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Abstract

High-rise buildings in the regions with multi-hazard (MH) events, such as wind and earthquake,
are exposed to more than one type of lateral excitations which act in consecutive manner.
Conventionally, in such regions, the maximum of each MH event is used separately to evaluate
the performance of buildings while the contribution of preceding event is neglected. When using
vibration control devices such as steel dampers, which are effective against both earthquake and
wind, accumulation of damage due to continuous input may become a problem. Thus, the current
research work aims to investigate the contribution of preceding MH event to the performance of
buildings. In this regard, a 20-story RC frame with supplemented buckling-restrained brace (BRB)
is designed to satisfy the criteria under the Level-2 earthquake ground motions recommended in
Japanese design standard. Then, a total of 16 sets of MH scenarios are created by combining four
sets of preceding wind loads with different intensities (17, 20, 25 & 31 m/s of mean speed) and
four sets of succeeding earthquake loads of Level-2 intensity. The performance of the RC frame is
evaluated in terms of global parameters (such as, natural periods, mode shapes, inter-story drifts,
roof displacement profiles, and residual displacements) and BRBs parameters (such as, ductility
demands, cumulative plastic deformations, and force-deformation relations). It is observed that
the performance of the building with BRB is significantly affected under the successive application
of wind-earthquake scenarios in comparison to the application of the single hazard. This result
suggests the importance of considering multi-hazard events in the design of buildings.

Key words: buckling-restrain brace, RC high-rise building, earthquake, wind, multi-hazard,
successive analysis
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1 Introduction

For earthquake and wind loads, most of worldwide building codes consider the single
hazard (SH) for the structural design, and do not consider the successive events be-
cause of its low occurrence probability and cumbersome calculation [1]. However, when
hysteresis dampers such as buckling-restrained braces (BRBs) are used as vibration
control devices for high-rise buildings, fatigue due to the accumulation of plastic energy
against successive events cannot be ignored. Therefore, multi hazard (MH) scenarios
involving winds and earthquake ground motions are considered in this study, and the
structural performance of a 20-story RC building enhanced with BRBs is examined to
clarify the effect of the sequence of hazards to the damage of both the building and the
BRB devices.

2 Prototype RC frame enhanced with BRBs

A 20-story RC moment resisting frame is designed to resist the gravitational loads and
then the BRB devices are selected to minimize the inter story drift ratio below 1 % under
lateral excitation of Level-2 earthquakes [3]. It is assumed that the prototype building
is located in Aichi Prefecture, Japan. As presented in Fig. 1a, the prototype building is a
plane frame consisting of 5-span with a total length of 27.2 m and the story height is
4.5 m on the first floor and 4 m on the other floors. Structural parameters of the RC col-
umns and beams are summarized in Table 1. The prototype building is enhanced in each
floor by two diagonal BRBs installed symmetrically. The parameters of BRB devices are
summarized in Table 2.

Earthquake response of the frame model is calculated by STERA_3D (STructural Earth-
quake Response Analysis 3D) software, which is a finite element-based software de-
veloped by one of the authors [5]. In the software, the beam elements are presented by
two nonlinear flexural springs at both ends and one shear spring at the middle. The col-
umn elements have nonlinear axial springs distributed in the sections of both ends and
two nonlinear shear springs in the middle to represent the directional properties of the
element. The hysteresis model of nonlinear bending springs for column and beam ele-
ments is the degrading trilinear model as shown in Fig. 1b. The beam-column connec-
tion is assumed rigid, where the rigid zone length for beam element is set to be half of
the column width. For both beam and columns, the steel strength is modified 1.1 times
than the nominal strength and the ratio of post-yield stiffness is y = Ky/K,=0.001. The
BRB element is defined as a shear spring in a frame with the bi-linear hysteresis with
initial stiffness, K, and secondary stiffness of, K, as shown in Fig. 1c. The wind loads in
STERA-3D are applied at the centre of gravity at each floor, while the load distribution
factor according to the Japanese standard is used to distribute the load along the height.

