0. 49 0. 88 0. 97 0. 99 1. 00 1. 00
30 0. 53 0. 90 0. 98 0. 99 1. 00 1. 00
35 0. 56 0. 91 0. 98 1. 00 1. 00 1. 00
40 0. 59 0. 93 0. 98 1. 00 1. 00 1. 00

Severe

15 0. 04 0. 29 0. 56 0. 75 0. 85 0. 91
20 0. 05 0. 35 0. 62 0. 79 0. 89 0. 94
25 0. 07 0. 39 0. 67 0. 83 0. 91 0. 95
30 0. 08 0. 43 0. 70 0. 85 0. 92 0. 96
35 0. 10 0. 46 0. 73 0. 87 0. 93 0. 97
40 0. 11 0. 49 0. 75 0. 88 0. 94 0. 97

Collapse

15 0. 00 0. 02 0. 10 0. 21 0. 34 0. 46
20 0. 00 0. 03 0. 12 0. 26 0. 40 0. 52
25 0. 00 0. 04 0. 15 0. 30 0. 45 0. 57
30 0. 00 0. 05 0. 18 0. 33 0. 48 0. 61
35 0. 00 0. 06 0. 20 0. 36 0. 52 0. 64
40 0. 00 0. 07 0. 22 0. 39 0. 55 0. 67
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Table 3 　 Comparison of vulnerability for super high-rise con-
nected structure under rare earthquake actions alone and com-
bined earthquake-wind actions %

Damage level
Probability of exceedance

Combined earthquake-
wind actions

Rare earthquake
actions

Difference

Slight 100 100 0
Moderate 99. 77 98. 66 1. 11
Severe 91. 56 80. 83 10. 73
Collapse 46. 54 31. 89 14. 65

Table 4　 Comparison of vulnerability between super high-rise
and high-rise connected structures under combined earthquake-
wind actions %

Damage level
Probability of exceedance

Super high-rise
connected structure

High-rise
connected structure

Difference

Slight 100 100 0
Moderate 99. 77 99. 50 0. 27
Severe 91. 56 85. 30 6. 26
Collapse 46. 54 32. 20 14. 34

rise connected structures have higher probabilities of mod-
erate, severe, and collapse damage by 0. 27% , 6. 26% ,
and 14. 34% , respectively. This notable increase is pri-
marily due to the super high-rise connected structures hav-
ing lower lateral stiffness and more pronounced long-peri-
od vibration characteristics, rendering them more vulnera-
ble to the combined earthquake-wind impacts.
　 Fig. 7 provides a comprehensive visualization of the
changes in the probabilities of exceeding super high-rise
connected structures under various intensities of combined
earthquake-wind excitations. As depicted in this figure,
under combined earthquake-wind actions, the probabili-
ties of the structure exceeding the four failure states in-
crease compared with that under the individual earthquake
actions. However, the influence of wind load on the
probabilities of exceedance differs among wind speeds.
As shown in Figs. 7(a) and (b), when the wind speed is
low, the impact of the wind load primarily elevates the
structural probabilities of exceeding slight and moderate

(a) 　 　 (b)

(c) 　 　 (d)

(e) 　 　 ( f)
Fig. 7　 Impact of wind loads on multi-hazard vulnerability of the structure. ( a) v10 = 15 m / s; (b) v10 = 20 m / s; ( c) v10 = 25 m / s;
(d) v10 = 30 m / s; (e) v10 = 35 m / s; ( f) v10 = 40 m / s
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damage but has little effect on the probabilities of excee-
ding severe and collapse damage. Conversely, as illustra-
ted in Figs. 7(e) and ( f), at higher wind speeds, the ac-
tions of wind load considerably increase the structural
probabilities of exceeding severe and collapse damage
while exhibiting little impact on the probabilities of the
structure exceeding slight and moderate damage.

4　 Conclusions

　 1) The multihazard vulnerability of a structure under
coupling earthquake-wind actions intensifies with increas-
ing ground motion and wind load intensity. The seismic
action primarily drives the probability of the structure ex-
ceeding damage levels. However, as the wind speed in-
creases, the impact of wind load on the probabilities of
exceedance becomes increasingly obvious. The actions of
wind load mainly increase the probabilities of slight and
moderate damage in the case of a small wind speed and
mainly increase the probabilities of severe and collapse
damage to the structure in the case of high wind speed.
　 2) The influence of wind load on structural damage
should not be underestimated, as neglecting it could lead
to an overestimation of the structure􀆳s performance, po-
tentially resulting in an unsafe design. Under combined
earthquake-wind actions, the probabilities of the structure
suffering moderate, severe, and collapse damage are con-
siderably higher than scenarios with seismic actions
alone. When the wind speed reaches 40 m / s, the proba-
bilities of the structure suffering these three damage states
under rare earthquakes are 99. 88% , 91. 56% , and
46. 54% , respectively, representing an increase of
1. 22% , 10. 73% , and 14. 65% compared with that un-
der rare earthquakes alone.
　 3) The vulnerability of super high-rise connected struc-
tures under combined earthquake-wind actions is more
pronounced than that of high-rise connected structures.
This greater vulnerability is mainly attributed to the smal-
ler lateral stiffness and more long-period vibration shapes
of super high-rise connected structures, and therefore, the
structure is more susceptible to combined earthquake-wind
actions. Compared with the high-rise connected structure
studied by Yang et al., the probabilities of the super high-
rise structure reaching the three damage states under the
same combined actions are increased by 0. 27% ,
6. 26% , and 14. 34% , respectively.
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地震和风耦合作用下超高层连体结构易损性分析

鲁　 正1,2 　 严德裕1 　 周梦瑶1 　 赵　 昕3 　 赵一青4

( 1 同济大学结构防灾减灾工程系, 上海 200092)
( 2 同济大学土木工程防灾减灾全国重点实验室, 上海 200092)
( 3 同济大学建筑设计研究院(集团)有限公司, 上海 200092)

( 4 中海企业发展集团有限公司, 深圳 518048)

摘要:为探究超高层连体结构在多灾害耦合作用下的设计与安全性能,以苏州超塔为例,开展地震和风耦合

作用下的多灾害易损性分析. 根据设计资料建立结构有限元模型,分别开展结构在地震作用下以及地震和

风耦合作用下的易损性分析,探究结构在多灾害耦合作用下的响应规律. 结果表明,地震和风耦合作用下结

构联合易损性随着地震动和风荷载强度的增大而增加,且地震动对结构的破坏占主导作用. 地震与风耦合

作用时结构达到中等破坏、严重破坏和倒塌破坏的概率均比仅地震作用时有所增加. 当风速达到 40 m / s
时,结构在罕遇地震下达到 3 种破坏状态的概率分别为 99. 77% 、91. 56% 和 46. 54% ,相比于仅罕遇地震作

用下分别提高了 1. 11% 、10. 73% 和 14. 65% ,相比于一般高层连体结构在同样的灾害耦合作用下分别提高

了0. 27% 、6. 26% 和 14. 34% .
关键词:超高层;连体结构;多灾害;易损性;地震;风荷载;耦合作用;苏州超塔
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