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Building Dampers under
Long-Duration Earthquakes or Winds

Kazuhiko Kasai* and Daiki Sato®
“Tokyo Institute of Technology, Yokohama City, Japan

ABSTRACT: In order to study effectiveness of dampers in the super-tall buildings subjected to
long-period and long-duration earthquake, four types of full-scale dampers typically used in Japan
are examined by the long-duration harmonic loading tests. The test specimens are the so-called oil
damper, viscous damper, viscoelastic damper, and steel damper, respectively. Different behavior
and variations in their dynamic properties are observed, and they are summarized by referring to
distinct materials and mechanisms of the dampers. The viscous and viscoelastic dampers show
relatively large variations in the dynamic properties, and simplified evaluation rules to predict the
peak cyclic force variations for the dampers are proposed.

KEYWORDS: Response control system, Long-period ground motion, Super-tall building, Cumu-
lative responses, Dynamic Properties, Simplified evaluation rule

1 INTRODUCTION

1.1 Long-period ground motion and damper

In recent years, long-period ground motions are considered to occur in large metropolitan cities
such as Tokyo, Osaka and Nagoya due to the Nankai Trough [1]. Super-tall buildings with long
natural period are prone to sway under long-period ground motion, and duration of shaking tends
to be long in the thick plain part of the sedimentary layer. In the 2011 earthquake off the Pacific
coast of Tohoku (Tohoku earthquake), it has been reported that super-tall buildings continued to
shake for more than 10 minutes due to resonance [2]. Since the Nankai Trough earthquake is pre-
sumed to cause super-tall buildings to sway for a long duration with larger ground accelerations,
retrofitting measures to existing buildings are urgently proposed.

However, the research on the long period ground motion with long duration, although recog-
nized for long years, is relatively immature. As a result, the majority of existing super-tall buildings
are designed to adapt to conventional seismic motion. Long-period ground motions have several
times more input energy than design earthquake ground motions, thus, there is a possibility that
some buildings will suffer more damage than considered in design. To reduce the response to
buildings that are expected to suffer such damage, vibration damping and retrofit with a vibration
damper with sufficient energy absorbing capability as a countermeasure against long-period earth-
quake ground motion would be effective.

Therefore, analytical studies on damping performance of super-tall buildings subjected to long-
period ground motion [3-4] and shaking table experiments [5-7] are performed. According to Ref-
erence [7], in a super-tall building subjected to long-period seismic motion, majority of energy
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concentrates at the beam-column connections subjected to repetitive deformation causing it to be
heavily damaged, but these damages can be reduced by dampers.

Dynamic characteristics of the dampers have various dependencies depending on damper type
[8], some characteristics may change depending on the input energy and duration, and there is
possibility that long-duration repetitive excitations may affect the building response. A great num-
ber of researches, for example [9-10], have investigated the dependencies of base-isolation devices
under high-amplitude and high-cycle loadings. However, only few studies [e.g., 11], have ad-
dressed the vibration dampers, thereby, dependencies are not fully understood.

1.2 Objective and scope of this study

As mentioned above, this paper aims to propose a damping design method based on the long-
duration harmonic loading tests on four typical full-scale dampers. Based on these results, it is
necessary to clarify the change of the dynamic characteristics of the damper. Based on the results
of the long-duration harmonic loading experiment conducted with varying amplitude, period, num-
ber of cycles, etc., the dynamic characteristics such as the peak damping force, the amount of
dissipated energy, equivalent stiffness and viscosity can be determined and can be used for the
simple evaluation method [12-13].

Chapter 2 describes the specifications of the four types of damper specimens and the test setup
to measure displacement, force, strain, and temperature. Chapter 3 explains the loading conditions
and the method of data reduction for the 35 experiments using these dampers. Chapter 4 describes
the results of the ideal sinusoidal excitation of the long-duration ground motion for all dampers,
amplitude = £20 mm, period = 4 s, duration = 600 s (150 cycles). In Chapters 5 and 6, based on
the experiments with varying amplitudes, cycles, and vibration period, we will discuss the viscous
and viscoelastic dampers whose dynamic properties changed greatly as the number of excitation
cycles increased, and will propose simplified methods to predict such changes.