910  SEISMIC PERFORMANCE OF STRUCTURES
1¢t Croatian Conference on Earthquake Engineering - 1CroCEE



a) b)
N
M
an)®
T
0
2
k, = 6EI/L
= / L
S
& 7
a / — 7
2 N Ak
=< _‘/ K \
° ]
I w T o3, 5 ©
< _\ Elastic Element Nonlinear Bending Spring
\
\
N\ J Upper Beam
N = o AT
Span L i
S 5 | Shear Sprin|
- HE =
I
|
i »
i Q=K D, pea
1
y Lower Bean
S
S pan
ko k!ﬂ
E
Y ;
£ 5 Dhp. —
(=] 'y Disp.
Il
<
640cm  400cm 400cm  640cm
< 640cm Bi-linear Model Damper Frame

27,200cm

Figure 1. a) The prototype building elevation and BRB configuration; b) Hysteresis model of nonlinear
bending spring of beam and column elements; c) Bi-linear hysteresis model of nonlinear shear
spring for BRBs.

Table 1. Structural parameters of RC columns and beams in prototype Building

Column Beam
Story Fc DxB Main Story Fc DxB Main Reinforcement
[MPa] [cm] | Reinforcement [MPa] [cm] Top Bottom
18-20 32 50x50 16-D19 16-20 32 60x50 5-D20 5-D20
13-17 36 55x55 16-D20 11-15 36 60x50 5-D22 5-D22
8-12 42 60x60 16-D22 6-10 42 65x55 5-D22 5-D22
4-7 48 65x65 16-D22 2-5 42 65x55 5-D22 5-D22
1-3 52 70x70 16-D25 1 48 65x60 4-D25 4-D25
1) For the entire beams and columns, the shear reinforcement is D13@100 mm.
2) For both column and beams the tensile strength of main & shear reinforcement are 490
MPa & 295 MPa, respectively.
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Table 2. Structural parameters of BRB members

Story Stor\[/km]eight Stor[vc:ﬁight [kNI/(r%m] [;::K” K, /K,
20 2275.0 400 80 520 0.02
18-19 2082.5 400 80 520 0.02
14-17 2082.5 400 100 650 0.02
11-13 2082.5 400 120 780 0.02
8-10 2082.5 400 130 845 0.02
5-7 2082.5 400 120 780 0.02
2-4 2082.5 400 110 715 0.02
1 2187.5 450 80 520 0.02

3 Multi-hazard scenarios (MH)

During the lifetime of a building, the possibility of earthquake events preceded by
wind events, or vis versa, is significantly high in the area like Japan which is prone to
earthquakes and typhoons [4]. The objective of the current study is to evaluate the
performance of the target building under different scenarios of successive wind and
earthquake loadings. Fig. 2 shows two different scenarios; one is the wind comes first
followed by the earthquake (wind-earthquake), and the other is the order is reversed
(earthquake-wind). Four sets of earthquake ground motions are combined with four
sets of winds of different intensities. Table 3 presents the detail of four selected earth-
quakes. The earthquakes are consisting of two observed earthquake ground motions
scaled to match the maximum velocity of 50 cm/sec [6] and two ground motions arti-
ficially generated from the phase spectrum of historical earthquakes to be compatible
with the extreme rare earthquake (Level-2) acceleration response spectrum defined by
Building Standard Law of Japan [3]. In case of wind events, four sets of wind excitation
are generated according to the Architectural Institute of Japan (Al}) 2019 recommenda-
tion [2], namely; the weak winds (17 m/sec of frequent occurrence), moderate winds
(20 m/sec of 1-year return period), rare wind (25 m/sec of 10-years return period), and
extremely rare wind (31 m/sec of 50-years return period). For each of the four wind in-
tensities, 10-minutes fluctuating component of wind time-history profile is generated
using the von Karman spectrum which is recommended in Al) 2019 [2].
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Table 3. List of selected earthquake ground motions

No. Categories Event Date Station Abbreviation

1 Scaled earthquake to be Imperial Valley 1940 El Centro ELC

2 | compatibleof 50 (cm/sec) KernCounty | 1952 Taft TAF

3 Artificially generated Tokachi Oki 1968 | Hachinohe HAC

earthquake to be compatible

4 of L2 Kobe 1995 JMA KOB
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Figure 2. Multi-hazard scenarios, a) wind-earthquake (W31-HAC); b) earthquake-wind (TAF-W25).

