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Abstract:  This paper presents the seismic response of 20-story building with viscous dampers considering the
performance decrement under long-period ground motion by using three analysis methods, including story drift angle,
absolute acceleration, absorbed energy of individual viscous damper, the absorbed energy of total viscous dampers, the
damping energy of structure, and the energy distribution rate of dampers. The three analysis methods, conventional method,
simplified method, and detailed method, were also assessed. The simplified method is the most valuable amongst the three
methods. Two types of viscous dampers are evaluated by using energy density and decrease rate, medium capacity dampers
and large capacity dampers. The performance decrement of large volume dampers are less than medium capacity dampers.

In addition, the story drift is the larger, the decrease rate is the smaller.

1. INTRODUCTION

Long-period ground motions due to potential Nankai
Trough earthquakes are expected to be generated which will
attack the three major metropolitans in Japan, i.e., Tokyo,
Osaka, and Nagoya. It is feared that high-rise buildings with
long natural periods will be severely affected. The passive
control device is effective in mitigating such damage. The
viscous damper targeted in this study is a flow resistance type
damper which used the flow resistance force of the enclosed
fluid. However, while vibration energy is converted into
thermal energy, the temperature of the viscous fluid increased
and the damper performance decreased. Therefore, a design
method for vibration control buildings needs to consider the
characteristic decrease of viscous dampers under long-period
ground motion.

The design of the structure with viscous dampers is
based on the response of time history analysis and energy
analysis [Akiyama, 1999]. Kasai et al. [2017] performed
long-term sinusoidal wave excitation tests on full-scale
viscous dampers. They proposed a performance decrease
evaluation method using energy density which is the
cumulative absorbed energy divided by the volume of the
viscous fluid. Nagayama et al [2017ab] proposed the
simplified response evaluation of vibration control building
with viscous damper that considered the performance
decrement caused by long-period cyclic loading. Sato et al
[2018a] assesses the three analysis method, the conventional
methods, simplified method, and detailed method, and

researched the decrease rate using the simplified method by
SDOF model. The main frame is elastic. The simplified
method which is not considering the cyclic decrease rate is the
most valuable amongst the three method. Okada, R. and Sato,
D. [2018b] examined the validity of the simplified method
which considered the plasticity of the structure by MDOF
model. The influence of the performance decrement of
dampers is smaller than the case the main frame of which is
elastic. Okada, R. and Sato, D. [2018c,d] analyzed on the
energy of passive structure with dampers, and verified
accuracy of energy distribution by MDOF model.

This paper presents the seismic response of 20-story
building with viscous dampers considering the performance
decrement under long-period ground motion by using 3D
model through the response of time history analysis and
energy analysis. In section 2, the summary of viscous
dampers and the building are presented. The structure is
elastic. The effect of bending deformation is not considered.
Moreover, the analysis model of viscous dampers considering
performance decrement is proposed. In section 3, the input
ground motion is presented. In section 4, the three analysis
methods, conventional method, simplified method, and
detailed method, were assessed by story drift angle and
absolute acceleration. In section 5, the decrease rate is
analyzed, including energy, the decrease rate of the two types
of dampers and the decrease rate in three analysis methods.



2. SUMMARY OF DAMPERS AND BUILDING

2.1 Viscous Dampers

Two types of viscous damper, medium capacity damper
and large capacity damper, are distributed in this paper. The
velocity index o and the viscous coefficient C,of the viscous
dampers are presented in Table 1[Kasai et al. 2017]. Since the
damper and the support member are connected in series
(Figure 1), the internal stiffness K; and support member
stiffness K}, are shown by the equivalent stiffness (Table 1)
Kp'[Sato et al. 2018].