2 DAMPER SPECIFICATIONS AND TEST SETUP

In order to verify the characteristics of the four damper types commonly used in Japan (i.e., steel
damper, viscous damper, oil damper and viscoelastic damper), the E-Defense full-scale five-story
structure shaking table experiments (herein referred as building experiment) were conducted in
2009 [14-17]. To grasp in detail the damper characteristics under ideal boundary conditions, dy-
namic excitation analyses were performed at Tokyo Institute of Technology using harmonic and
non-harmonic wave inputs [18-24]. This paper presents the findings from the long-duration har-
monic excitation cases.

The four damper types are explained herein. Dampers used in the building experiment are here-
after referred as D1, D2, and D3 [14-17]. D1 and D2 are located at the exterior frames of the
building in the short direction and are of the same damper type. D3 is located at the interior frames
of the building in the longitudinal direction and has about twice the capacity of D1 and D2.

2.1 Oil damper

The oil damper used in this paper consists of a piston and a cylinder. As the piston reciprocates
inside the cylinder, the hydraulic oil begins to flow though the valve in the cylinder, generating
flow resistance proportional to the velocity of the piston motion. To avoid bending of the piston,
a pin joint is used at the end portion.
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Figure 1. Oil damper setup
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Figure 2. Oil damper measurement
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Damper Brace
story (rrfm) la Ada | ¢4 Cy pCua Ky I, | 4» b :l:l%
(mm) | (mn’) | (mm) | Standard value | Standard value | Standard value | (mm) | (mm?) | (mm)

4F | 4025 | 611 | 2522 | 140 3.13 021 75 2410 | 3889 | 140 | 200

D1 | 3F | 4025 777 | 3238 | 190 6.25 0.42 140 2005 | 6666 [ 216 [ 400
D2 | 2F | 3947 | 777 | 3238 | 190 6.25 0.42 140 1813 | 6666 | 216 [ 400
1F | 4706 | 856 [ 4927 | 274 12.50 0.85 300 2292 110162 | 267 [ 800

4F [ 3947 [ 777 | 3238 | 190 6.25 0.42 140 1813 | 6666 | 216 | 400

D3 3F | 3947 | 856 [ 4927 | 274 12.50 0.85 300 1533 | 10162 | 267 [ 800
2F [ 3849 [ 856 | 4927 | 274 12.50 0.85 300 1399 [ 10162 | 267 | 800

1F | 4629 | 954 [ 8639 | 310 18.75 1.27 430 2059 | 16459 [ 319 [ 1200

¢ The units of Cy and K 4 are kN/(mnv's) and kKN/mm, respectively, the standard value of the velocity at F g, is 64 mmy/s.

Figures 1 and 2 show the dynamic loading test setup and the measurement locations for oil
damper specimen, respectively. Damper deformation ug is defined in this paper as the stroke meas-
ured at the top, bottom, right, left, and right of the cross section of the piston rod exposed. Since
the temperature inside the damper cannot be measured directly, the surface temperature is meas-
ured by attaching a thermocouple at 7 locations, + 50 mm, = 100 mm, + 150 mm with respect to
the cylinder center position, and +50 mm from the cylinder end (positive to the left direction). Four
strain gages are attached at each of the three cross sections (i =1 to 3) of the brace, + 100 mm from
the center of the brace. Table 1 indicates the parameters of the oil damper where Cy = internal
viscosity, p = secondary viscosity ratio after relief force Fy, is reached, and Ky = internal stiffness.
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2.2 Viscous damper

As the piston reciprocates inside the cylinder of viscous damper, the sealed viscous material (sili-
cone oil) inside flows generating resistance or damping force. This damping force is proportional
to the fractional power («) of velocity. Since a < 1, the damper has the property of suppressing the
increase of the damping force at high velocity. A pin joint is used at the end portion to avoid
bending of the piston.

