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Abstract

A seismic isolation system is designed to reduce the seismic responses of a building, and it has been applied to more
and more tall buildings. However, for those seismically isolated tall buildings in the design for wind, large and long-
duration wind loads such as typhoons may cause violent and continuous vibration of the buildings. Because the
isolation story is soft, in which the steel dampers (so-called U-shaped steel dampers mounted in the isolation story)
behave plastically easily, large residual deformation in the isolation story and fatigue damage in the steel dampers may
occur in a typhoon. However, if a great earthquake follows, for those wind-induced damaged seismically isolated tall
buildings, larger seismic responses and fatigue damage may occur compared with undamaged buildings. In the previous
studies, the residual deformation in the isolation story has been verified based on typhoon observation data, and the
fatigue damage in the steel dampers has been calculated by rain-flow counting method and Miner’s rule to indicate that
the wind-induced damage could not be neglected. However, if there is an initial wind-induced residual deformation in
the isolation story, it may influence the seismic responses and fatigue damage in the following earthquakes. Therefore,
by carrying out continuous typhoon and seismic simulation, this study investigates the seismic responses and fatigue
damage to explore the influences of initial wind-induced residual deformation.

Fig. 1 shows a reduced MDOF model with 11 lumped masses (11 stories). The upper 10 masses (1% ~ 10" story)
indicate the upper structure, while the bottom mass (0™ story) indicates the isolation story. By continuous typhoon and
seismic simulation (Taft 1952 NS), the maximum displacement distribution Dis,. (Fig. 2) and maximum acceleration
distribution Accmar (Fig. 3) in the seismic simulation were obtained. It was found that the model with initial wind-
induced residual deformation of 9cm in the isolation story shows a larger maximum displacement compared with the
model without initial residual deformation (Fig. 2). However, the initial residual deformation hardly influenced the
maximum acceleration (Fig. 3). Besides, about the fatigue damage (D value) in the steel dampers in the NS direction,
the D value of 0.006 was found to occur in the seismic simulation considering the initial residual deformation. However,
the D value of 0.004 occurred when there is no initial residual deformation.

B=25m

— 10 -
O 0 [soy O 0 o
g N\ _ 9 | O 9
al o, F oo I 8
O S 8
= N I 1 ! ,
= 7t
wind X\ e 1
i 6 .
direction 2 o — 6 O w/oinitial
Upper structure - 3 5 D 5 res. def.
Upper structure : g L
Densi s 8 e
ensity (p,) 250 kg/m' & a L D 4
Natural period (T,) 2.5 = 1 w/o (ijniftial
Damping ratio (/) 0.02 o 3+ ’gz res. det. 37 \rn;/sw'r;i:\fal
Isolationstory : s L 2 | . .
Arcal densty (o) 36M kg 5 - — ] 4 wnia ol
Natural period (77) 50s g L :l :l / res. def.
Yield shear force 0.03 =L m 0r 0O or
coeffiient (a) 2 o Diyefom] . AcC e fems?]
Isolator  Steel damper 0 20 40 0 250 500
Fig. 1 Structural model Fig. 2 Max. displacement (NS) Fig. 3 Max. acceleration (NS)

Keywords: seismically isolated building, wind-induced damage, seismic analysis, residual deformation, fatigue damage

© The 17th World Conference on Earthquake Engineering - 2g-0266 -



The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

1. Introduction

A seismic isolation system proves to be efficient in reducing the seismic responses of a building, and it has
been applied to more and more tall buildings!!! to meet the demands of people. However, for those
seismically isolated tall buildings in the design for wind, large and long-duration wind loads such as
typhoons may cause violent and continuous vibration of the buildings. Because the isolation story is soft, in
which the steel dampers (so-called U-shaped steel dampers mounted in the isolation story) behave plastically
casily, large residual deformation!®! in the isolation story and fatigue damage®™ in the steel dampers may
occur in a typhoon. However, if a great earthquake follows, for those wind-induced damaged seismically
isolated tall buildings, larger seismic responses and fatigue damage may occur compared with undamaged
buildings. The previous study!*! shows that the residual deformation in the isolation story has been verified
based on typhoon observation data, and the fatigue damage has been calculated to indicate that the wind-
induced damage could not be neglected. However, if there is an initial wind-induced residual deformation in
the isolation story, it may influence the seismic responses and fatigue damage in the following earthquakes.
Therefore, by carrying out continuous typhoon and seismic simulation, this study investigates the seismic
responses and fatigue damage to explore the influences of initial wind-induced residual deformation.