Table 1 Parameter of viscous damper

object o  C,N:(smm)"] K, [KNem] g,[KNfem] g, [KN/cm]
D2-2F 0.38 98 2663 2525 1296
D3-2F 0.38 196 4858 4842 2425
$XD2-2F is Medium capacity, D3-2F is Large capacity.
Support member Damper
Fa
—>
Kp Ka Cu

&
Figure 1 damper and support member

2.2 Analysis Model Considering Performance
Decrement of Viscous Damper
The force of the viscous damper in step n Fy @, is
expressed by equation (1):
“ sgn(zl;")) (1)

(n) _ ~(n) |.(n)
Fyl=Cg7 g

where 4" is the velocity at n step; Cs ™ is the viscous
coefficient at n step. Ca™ considering its repeated effects is
calculated by equation (2) [Kasai et al. 2017].The decrease
rate A of the viscous coefficient due to the repeated effects is
defined by equation (3) [Kasai et al. 2017].

e =am-cfy b
AW = exp(-ag - 2M) 3)

where C/? is the initial value of the viscous coefficient; ao is
the value depending on the standard of the damper, which can
be calculated from a long-term excitation experiment. In this
paper a=1.695x10° m?kN[Kasai et al. 2017] is used. 2 is
the energy density at n step, which is described by the
following equation (4) [Kasai et al. 2017]:
W
0w =V‘—;’/ 4
where w4 is the cumulative absorbed energy up to the n step
of the damper, ¥ and is the volume of the viscous fluid. The
Vv of medium capacity damper is 0.0083436m?’, and the ¥y of
large capacity damper is 0.024823712 m® [Kasai et al. 2017].
Figure 2 [Nagayama et al. 2017] presents the long-term
excitation experiment results and the analytical results. The
period of the sinusoidal wave is 4.0s, the amplitude of the
sinusoidal wave is 20mm. It can be verified that the analysis
model can reproduce the tendency of the performance
decrement with each cycle with high accuracy.

—— Experiment - - - Analysis

F,[kN] 600

30 30

-30 30
uy [mm]
-600 -600
(1)1 Cycle (i1)75 Cycles (i1i)114 Cycles
(a) Medium capacity damper (7=4.0 s, u;/~20 mm)
Fy[kN] 608 Fy[kN] 600 — F4[kN] 600
30 30 30 E ) 30 30 30
| g [mm] > =" u,[mm] -30
b -600 & -600
(1)1 Cycle (i1)225 Cycle (1i1)449 Cycles

(b) Large capacity damper (7=4.0 s, u,~20 mm)
Figure 2 Comparison between experiment and
analysis result

2.3 Building

The height of the steel building is 81.7m, 20-story [AL.
2017]. The height of the first floor is 6.0m, the others are 4.0m.
Table 2 presents the column section list. In order to avoid the
early yielding of the connection panel, the thickness of parts
of the panel is made thicker than the thickness of the column.
Table 3 presents the thickness of the panel. The long side
direction of the structure is the X direction, and the short side
direction is the Y direction. The X direction is considered.
Figure 3 presents the plan and elevation of the building. The
1% and 2" period Ty (X direction) is 2.29s and 0.81s. The
structure is elastic.

The Rayleigh damping is selected. The damping ratio for
the 1% and 2™ modes are 1.5% and 1.95%. The mass-
proportional coefficient ay and ax stiffness-proportional
coefficient are defined by equation (5) and (6). In this paper,
an=0.05060, ax=0.00421.

ay = 2501502(/“0)2 —hzwl)

_(ﬁ)_ (%)

@ — @
ax = ez —ha) ©)
@ o
Table 2 Column list (unitfmm])
Story Cl C2 C3

17~20 550%550%25 500x500%22 500x500%19
13~16 600x600%28 550%550%25 500%500%19
9~12 650%650%28 600x600%28 550%x550%22
6~8 650%650%32 600x600%28 600x600%25
4~5 700%700%32 650%650%28 650%650%28
2~3 750%750%36 700%700%36 700%700%32
1 800x800%36 750%750%36 750%750%32

uy [mm]

uy [mm]



Table 3 Panel list (unit [mm])

Floor Cl C2 C3
R~20 28 22 19
19~18 32 25 19
17~15 32 25 22
14~12 32 32 25
11~10 28 28 22
9~7 32 28 25
6~5 32 32 28
4~2 36 36 32
<
<t
®
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a
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@60 @60
X X )
(a) Plan (Base) (b) Elevation