Figures 3 and 4 show the dynamic loading test setup and the measurement locations for the
viscous damper specimen, respectively. Damper deformation uy is defined in this paper as the
stroke measured at the top, bottom, right, left, and right of the cross section of the piston rod ex-
posed. Similar to oil damper, the temperature inside the viscous damper cannot be measured di-
rectly, thus, the surface temperature is taken as the temperature of the viscous damper and meas-
ured by attaching a thermocouple at 7 locations, 40 mm, #80 mm, +100 mm with respect to
the cylinder center position and +50 mm from the cylinder end (positive to the left direction). Four
strain gages are attached at each of the three cross sections (i = 1 to 3) of the brace at positions of
+ 100 mm from the center of the brace. Table 2 indicates the parameters of nonlinear viscosity (see
table footnote). The damper forces at velocity 15 cm/s and 30 cm/s are also indicated.

5

Figure 3. Viscous damper setup
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Figure 4. Viscous damper measurement

Table 2. Parameters of viscous damper

; Damper Brace F 4 max (KN)
story (mm) | 14 da | 44 Cu Ly | Ao | 6o | tamax | Udmar
(mmy) (mmz) (mm) [Standard value| (mm) (mmz) (mm) | 15kine | 30kine
4F | 4025 | 535 | 8034 [ 152 49 2429 [ 9121 | 140 329 428
D1 | 3F | 4025 | 535 | 8034 | 152 49 2429 [ 9121 | 140 329 428
D2 [ 2F | 3947 | 606 [ 12880 | 184 98 2104 | 8320 | 159 658 856
1F | 4706 | 606 | 12880 | 184 98 2864 | 8320 | 159 658 856
4F | 3947 | 606 | 12880 | 184 98 2104 | 8380 | 159 658 856
D3 3F | 3947 | 606 | 12880 | 184 98 2104 | 8380 | 159 658 856
2F | 3849 | 689 [ 28124 | 286 196 1542 | 15323 | 236 1316 1712
IF | 4629 | 689 | 28124 [ 286 196 2322 | 15323 | 236 1316 1712

% The unit of C 4 is kN/(mm/s)?, the standard value of « is 0.38.
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2.3 Viscoelastic damper

Viscoelastic dampers (acrylic type) are made by sandwiching viscoelastic materials between lam-
inating steel plates, and energy is absorbed by shear deformation of the viscoelastic materials.
Viscoelastic dampers are characterized to have dependencies on temperature and excitation fre-
quency.

Figures 5 and 6 show the dynamic loading test setup and the measurement locations for the
viscoelastic damper specimen, respectively. Damper deformation u4 is measured at two locations,
i.e., at the top and bottom of the damper cross section. The number of temperature locations for
the viscoelastic materials varies with experiment. Thermocouples installed inside the viscoelastic
materials can measure the non-uniform distribution of temperature in the thickness direction of the
viscoelastic damper. Additionally, six strain gages are installed at the brace. Table 3 indicates the
parameters of the viscoelastic damper where d = viscoelastic material thickness, » = number of
viscoelastic layers and A, = total shear area of the laminations.

=
= i
Figure 5. Viscoelastic damper setup
/
thermocouple i,
(S - [
D BRI
strain gage As L
Ud, 2
(a) Viscoelastic damper side view
&l
g I &2
s e
. &4
(b) Temperature measurement position (c) Strain gage position
Figure 6. Viscoelastic damper measurement
. l As t As/t | Connection member Steel Dimensions | F
sto n
Y m) | end) | (mm) (cm) (BH)A -b -t -t (kN)
4F | 4024.5 | 9120 3 6 | 11400 BH322-160-19-16 799
DI [ 3F [ 4024.5 | 9120 3 6 | 11400 BH322-160-19-16 799
D2 | 2F | 3946.6 | 13120 | 8 8 | 16400 BH322-160-19-16 1149
IF [ 4706.1 | 13120 | 9 8 | 14578 BH322-160-22-16 1212
4F [ 3946.6 | 18112 | 8 8 | 22640 BH322-150-19-16 1587
D3 3F | 39466 [ 18112 [ 8 8 | 22640 BH322-150-22-16 1587
2F [ 38489 | 26000 | 8 [ 10 | 32500 BH322-125-32-16 2278
IF | 4628.7 |1 26000 | 9 [ 10 | 28889 BH322-150-32-16 2401
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2.4 Steel damper

The steel damper used is a buckling-restrained brace where buckling of the axially-loaded steel
plate is prevented by mortar and encasing rectangular steel pipe. A filler (butyl rubber) is placed
between the steel plate and the mortar.