In this paper, a reduced MDOF model is described based on a given seismically isolated building.
Also, 10 assumed typhoon samples and 4 observed seismic waves (EI Centro 1942, Taft 1952, Hachinohe
1968 and Kobe 1995) are described. The continuous typhoon and seismic simulation were conducted by time
history analysis to investigate the seismic responses including the residual deformation and maximum
deformation in the isolation story, as well as the maximum displacement and maximum acceleration at the
top of the building. The authors tried to explore the influence of initial residual deformation on above
simulation results. Besides, the fatigue damage in the steel dampers was calculated by rain-flow counting
method and Miner’s rule, on which the influence of initial residual deformation was explored as well.

The remaining paper is organized as follows: Section 2 presents the structural model and its structural
properties. The outlines of typhoon and seismic simulation are described in Section 3. The simulation results
of seismic responses are presented in Section 4. The evaluation of fatigue damage in the steel dampers is also
presented in this section. Finally, conclusions and related remarks are presented in Section 5.

2. Structural model

Fig. 1(a) shows the outline of a seismically isolated building. For the upper structure, the height # = 100 m,
the breadth B = 25 m, and the Depth L = 25 m. The Density p, = 250 kg/m?, the natural period 7, = 2.5 s (=
0.025H), and the damping ratio 4 = 0.02. For the isolation story, the areal density po = 3644 kg/m?, the
natural period 7o = 5.0 s (= 27,,), and the yield shear force coefficient of the steel dampers a4 = 0.3. About
the building orientation, the building breath B is north-south facing, and the northward wind direction is
defined as 6 = 0°. As shown in Fig.1(b), the MDOF model is reduced to have 11 lumped masses?® (11
stories) according to the seismically isolated building. The upper 10 masses (1% ~ 10" story) indicate the
upper structure, while the bottom mass (0™ story) indicates the isolation story. ,m;, .c: and ,k: are the mass,
damping and stiffness of the i story of the upper structure, while mo, co and ko are the mass, damping and
stiffness of the isolation story, respectively.

According to the above structural parameters, the i story mass of the upper structure ,m; is plotted in
Fig. 2(a). Also, as shown in Fig. 2(b), the 1*' mode shape of the upper structure is assumed as a straight line,
so the i story stiffness of the upper structure ,k;, given by Eq. (1)[, is plotted in Fig. 2(c).

2
k‘ — uxa) ‘u mi “us ¢z +u ki+l(us ¢i+l " us ¢z)
u 1
us¢i Tus ¢i—1

where ,o and ,¢; are the natural frequency and s™ mode eigenvector of the upper structure, respectively.
However, ¢ = 0 and k11 = 0, because the 0 and 11% story are non-existent in the upper structure.

(1)
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Fig. 2 — Structural properties of the upper structure

Fig. 3(a) ~ (c) show the restoring force properties of the steel dampers, isolators and isolation story,
respectively. In this study, the performance decrement of the steel dampers (Fig. 3(a)) under long-duration
cyclic loading is not considered. The isolators (Fig. 3(b)) are assumed as a kind of elastomeric rubber bearing
without lead core. And the restoring force property of the isolation story (Fig. 3(c)) is the combination of the
damper property and isolator property.
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Fig. 3 — Restoring force properties of the isolation story

According to Fig. 3, the yield load of the steel dampers Qu, the initial stiffness of the steel dampers ka1,
and the stiffness of the isolators &y can be expressed by Eq. (2) ~ (4).

Qdy = (I/I/u + I/I/O ) ady (2)
kg =Qu/04 3)
4z (W, +Ww,)
k= ;2 ] : 4)
0o '8

where W, and W, are the weight of the upper structure (= 153125 kN) and the weight of the isolation story (=
22319.5 kN), respectively. aq and da are the yield shear force coefficient (= 0.03) and yield deformation (=
2.80 cm) of the steel dampers, respectively. 7o is the natural period of the isolation story (= 5.0 s), and g is
the acceleration of gravity (= 9.8 N/kg).