Figure 3 Plan and Elevation (unit[m])

2.4 Distribution of Viscous Dampers

There are 4 types of damper distribution: MR100, R100,
MR150, LR150.In addition, the damper of D2-2F (Medium
capacity damper) in Table 1 adds the letter “M” to the left, and
D3-2F(Large capacity damper) is “L”. Under lever 2 seismic
ground motion (Art-Hachi), the story drift angle R of the
structure with yR100, R100 is less than 1/100, and the story
drift angle R of the structure with vR150, R150 is less than
1/150. Figure 4 presents the viscous coefficient in the height
direction. Table 4 presents the number of viscous dampers in
each story. Figure 5~ Figure 8 presents the plan and elevation
with dampers in the X direction.

20 oY

20 flory
15— 15—
10 10 —
.................... vR150 S RISO
R100
5 R100
sk e sk /
E Oy IRN(mm/sy] b IN(mm/s)]
0 | | | | | | 1 |
0 500 1000 1500 2000 0 500 1000 1500 2000
(a) Medium capacity (b) Large capacity
Figure 4 Viscous coefficient
Table 4 Amount of viscous dampers
Story R100 R150 R100 R150
18~20 0 0 0 0
15~17 0 8 0 4
9~14 4 8 0 4
8 4 16 4 8
1~7 8 16 4 8
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Figure 5 Plan and elevation with vR100
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Figure 6 Plan and elevation with vR150
i
dam per|
/
Y
L X dam per
(a)Plan (1** -8% story) P
z . - ﬁ
T—' X (b) Elevation

Figure 7 Plan and elevation with tR100
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Figure 8 Plan and elevation with LR150

3. INPUT GROUND MOTION

Two earthquakes were adopted in this paper: Art-Hachi
(phase value: HACHINOHE 1968 EW), which is equivalent
to the design earthquake of level 2, and the long-period
ground motion CH1 [BRI 2017]. The S» (5 =5 %) of level 2
is 100cm/s after the corner period 7.=0.64s. Figure 9 presents
the acceleration of earthquakes. Figure 10 presents the
pseudo-velocity response spectrum ,S, (A =5 %) and energy
spectrum Vg (2 = 10 %). From Figure 10, it can be seen that
the »Sv of CHI is about 1.5 times larger than Art-Hachi, V of
CHI is about 2.1times larger than Art-Hachi.

Time [s]
| Il L | 1
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Figure 9 Acceleration of earthquake
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Figure 10 Response spectrum

4. TIME HISTORY RESPONSE ANALYSIS

Three types of analysis methods are used in the time
history response analysis: conventional method, simplified
method, and detailed method. The conventional method is to
use the initial value of the viscous coefficient C/* for analysis.
The simplified method is based on the energy density
(equation 4) of the conventional method at the end of the
earthquake, and the decrease rate 4 can be calculated from
energy density Q (equation 3). After that, the initial value of
the viscous coefficient C/? is multiplied by a decrease rate 4
(equation 2), then do the analysis again by using viscous
coefficient Cy. Figure 11 presents the flowchart for the
simplified method. The detailed method is to calculate the
decrease rate 4 (equation 2) of each step, and then the analysis
is carried out.

| absorbed energy of total viscous dampers in i story Zwy;

¢ equation (4)
| energy density Q |

l equation (3)

| decrease rate A |

l equation (2)

| viscous coefficient C, at the end of earthquake

Figure 11 Flowchart for simplified method

4.1 Analysis of Art-Hachi

The story drift angle R under Art-Hachi is presented is
Figure 12. From figure 12, it can be seen that vR100, R100
schemes achieve story drift angle R less than 1/100, and
MR150, LR150 schemes achieve story drift angle R less than

story

1/150.50 ~

story

. _
e B BNV
— P N R150
i - == 1150
15 Y 15
10 - 10 -
S5 S5
R [rad] R [rad]
ol— 1 ob— 1
0 0.01 0.02 0 0,01 0.02
(a) 1/100 (b) /150

Figure12 Story drift angle (Art-Hachi)

4.2 Analysis of Medium Capacity Damper

Figure 13 presents the maximum story drift angle R, and
the maximum absolute acceleration Acc. at the end of the
earthquake. From figure 13, it can be seen that the
conventional method< detailed method < simplified method.
Since the response of the simplified method is larger than the
detailed method without cycling each step, the simplified
method is the most valuable amongst the three methods. It can
be seen the same tendency in absolute acceleration Acc.