4 Results of successive analysis of prototype building
4.1 Natural period of the building

The difference of the natural period of the building between pre- and post-earthquake
or wind excitation due to the damage and stiffness degradation of structural mem-
bers is examined [7]. As presented by the dotted line in Fig. 3, the natural periods of
1%t, 2", and 3" modes under the free vibration (pre-event) are 2.379, 0.797, and 0.430
sec, respectively. As presented by the event number 1, 2, 3, and 4 in Fig. 3, the natu-
ral periods after application of four earthquakes are 3.588~3.704 sec for the 1°t mode,
1.107~1.119 sec for the 2" mode, and 0.527~0.558 sec for the 3 mode of vibration
which indicates the natural period is elongated about 50~55 % for the 15t mode, 38~40
% for the 2" mode, and 28~30 % for 3 mode, respectively. Similarly, as presented by
the event number 5, 6, 7, and 8 after individual application of wind events, it is observed
the natural period is elongated 2.621~ 3.377 sec for the 15 mode, 0.842 ~1.027 sec for
the 2" mode, and 0.45 ~0.52 sec for the 3" mode, respectively. There is a noticeable
difference in the natural period due to the wind intensity.
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Figure 3. Comparison of natural periods between pre-event (FV) and post-event of earthquake or wind

The post-event natural periods of MH scenarios are compared with the free vibration
and SH as well. Fig. 4 shows the 1t mode natural periods of SH of earthquake and MH
of wind-earthquake. It can be seen that the difference of natural periods between SH
are MH is small. Fig. 5 shows the 1%t mode natural periods of SH of wind and MH of
earthquake-wind. Although the post-event natural period of SH increases in wind in-
tensity, it doesn't affect the natural period of MH. This means that the effect of wind is
small with respect to the change of the natural period.
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Figure 4. Comparison of the natural period between SH (earthquake) and MH (wind-earthquake)
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Figure 5. Comparison of the natural period between SH (wind) and MH (earthquake-wind)
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4.2 Maximum story drift of the building

The maximum inter-story drift ratios, which are obtained from the time history analy-
ses of SH and MH, are compared. Fig. 6 shows the maximum story drift ratios of SH of
earthquake and MH of wind-earthquake. It is interesting to note that when the wind
precedes the earthquake, the subsequent earthquake does not necessarily increase the
response, but may even decrease it. It is assumed that the change of natural period
after wind event affects the subsequent earthquake response.

Fig. 7 shows the maximum story drift ratios of SH of wind and MH of earthquake-wind.
When the earthquake precedes the wind, the change in the maximum response due to
the subsequent earthquake is large. It increases in the order of KOB, ELC, HAC, and TAF.
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Figure 6. Comparison of the maximum story drift ratio between SH (earthquake) and MH (wind-earthquake)
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Figure 7. Comparison of the maximum story drift ratio between SH (wind) and MH (earthquake-wind)
4.3 Roof displacement profile

Fig. 8 compares the maximum roof deformation between SH and MH. It is seen from
Fig. 8a, the maximum roof displacement of SH (earthquake) is larger than MH (wind-
earthquake) except ELC. In case of MH of earthquake-wind, as shown in From Fig. 8b,
the maximum roof displacements increase with wind intensity. The same trend can be
seen for the residual deformation as presented in Fig. 9.
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Figure 9. Comparison of the residual deformation between SH and MH, a) SH (earthquake) and MH (wind-
earthquake), b) SH (wind) and MH (earthquake-wind)