According to the above results, the 1% stiffness ko1, 2™ stiffness ko2, and yield load Qoy of the isolation
story can be obtained by Eq. (5) ~ (7).

ko =k +k, (5)
ko, =k, (6)
QOy = k01 ‘5dy (7)

3. Outlines of typhoon and seismic simulation

The continuous typhoon and seismic simulation of the 11-DOF model were carried out by time history
analysis. In the typhoon simulation, because of the breadth to depth ratio B/L = 1, the torsion effect of the
building under wind force is tiny!”), which can be ignored. In the seismic simulation, there is no torsion effect
because of the building with uniform density. Therefore, the torsion effect is not considered in this paper.

3.1 Typhoon simulation

As shown in Fig. 4, 10 assumed typhoon samples with different duration (9 ~ 40 hours) are considered in the
typhoon simulation®. Fig. 4(a) shows the time history of mean wind speed U, averaged over each 10
minutes at the height z = 100 m above ground. According to Japanese Recommendations for Loads on
Buildings!, the peak mean wind speed of 50.41 m/s is obtained based on basic wind speed of 36 m/s, 500-
year return period and surface roughness III. From Fig. 4(a), it can be seen that Sample 6 (1% peak: 49.54 m/s,
2" peak: 50.41 m/s), Sample 8 (1° peak: 50.41 m/s, 2™ peak: 48.21 m/s) and Sample 9 (1° peak: 50.41 m/s,
2™ peak: 45.13 m/s) have two peaks, while the other samples have only one peak (peak: 50.41 m/s). Fig. 4(b)
shows the time history of wind direction 8 over each 10 minutes. From Fig. 4 and 5, each sample shows that
the wind direction is fixed at 8 = 0° (northward) as the mean wind speed reaches the peak of 50.41 m/s. The
maximum wind force, which may lead to a large residual deformation, may occur in the north direction
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rather than in the east-west (EW) direction. Therefore, in the typhoon and seismic simulation, the results in
the north-south direction (NS) are focused in this paper.
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Fig. 4 — 10 assumed typhoon samples in the typhoon simulation

According to above time history of mean wind speed and wind direction, the i story wind force of
upper structure ,F; can be expressed by Eq. (8)P..

1
LlF;zgp‘Uzz'uCi'uAi (8)

where p is air density (=1.22 kg/m?®), ,C; is the i story aerodynamic coefficient of the upper structure
obtained from a wind tunnel test!'”, and ,4; is the i™ story projected area of the upper structure (= 250 m?).

Fig. 5(a) and (b) show the time history of 10" story wind force /1o (NS) in Sample 1 and 6 at a time
interval of 0.05s, respectively. It can be seen that Sample 1 and 6 show the same maximum wind force of
over 800kN in the north direction because the wind direction of all typhoon samples is fixed at 8 = 0°
(northward) as the mean wind speed reaches the peak value. However, in the south direction, the maximum
wind force in Sample 6 shows a much larger value than that in Sample 1, because Sample 6 has two peaks in
the mean wind speed.
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Time [hour]
28
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(a) Sample 1 (b) Sample 6
Fig. 5 — Time history of 10" story wind force (NS)

3.2 Seismic simulation

As shown in Table 1, four observed seismic waves in Japan!'!! are considered in the seismic simulation, and
the ground acceleration (NS) of the four representative seismic waves at a time interval of 0.02s are shown in
Fig. 6(a) ~ (d). It can be seen that the Kobe 1995 seismic wave with the longest duration shows a much
larger maximum ground acceleration of 820.6cm/s? than those in the other three seismic waves. In this study,
because of continuous typhoon and seismic simulation, a complete simulation contains one typhoon sample
and one seismic wave. Moreover, the typhoon simulation was conducted prior to the seismic simulation.
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Table 1 — The four observed seismic waves in Japan

Seismic wave Direction Max. acc [cmy/s?] Durarion [s] Time interval [s]
El Centro 1940 NS 341.7 54 0.02
Taft 1952 NS 152.7 54 0.02
Hachinohe 1968 NS 229.6 51 0.02
Kobe 1995 NS 820.6 150 0.02
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Fig. 6 — Ground acceleration of the observed seismic waves (NS)