Conventional method  Simplified method  Detailed method
WR100 o B e

WwR150 O @ e

story

Acc. [em/s?]

600 1200

0 0.01 0.02 0 .
(a) Story drift angle (b) Absolute acceleration

Figure 13 Medium capacity dampers (CH1)

4.3 Analysis of Large Capacity Damper

Figure 14 presents the maximum story drift angle R, and
absolute acceleration Acc. at the end of the earthquake. From
figure 14, it can be seen that the same tendency as section 4.2.

5. DECREASE RATE

5.1 Analysis of Energy

Figure 15 presents the absorbed energy of individual
viscous damper wy in i story at the end of earthquake. From
figure 15, for MR100 it is shown that simplified method <
detailed method <conventional method. For MR 150, because
the performance decrement is small, wy is almost the same in
each method. Moreover, the absorbed energy w, of MR100 is
about 2.0~2.3 times greater than mR150, since the volume of
the viscous fluid V7 is the same, the decrease rate A of MR100
is about 0.79 times less than R 150. In addition, it can be seen
that wy of LR150 is about 2.0 times greater than MR 150.

Conventional method  Simplified method  Detailed method

R100 a B e
R150 o) @ 0 e
story story
20 — 20 —
15— 15
10 10 —
S 5
w,, [kN+m]
ob—i— 1 1] 0
0 3000 6000 0 3000 6000
() Medium capacity (b) Large capacity

Figure 15 Absorbed energy of
individual viscous damper (CH1)

Conventional method  Simplified method  Detailed method
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(a) Story drift angle (b) Absolute acceleration

Figure 14 Large volume dampers (CH1)

Figure 16 presents the damping energy of structure W,
and the absorbed energy of total viscous dampers ; at the
end of the earthquake. From figure 16(a), because of the
performance decrement, for W, it is shown that the simplified
method < detailed method < conventional method. #; in the
detailed method is 0.94 times less than the conventional
method, and 1.06 times greater than the simplified method.
From figure 16(b), because the performance decrement is
small, W;is almost the same in each method for R 150. From
figure 16 and figure 15(a), it is shown that W, of MR150 is
greater than R 100, however, the amount of yR150 is more,
so the absorbed energy of individual viscous damper w; is less
than R 100.

Table 5 presents the energy distribution rate of dampers
W4/E. E is the input energy of the earthquake. From table 5, it
can be seen that the W,/E of yR100 is about 40%, vR150 is
about 70%. The W4/E of MR150 is less than yR100.

Figure 17 presents the damping energy of structure W,
and the absorbed energy of total viscous dampers W at the
end of the earthquake. Table 6 presents the energy distribution
rate W4/E. From figures and table 6, it can be seen the same
tendency as medium capacity dampers.

5.2 Decrease Rate about Two Types of Dampers

Figure 18 presents the absorbed energy ~wy; of dampers
in i story. Figure 19 presents the energy density ©Q defined by
equation (4) in the height direction, and figure 20 presents the
decrease rate A defined by equation (3) in the height direction
at the end of the earthquake. From figure 18, it is shown that
the absorbed energy Zwg; of LR100 is the largest. From figure
19 and figure 20, it is shown that the energy density Q of
MR100 is the largest, about 1.5 times larger than (R150.
However, the volume of viscous fluid ¥y in large capacity is
about 3.0 times larger than the medium capacity damper, so
the decrease rate / of LR150 is the largest. The performance
decrement of R150 is the least. Moreover, from figure 20, it
is shown that the decrease rate of R 100 is about 0.65, L R100
is about 0.72, MR150 is about 0.81, (R150 is about 0.89.
Compared the decrease rate A of ,R100 with LR100 , and the
decrease rate A of MR150 with (R150 , it is shown that the
decrease rate A of LR100 is larger than R100 ,and {R150 is
the larger than »R150 , so with the uniform story drift angle