Figures 7 and 8 show the dynamic loading test setup and the measurement locations for the
steel damper specimen, respectively. Damper deformation uy is measured at 4 locations, i.e., each
at the top and bottom of the cross sections of the exposed steel brace exposed near loaded and
supported ends. Although the thermocouple was not used for the damper in the building experi-
ment, a temperature measurement was conducted by testing the same damper of the same steel
material into which thermocouples are inserted (will be called as “posterior analysis damper”).
Temperature is measured at three points in total, 700 mm from the center and both ends of the
inelastic portion of the brace, where the thermocouple is located between the mortar and the filler.
Eight (8) strain gages are installed to the loaded end of the axially-loaded steel plate. Table 4 indi-
cates the parameters of steel damper where /; = length of the elastic portion, /. = length of the
plastic portion, by = width of the elastic portion, b. = width of the plastic portion, and #; = thickness
of the elastic portion.

L 11 ] [T1

T '
4 .
strain gage

(a) Steel damper side view

= A a oy

(b) Temperature measurement position (c) Strain gage position

Figure 8. Steel damper measurement

Table 4. Parameters of steel damper

lq /. ba b, ty oy Fg U gy
(mm) | (mm) | (mm) [ (mm) | (mm) [ (MPa) [ (kN) [ (mm)
4F | 2900 | 562.3 88 |128/235] 16 217 306 3.05
DI 3F [ 2900 [ 5623 88 |128/235] 16 217 306 3.05
D2 2F | 2750 | 598.3 116 [165/235] 19 227 500 3.03
IF | 3600 | 553.1 116 [165/235] 19 227 500 3.97
4F | 2600 | 6733 127 [ 183/235] 22 220 615 2.78
3F | 2600 | 673.3 127 [ 183/235] 22 220 615 2.78

story

D

3 2F | 2450 | 699.5 200 290 22 220 968 2.62
IF | 3300 | 6644 200 290 22 217 968 3.52

For post analysis| - 2900 | 562.3 88 128/235 16 217 306 3.05
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3 LOADING CONDITIONS AND DATA REDUCTION METHODS

3.1 Loading conditions

Table 5 indicates the damper loading conditions for a total of 35 long-duration harmonic excita-
tions tests. Velocity-dependent dampers such as oil damper, viscous damper and viscoelastic
damper can be repeatedly tested without material fatigue damage, thus, the same damper specimen
was used for multiple experiments. For the steel damper, loading conditions are limited because
the damper manifests small material fatigue in the analysis of the building experiment.

Table 5. Harmonic loading conditions

Damper Experiment | Period | Amplitude | Duration [ Number | Initial temperature Specimen References
number T (s) u (mm) to(s) of cycles 6, (°C)
O-1 4.0 20 600 150 10
0-2 4.0 20 1800 450 14 D2-3F [19]
0-3 4.0 20 3600 900 10
oil 0-4 4.0 20 4400 1100 13
0) 0-5 2.0 20 230 115 15
0-6 4.0 10 1200 300 15
0O-7 4.0 20 600 150 15 D3-3F [21]
0O-8 4.0 30 400 100 15
0-9 6.0 20 900 150 15
V-1 4.0 20 600 150 10
V-2 4.0 20 1800 450 15 DI-2F [20]
V-3 4.0 20 3600 900 15
V-4 4.0 20 10800 2700 13
Viscosity V-5 2.0 20 230 115 15
) V-6 4.0 10 1200 300 15
V-7 4.0 20 600 150 15 D2-2F [21]
V-8 4.0 30 400 100 15
V-9 6.0 20 900 150 15
V-10 4.0 20 1800 450 26 D3-2F -
E-1 4.0 20 450 112 21 D3-1F [18]
E-2 2.0 16 300 150 22
E-3 4.0 8 1200 300 22
E-4 4.0 16 600 150 22 DI1-2F
E-5 4.0 24 400 100 22
Viscoelasticity E-6 6.0 16 900 150 22
(E) E-7 2.0 16 300 150 22 [22]
E-8 4.0 8 1200 300 22
E-9 4.0 16 600 150 22 D3-3F
E-10 4.0 24 280 70 22
E-11 6.0 16 900 150 22
E-12 4.0 16 600 150 22 D3-2F
E-13 2.86 24.96 66 23 22 D2-3F [24]
Steel S-1 4.0 20 924 231 - D2-2F (23]
(S S-2 4.0 20 1116 279 14 For posterior analysis