4. Simulation Results
4.1 Residual deformation in the isolation story

Fig. 7(a) shows the simulation result of residual deformation in the isolation story do.. The black lines,
regarded as initial wind-induced residual deformation, indicate the residual deformation of Sample 1 ~ 10 in
the typhoon simulation. It can be seen that the value in Sample 5 reached about 10cm in the north direction,
while the value in Sample 8 reached about -7cm in the south direction. As mention in Section 3.1, the
maximum wind force occurred in the north direction, which may lead to a large residual deformation in this
direction. However, from Fig. 7(a), the residual deformation not always occurred in the north direction.
Because of the change in wind direction, the southward wind force may push the model in the opposite
direction. According to the typhoon simulation result, it was found that the strong wind led to a large residual
deformation in the isolation story. Besides, the plots with different colors in Fig. 7(a) indicate the residual
deformation in the following seismic simulation. It can be seen that all the values in seismic simulation are
within +£3cm, which are much lower than above initial wind-induced residual deformation. Therefore, the
seismic waves can help reduce the residual deformation in the seismic simulation. Moreover, for each
seismic wave, the values hardly changed regardless of the initial residual deformation. The residual
deformation in the seismic simulation seems to be non-sensitive to the change in initial residual deformation.
Fig. 7(b) shows the influence of initial residual deformation in the isolation story. It can be seen that as the
initial residual deformation changes from -15c¢cm to +15cm, the residual deformation in the seismic
simulation still hardly changed even though the initial residual deformation reached -15cm or +15cm.
Therefore, it was found that the initial residual deformation hardly influenced the residual deformation in the
seismic simulation.
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Fig. 7 —Residual deformation in the isolation story (NS)

4.2 Maximum deformation in the isolation story

Fig. 8(a) shows the seismic simulation result of maximum deformation in the isolation story doma. The plots
with different color still indicate the results of the four seismic waves. It can be seen that the result of EI
Centro (red) and Taft (green) shows a lower value after typhoon simulation of Sample 8 and 9. However, the
result of Kobe (purple) shows a larger value after typhoon simulation of Sample 8 and 9. From Fig. 7(a),
only Sample 8 and 9 show the initial residual deformation occurred in the south direction, which influenced
the maximum deformation in the following seismic simulation. Fig. 8(b) shows the influence of initial
residual deformation in the isolation story. It can be seen that as the initial residual deformation changes
from -15cm to +15c¢m, for each seismic wave, there is an obvious change in the maximum deformation in the
seismic simulation. It is considered that the model with initial residual deformation of Ocm may show a
lower value like Taft (green). However, for EI Centro (red), the minimum value was found to occur as the
initial residual deformation is -6¢cm. And for Hachinohe (blue) and Kobe (purple), the minimum value
occurred as the initial residual deformation is 9cm. Therefore, certain initial residual deformation in the
isolation story can help reduce the maximum deformation in the isolation story in the seismic simulation.
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Fig. 8 -Maximum deformation in the isolation story (NS)
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4.3 Maximum displacement at the 10" story

Fig. 9(a) shows the seismic simulation result of maximum displacement at the 10® story Disioma. Similarly,
it can be seen that the value of Taft (green) and Hachinohe (blue) shows a lower value after typhoon
simulation of Sample 8 and 9, and the value of Kobe (purple) shows a larger value after typhoon simulation
of Sample 8 and 9. Therefore, the initial residual deformation influenced the maximum displacement at the
10" story in the seismic simulation. Fig. 9(b) shows the influence of initial residual deformation in the
isolation story. Similarly, it can be seen that as the initial residual deformation changes from -15cm to +15cm,
for each seismic wave, the values of the 10™ story maximum displacement changed in the seismic simulation.
It is considered that the model with initial residual deformation of Ocm may show a lower value. However,
for EI Centro (red), the minimum value was found to occur as the initial residual deformation is -9cm. For
Taft (green), the minimum value occurred as the initial residual deformation is +3cm. For Hachinohe (blue),
the minimum value occurred as the initial residual deformation is -3cm. And for Kobe (purple), the
minimum value occurred as the initial residual deformation is +6¢cm. From Fig.9, it was found that the result
is similar to that in Section 4.2 Therefore, certain initial residual deformation in the isolation story can also
help reduce the 10" story maximum displacement in the seismic simulation.
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Fig. 9 ~Maximum displacement at the 10% story (NS)