constraints, the decrease rate A of the large capacity damper is
larger than medium capacity damper. In addition, compared
the decrease rate A of R100 with MR 150, and the A of LR100
with {R150, it is shown that the 4 of MR150 is the larger than
MR100,and the 4 {R150 is the larger than {R100, with the
uniform volume constraints, so story drift angle 1/150 is more
valuable than 1/100. Since the height of the two story is the
same, the story drift is the larger, the decrease rate is the
smaller.

Figure 21~22 presents the hysteresis loop of individual
damper of MR100 and (R150 in 6 story under CH1. From

4000%0“(]\]."1]
v, ey

300000

E [kN*m]
400000
i,

300000
200000 200000

100000 100000

Conventional Simplified Detailed
method method  method method method

(a) MR100 (b) MR150

Figure 16 Absorbed energy of total viscous
dampers and damping energy of structure (CH1)

Table 5 Energy proportion of W4/E (CH1)

Conventional Simplified Detailed
method

figure 21 and figure 22, it is can be seen that the performance
decrement of \R100 is large, the performance decrement of
LR150 is small.
5.3 Decrease Rate about Three Analysis Methods
Figure 23~24 presents the time history of the decrease
rate A of MR100 and LR150. From figure 23, it can be seen that
A of the 6th story is lower than 2nd story, since the story drift
of the 6th story is larger than 2nd story, the decrease rate 4 is
smaller. From figure 23 and figure 24, it can be seen that the
decrease rate 1 of LR150 is larger than »R100, which is the
same with figure 20.
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Figure 17 Absorbed energy of total viscous
dampers and damping energy of structure (CH1)

Conventional Simplified Detailed

Table 6 Energy proportion of W#/E (CH1)

(Medium capacity damper) (Large capacity damper)
WR100 WR150 LR100 (R150
Conventional method 0.55 0.77 Conventional methoc 0.47 0.76
Simplified method 0.44 0.73 Simplified method 0.39 0.74
Detailed method 0.50 0.75 Detailed method 0.44 0.75
story ;
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Figure 21 Hysteresis loop of vR100 under CH1 (6™ story)
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Figure 24 Time history of decrease rate of tR150 (CH1)

6. CONCLUSIONS

This paper presents the seismic response of 20-story
building with viscous dampers considering the performance
decrement under long-period ground motion by using 3D
model. The main structure is elastic. The effect of bending
deformation is not considered. The viscous dampers are
evaluated for two types, medium capacity dampers and large
capacity dampers. The three analysis methods, conventional
method, simplified method, and detailed method, were also
assessed. This paper clarified the following conclusions:

(1) The simplified method is most valuable amongst the
three methods for design.

(2) The decrease rate of the large capacity damper is
larger than the medium capacity damper, so the performance
decrement of the large capacity damper is less than the
medium capacity damper.

(3) The story drift is the larger, the decrease rate is the
smaller without considering the effect of bending deformation,
so the story drift angle of 1/150 is more valuable than 1/100
in the design.
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Appendix

The uniform decrease rate model is proposed. Two types
of dampers, MR100 and 1t R150 are installed. The decrease rate
A is the minimum value of the decrease rate in Figure 14. Amin
of MR100 is 0.63, Amin of LR150 is 0.86. According to the
equation (2), the input viscous coefficient C; of MR100 is Cy
61.74kN - (s/'mm)®3, and the C,; of MR 100 is168.56kN - (s/mm)°-38,

Figure A and Figure B presents the maximum story drift
angle R, and absolute acceleration Acc. of simplified method
model and the uniform decrease rate model of »R100 and
LR150. From figure A and figure B, it is shown that the
response of the two model is almost the same. Therefore the
uniform decrease rate model is valuable for design.

Simplified method uniform decrease rate method

story story
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5+ S5H
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Figure A Two model distributing MR 100 (Anin=0.63)
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Figure B Two model distributing { R150 (Anmin=0.86)