For each of the loading condition, it is assumed that the story drift angle 1/170 rad occurs in a
40-story super-tall building, and the excitation is based the damper deformation us = 20 mm and
the period 7= 4 s [8]. The period of the three velocity-dependent damper types is approximately 2
s to 6 s, and the frequency-dependent steel damper has 4 s. The amplitude is limited to about 10
mm to 30 mm for three velocity-dependent dampers, and 20 mm for steel dampers. In addition, at
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period of 4 s, the loading durations of the tests vary from 400 to 4,400 s, 400 to 10,800 s, 280 to
1,200 s and about 1,000 s for the oil damper, viscous damper, viscoelastic damper and steel
damper, respectively. For the same order of damper cited above, initial temperature ranges from
10 to 15°C, 10 to 26°C, 21 to 22°C, and 14°C, respectively, depending on the ambient temperature
during the tests. For temperature-dependent viscoelastic damper, we plan further study at low tem-
perature.

At the end of test duration, the damper is rested till its temperature returns to the initial temper-
ature, and checked for damage afterwards by basic loading tests. When no damage is found, the
same damper is tested for another loading case. Since the durations of the cases O-3, O-4, V-3,
and V-4 exceed the data recording capacity of measuring instruments, loading is delimited every
30 minutes with the short pause for downloading the data.

3.2 Calculation of damper dynamic properties

The deformations uq of the oil dampers, viscosity dampers and viscoelastic dampers are calculated
using Equation (1a) and the deformation ug of steel damper is calculated using Equation (1b).
Damping force Fy is calculated using Equation (2).

Nll
2 Uy ; U, +u U, +U
o ditUgy  UgsTUgg
s e (12,5)
N.\'
Jélgj
F, = v EA )

s

where N, = number of damper stroke, Ny = number of strain gages placed in one cross section, &;
= strain at the measurement location, £ = Young's modulus (= 206 GPa), and 4 = cross sectional
area at the strain measurement location. The damping forces of the oil damper and viscous damper
are calculated from the strain at the center of the brace. In the case of the steel damper, the gages
can be attached only at the areas of non-uniform cross section, thus, calibration tests were con-
ducted for each damper and correction coefficient, typically about 1.2, is multiplied to the right
side of the Equation (2) [14].

Damper peak force F/" and energy dissipated for each cycle W," are calculated using Equa-
tions (3) and (4). The peak value F4/" of cycle n (= 1) is calculated from the average of the absolute
values of the half wave 27 and the half wave 2n+1, excluding the first half wave immediately after
the excitation as shown in Figure 9. The energy dissipated W™ is calculated from the area of the
hysteresis loop of each cycle.

A
Fpl 2 )
FO 4 D) (60,0
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Figure 9. Definition of half wave
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Figure 10. Hysteresis in steady state (schematic diagram)

where »Fyma = peak damping force of each half-wave and Np = number of data of one cycle. Note
that (), <>, and [ ] stand for step, half wave, and cycle, respectively.

Figure 10 shows the typical hysteresis loops at steady-state response of the four damper types.
As shown, the storage stiffness K 4 is taken as the ratio between the force at maximum deformation
and the maximum deformation uma , and the loss stiffness K 4 is taken as the force at us= 0 divided
by uamax [8]. In this paper, the damper force, energy absorption, storage stiffness, and loss stiffness
are referred to as dynamic properties of the damper, and their variations due to long-duration har-
monic excitations are examined.

4 LONG-DURATION HARMONIC LOADING TESTS OF FOUR DAMPER TYPES

The decreasing trends of dynamic properties of four damper types under long-duration harmonic
loading are presented in this chapter. Discussed here are experiments O-1, V-1, E-1 and S-2 (Table
5) with loading conditions as follows: harmonic excitation period of 4 s, deformation amplitude of
+20mm, and loading duration of 600 s (150 cycles). In the E-1 experiment, the actuator stopped
accidentally at 450 s.