4.4 Energy absorption rate

Fig. 10 shows the amount of hysteresis energy absorbed by load-resisting members
(columns, beams, and dampers) of the building under the SH and MH events. From Fig.
103, the cumulative energy dissipation of MH (wind-earthquake) increases in compari-
son to SH (earthquake) by ~3 %, ~7 %, ~50 %, and ~149 % corresponding to the preceding
wind loads of 17, 20, 25 and 31m/sec. Similar trend is observed for MH (earthquake-
wind) scenarios as well as shown in Fig. 10b.
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Figure 10. Energy absorption rate of load-resisting elements, a) SH (earthquake) and MH (wind-
earthquake), b) SH (wind) and MH (earthquake-wind).

4.5 Cumulative ductility factor and plastic strain energy of BRBs

The accumulative damage of BRBs is evaluated in the term of the cumulative ductility

factor (CDF) and the plastic strain energy (PSE) [8]. As presented in Fig. 11, the plastic

strain energy is defined as the ratio of area of plastic strain energy by the triangular area

shaped by the vield and deformation strengths of RBR. The cumulative ductility factor is

the normalized summation of total plastic deformation to the yield deformation of BRB.
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Figure 11. a) Plastic Strain Energy (PSE), b) Cumulative Ductility Factor (CDF).
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Fig. 12 presents the force-deformation (strain) relationship of the BRB installed in the
first floor of the building. From Fig. 12a, under successive analysis of MH (wind-earth-
quake), the shape of the force-deformation relationship is different from SH (earth-
quake), and PSE and CDF are increased about 1~5 % and 50~300 % corresponding to the
preceding wind intensity. As shown in Fig.12b, the value of PSE for SH (wind of 31m/
sec) is small at 0.02, while the value of CDF is large at 20.54. This is related to the long
duration of the wind.

al
) 1.0} PSE=4.15 1.0} PSE=4.15 777771 1.0} PSE=4.15 7] 1.0 PSES4LS
PSE=4.20 PSE=4.25 /7 /) /11 PSE=4.19 :" //) 111/ PSE=4.37 /
& 0.5{CDF=1028 /, 0.5| CDF=1028 '/} 0.5} CDF=1028 | //// / 0.5 cDF=1028/ /
g |CDF=I563/ ) CDF=18.44 / J//} ] CDF-22.97 / ) CDF-29.9¢ /
yin 11
200 0.0 iy 0.0 ) / 0.0
= ) iy
-0.5 -0.5 . -0.5 -0.5
-1.0 L -1.0 -1.0 -1.0

-0 05 00 05 10-10 -05 00 05 10 -10 -05 00 05 10-10 -05 00 05 10

b) 1.0} PSE=0.02 1.0} PSE=0.02 / 1.0 PSE=0.02 77 { 1.0} PSE=0.02

PSE=6.25 PSE=415 /) pse=s34 /] / PSE=10,01

0.5} CDF=2054 | /)}))/) | 0.5 CDF=20.54 0.5} CDF=2054 / / J 0.5 CDF=20.54
S CDF=29.62 / CDF=2892 /) CDP-4696/ | CDF=26.43 /
> 00 ) 0.0 / 0.0 // / 0.0 i
. = —w | N
05 05 MH[TAFS31mse] | -0.5 0.5
/// ——— MH( ‘ sec] MH[KOB+3 1m/sec]

10 10 //l 10 [/ [ 1.0 /
.10 05 00 05 1.0 -1.0 -05 00 05 1.0 -1.5 -1.0 -05 00 05 10-15 -1.0 -05 0.0 05 1.0
Strain (%)

Figure 12. Force-deformation relationship of BRBs, a) SH (earthquake) and MH (wind-earthquake), b) SH
(wind) and MH (earthquake-wind).

5 Conclusion

The performance of the high-rise RC building with BRB dampers is investigated un-
der successive application of MH scenarios of earthquakes and winds. It is observed,
although the effect of wind load is small with respect to the overall performance of
prototype building, its effect to the cumulative ductility factor and plastic strain energy
of BRBs cannot be neglected.
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