4.4 Maximum acceleration at 10" story

Fig. 10(a) shows the seismic simulation result of maximum acceleration at the 10" story Acciomar. From Fig.
10(a), it can be seen that for each seismic wave, the values hardly changed regardless of the initial residual
deformation in the isolation story. The 10% story maximum acceleration in the seismic simulation seems to
be non-sensitive to the change in initial residual deformation like Section 4.1. Moreover, the values in Kobe
(purple) show much larger values than those in the other three seismic waves. Fig. 10(b) shows the influence
of initial residual deformation in the isolation story. It can be seen that as the initial residual deformation
changes from -15¢m to +15cm, the values of the 10% story maximum acceleration slightly changed in the
seismic simulation. Even though the initial residual deformation reached -15c¢cm or +15cm, there is still no
obvious change in the 10" story maximum acceleration. Unlike the result in Section 4.3, it was found that
certain initial residual deformation can not help reduce the 10" story maximum acceleration in the seismic
simulation. Therefore, the initial residual deformation in the isolation story hardly influenced the maximum
acceleration at the 10" story in the seismic simulation.
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Fig. 10 -Maximum acceleration at the 10" story (NS)

4.5 Fatigue damage in the steel dampers

The fatigue damage in steel dampers (D value) can be expressed as Eq. (9) !'?! by using rain-flow counting
method and Miner’s rule according to the experimental fatigue performance of steel dampers!!3].
np Nk

D=ZDk=ZN

k=1 £Y 1(5,)

€)

where Dy is the fatigue damage degree of double amplitude dx, np is the total number of dx, Ni is the cycle
number of dx, and Ny is the number of cycles to failure in dy.

Fig. 11(a) ~ (d) show the computing result of D value in the typhoon simulation (Sample 1 ~ 10) and
seismic simulation (EI Centro, Taft, Hachinohe and Kobe). From Fig. 11(a), it can be seen that the D value
of Sample 2 shows the minimum, while the D value of Sample 6 shows the maximum. Although, as shown
in Fig. 4(a), the peak mean wind speed of all samples is the same and the duration of Sample 9 and 10 is the
longest, the maximum D value occurred in Sample 6 rather than in Sample 9 and 10. Therefore, these D
values depend on not only the wind speed and typhoon duration but also the change in wind direction.
Regarding the D values in the seismic simulation of EI Centro, it can be seen that all D values are similar to
each other. The D values of EI Centro seem to be non-sensitive to the initial wind-induced residual
deformation in the isolation story. Also, the D values of EI Centro show a larger value than those in the
typhoon simulation of Sample 2 and 3. Although the duration of typhoon is much longer than that of seismic
waves, the amplitude of the model in the seismic simulation is much larger due to large seismic force, which
may lead to a larger D value. However, both the D values of typhoon and seismic simulation are within 0.05
in the NS direction, and the sum of D values in one typhoon simulation and one seismic simulation is still
tiny. So there is no need to worry about the fatigue fracture in the steel dampers after one typhoon and one
earthquake. From Fig. 12(b) ~ (d), the D values of Taft show a lower value and the D values of Hachinohe
and Kobe show a larger value compared with Fig. 11 (a).

Fig. 12 shows the influence of initial residual deformation in the isolation story. For EI Centro and
Taft, the maximum D value occurred as the initial residual deformation is Ocm. For Hachinohe and Kobe, the
maximum D value occurred as the initial residual deformation is +3cm. From Fig. 12, it can be seen that, for
each seismic wave, the D values were slightly influenced by the initial residual deformation. However,
because the D values themselves in the seismic simulation are tiny, the influence of initial residual
deformation could be neglected.
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Fig. 11 —Computing result of D value in typhoon and seismic simulation (NS)
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5. Conclusions

By conducting continuous typhoon and seismic simulation, this paper investigated the seismic responses of
seismically isolated buildings considering initial wind-induced residual deformation in the isolation story.
From the seismic simulation results, the maximum displacement at the 10® story and maximum deformation
in the isolation story were influenced by the initial residual deformation. And certain initial residual
deformation can help reduce these seismic responses. However, the residual deformation and the 10" story
maximum acceleration in the seismic simulation were hardly influenced by the initial residual deformation.
Moreover, regarding the fatigue damage in the steel dampers, the D values were slightly influenced by the
initial residual deformation. However, because the D values themselves in the seismic simulation are tiny,
the influence of initial residual deformation could be neglected.

In this paper, only one type of seismically isolated building is considered. However, it may come to a
different conclusion if there is a change in the natural period of the isolation story or the yield shear force
coefficient of the steel dampers. Furthermore, a prediction method for seismic responses of seismically
isolated buildings considering large initial residual deformation is needed to be proposed.
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