Figure 11 shows the hysteresis loops of the four damper types. For the oil damper in Figure
11a, the damper force does not decrease appreciably and the force is stable. For the steel damper
in Figure 11d, although the decrease of the damping force is very small after each loading cycle,
noticeable decrease can be seen after repetitive loading cycles (i.e., long-duration excitation). The
lowering of the damping force in steel damper is attributed to the softening of the filler as the
temperature increases [23]. On the other hand, viscous damper in Figure 11c and viscoelastic
damper in Figure 11d both show significant decreasing trend of damper force because the viscous
and the viscoelastic materials are temperature-dependent and softens with the increase of temper-
ature.

Figure 12 shows the changes of the damper properties with respect to the number of loading
cycles. Plotted herein are values at an increment of 10 cycles. The peak damping force F/"! is
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shown in Figure 12a: The decrease of the oil damper force is very small. That of the steel damper
force is relatively large at early loading cycles. That of the viscous damper force gradually de-
creases over the loading duration. As for the viscoelastic damper, similar behavior to that of steel
damper can be seen, wherein large amount of decrease can be seen during the early stage of load-
ing, followed by smaller amount of decrease. For the amount of energy dissipated per cycle W,"!
as in Figure 12b and loss stiffness K /™ as in Figure 12d, the respective dynamic properties of the
four damper types decrease in similar manner as that of the peak damping force mentioned above.
The storage stiffnesses K'/"! (Fig. 12¢) of the oil damper and viscous damper depend on the hys-
teresis loop are very small and are disregarded, in contrast to those of the viscoelastic damper and

steel damper (Fig. 10).

F, (kN) 600 — F, (kN) 600

300 —

-600
(a) oil

-600
(b) viscous

Figure 11. Relationship of Fy-uq (T =4 s, uq= 20 mm)
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Figure 12. Dynamic properties vs. number of cycles

O EM/EMN O wi/wi O K //K " —— Temperature

3 8 S
Temperature 6 (°C)
Normalized values

B
(=1

Normalized values

%)
=1

Cycle
0 1 | 1 1 1

(b) Dissipated energy

150

0
0 50 100 150 0

(a) oil (O-1)

S
3

®%895855058a8

50 100
(b) viscous (V-1)

Cycle

1 | 1 | 1

o

= 80 = =08

5 S g

2 60 2 3 06

N = N

= = =

g 40 5 g 04

S o2 20 § S 02

Zz Cycle = z
0 1 | 1 1 1 0 0
0 50 100 150 0

(c) viscoelastic (E-1)

50 100
(d) steel (S-2)

Figure 13. Normalized values and temperature vs. number of cycles
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To verity the change of dynamic property values with respect to the first cycle, the damping
force, the amount of energy dissipated, and the loss stiffness at each cycle are normalized by the
value of the first cycle (called as the normalized dynamic property). Figure 13 shows the normal-
ized dynamic properties in relation to the number of cycles. Also shown are the maximum tem-
peratures at the measurement locations (indicated by A in Figs. 2, 4, 6, and 8) in relation to the
number of cycles. The decrease of the dynamic properties of oil damper and steel damper are very
similar. As for the viscous damper and viscoelastic damper, the decrease rate in loss stiffness per
cycle slightly increases which is attributed to slight increase of maximum deformation input as the
viscous and viscoelastic materials soften with temperature-rise. However, this variation even with
the largest deformation input is very small, 3% for viscous damper and 5% for viscoelastic damper.
The amount of temperature increase of viscous damper differs from that of the viscoelastic damper
but their dynamic properties decreased similarly after several excitation cycles, i.e., their dynamic
properties lower to about 0.5 times of the first cycle after 150 cycles.

Since the decrease rate of each of the dynamic properties except storage stiffness is almost the
same, the subsequent chapters focus on the peak damping force and energy dissipation, for the
viscous dampers and viscoelastic dampers that exhibited large variations.

5 DYNAMIC PROPERTIES OF VISCOUS DAMPER

This chapter discusses viscous damper tests with sinusoidal loading of different displacement am-
plitudes and periods. Tests V-1 to V-10 and loading conditions are indicated in Table 5.

Figure 14 shows the hysteresis loops. For the tests V-2 to V-4, the same damper is used. The
first cycle hysteresis loops of the three tests are the same, indicating that the viscous damper was
not damaged in those tests. The same type of the viscous damper in test V-5 shows larger forces
due to relatively large velocity applied (6.3cm/s?). The large capacity damper in test V-10 shows
twice the damper force than that used in V-2. In these tests, the damping forces decreased under
the long duration loadings.

Figures 15 shows peak damper forces normalized to that of the first full cycle (n=1, see Sec.
3.2) for all the full cycles applied with (a) peak displacement amplitude 20 mm, and (b) specific
period of 4 s, respectively. Initial temperatures for each of the viscous damper are indicated in
Table 5. Since the durations for tests V-3 and V-4 are longer than the rest of the tests, only results
up to 450 cycles (1800 s) are plotted for comparison. In Figure 15a the normalized peak damping
forces are almost the same in the different tests conducted. In Figure 15b for the constant excitation
period, the decrease of the peak damper force of the large deformation test V-8 is large at early
stage of loading cycles (cf. test V-6). Note also that for large capacity damper in test V-10, the
decrease of the damper force is less under the constant excitation period.
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Figure 14. Relationship of Fy-uy of viscous damper
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Figure 15. Normalized peak damping force vs. number of cycles
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Figure 16. Temperature vs. number of cycles
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Figure 17. Normalized peak damping force vs. number of cycles

Figure 16 shows the temperature-rise during the tests mentioned above. The generated heat
within the viscous damper can be dissipated via the surface of its steel cylinder, and the surface
temperature of the steel cylinder rose significantly. For the damper in test V-3, temperature rose
to 160°C after 450 cycles (1800 s) and 200°C after 900 cycles (3600 s), and it took almost 9 hours
before the temperature returned to initial condition. In test V-1, it took 4 hours for its temperature
to return to initial condition. In Figure 16a for the peak displacement amplitude 20 mm, tempera-
ture-rise is slightly larger in test V-5 applying higher velocity. In Figure 16b for the specific period
of'4 s, the temperature in the large deformation test V-8 greatly increased, which is very contrasting
to the small deformation test V-6.

By comparing Figures 15 and 16, it is verified that the decrease of peak force is caused by
damper temperature-rise. The peak force decreased to nearly 0.4 times that of the first cycle. Based
on these, the damper performance due to the long-period ground motion or wind appears to be an
important subject to study.

Figure 17a shows the normalized peak damping force vs. dissipated energy LW, of the damper.
In tests V-1 to V-9, the dampers of the same capacity are used, and the decrease of the normalized
peak damping forces for these dampers are the same regardless of the loading conditions. This is
probably because the viscous material absorbs energy, the temperature of the viscous material
inside the cylinder rises, and the peak force decreases accordingly. In contrast to tests V-1 to V-9,
the trend of decrease is different for the large capacity damper used in test V-10.
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These are considered to propose a unified evaluation rule for the viscous dampers with different
capacities. The energy density (2 equal to the dissipated energy divided by the volume yV of the
viscous damper is defined as follows:

W,
VV ( )

where V= volume of the viscous material encased in the viscous damper. The (2 indicates dissi-
pated energy per unit volume of the viscous material and is directly related to the heat generated
with the damper [11]. For simplicity, this paper calculates the volume of the viscous material by
the length of the damper and the internal cross-sectional area. Figure 17b shows the remarkable
correlation between the normalized peak damping forces vs. the energy density(2.

Since the temperature-rise of the viscous damper is large, the influence from difference of the
initial temperature is believed to be small. Although the tendency may change for the different
viscous material and the damper shape, Figure 17b and Equation (5) could predict the deterioration
of the damper force under the long-duration loading.

6 DYNAMIC PROPERTIES OF VISCOELASTIC DAMPER

This chapter discusses viscoelastic damper tests with sinusoidal loading of different displacement
amplitudes and periods. Tests E-1 to E-13 and loading conditions are indicated in Table 5.

Figure 18 shows the hysteresis loops. In tests E-2 and E-7 with shorter period, the slope of the
elliptical hysteresis loop is larger, and it decreases at later cycles. In tests E-3 and E-8 where the
peak deformation is small, the force decrease is not very large even for the loading of relatively
long duration, which is in contrast to the trends observed from all the other tests.

Figure 19 shows peak damping forces normalized to that of the first full cycle (n=1, see Sec.
3.2) for all the full cycles applied with (a) peak displacement amplitude 16 mm, and (b) specific
period of 4 s, respectively. Initial temperatures for each of the viscous damper are indicated in
Table 5. In Figure 19a, the normalized peak damping forces decreases abruptly in tests E-2 and E-
7 with the short period of excitation, in contrast with tests E-6 and E-11 with the long period.

In Figure 19b for the constant excitation period, the decrease of the peak damping force of the
large deformation test E-5 and E-10 is large at early stage of loading cycles (cf. tests E-3 and E-
8). It is seen here that the maximum dynamic properties of viscoelastic dampers tend to decrease
regardless of the total shear area 4.

Figure 20 shows significant temperature-rise immediately after the start of the loading. This is
because the viscoelastic material is stiffer at the initial condition than its loaded condition, dissi-
pating more energy causing more amount of heat generated during the early stage of loading. Then
after about 30 cycles, the temperature increases gradually due to the effect of heat convection
where heat is dispersed to the surrounding air through the laminating steel plates. This in turn
affects the normalized peak damping force to have gradual decline after about 30 cycles, as seen
in Figure 19. In tests E-2 and E-7, the temperature increased up to 35°C.

By comparing Figures 19 and 20, it is verified that the decrease of peak force is caused by the
damper temperature-rise. At the maximum temperature, the peak force decreased to 0.4 times that
of the first cycle. This is similar to the trend observed for the viscous damper, but it occurs at about
one-third number of cycles (cf. Figure 15).
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Figure 18. Relationship of F4-uy of viscoelastic damper
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Figure 19. Normalized peak damping force vs. number of cycles
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Figure 21. Normalized peak damping force vs. energy density

Figure 21 shows the normalized peak damping force vs. energy density £2 for the volume of
the viscoelastic material V. Thus, the correlation is not as strong as observed for the viscous damp-
ers (cf. Figure 17b). Thus, normalized energy density £2°, energy density per unit time and strain,
is defined as follows:

ﬂ_sz'1
&= vV T ©)

where y= peak shear strain and 7 = excitation period.

Figure 22 shows the remarkable correlation between the normalized peak damping forces vs.
£, and it is possible to predict the dynamic properties of the viscoelastic dampers regardless of
the loading conditions by using 2 . Note, however, that since the initial temperatures of the vis-
coelastic dampers are almost equal (21 to 22°C, Section 3.1), effect of the initial temperature will
be studied in the future.

The tendency discussed above may change for different viscoelastic materials or damper con-
figurations. However, the normalization proposed can conveniently evaluate deterioration of the
damper force capacities during long-duration loading irrespective of various strain amplitudes and
periods.
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Figure 22. Normalized peak damping force vs. normalized energy density

7 CONCLUSIONS

This study investigated the variations of the dynamic properties of four full-scale dampers types
under long-duration harmonic excitations based on the experiments conducted. In addition, a sim-
ple evaluation method was proposed to predict the dynamic property of viscous damper and vis-
coelastic damper under long-duration harmonic loadings. The following are the findings:

(1) From the results of the harmonic excitation tests with period 4 s, deformation amplitude & 16
to 20 mm, and loading duration of about 600 s, the forces of viscous damper and viscoelastic
damper decreased to about 0.5 times those of the first cycle due to the temperature-rise. Oil
damper showed small decrease, while steel damper showed large decrease at earlier cycles.

(2) For the viscous dampers, a simple evaluation method using energy density £2was proposed to
predict decrease of the damper force capacities for the various loading conditions and damper
capacities.

(3) For the viscoelastic dampers, a simple evaluation method using the modified energy density
2" was proposed to predict decrease of the damper force capacities for the various loading
conditions and damper capacities, by considering the trend different from the viscous damper.

The findings given in this paper are being utilized for the writers’ current study on the super-tall
building responses under the long-period earthquakes and strong winds.
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