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In this study, a series of shaking table tests were conducted using a specimen that consisted of a superstructure, incorporating a
friction device and a sway-rocking mechanism under the superstructure to determine the optimal damper slip force of a passive
vibration control system considering the effects of sway-rocking motion. The adopted simple friction device, composed of rubber
bands and stainless steel plates, allowed the magnitude of the slip force to be easily set. The optimal slip force of the friction device,
which minimizes the peak and root-mean-square response of the superstructure subjected to earthquakes, was determined from
the shaking table tests. Based on the results, the optimal slip force of the friction device was found to vary according to the input
level of the ground motions and the sway-rocking conditions. The obtained results suggest that the effect of sway-rocking motion

should be considered in the design of passive control structures and the determination of their optimal damper slip force.

1. Introduction

Passive vibration control, achieved by incorporating sup-
plemental devices such as friction dampers, is an effective
approach for increasing energy absorption and thus re-
ducing the dynamic response and damage of structures
during earthquakes. To date, many studies on friction
dampers were conducted [1-6]. Recently, Samani et al. have
studied on hysteretic behaviour of a cylindrical frictional
device under dynamic loading [7]. Mirzabagheri et al. have
reported experimental and numerical investigation of ro-
tational friction devices with multiunits [8]. Wu et al. have
conducted an experimental study on reparability of an
infilled rocking wall frame structure with rotational and
translational friction devices [9]. Tsampras et al. have ex-
perimentally investigated on deformable connection con-
sisted of a friction device [10].

In general, passive vibration control systems have op-
timal damper characteristics, such as the slip force of friction

dampers, which can minimize seismic responses. Inoue and
Kuwahara studied on an optimal strength ratio of hysteretic
dampers based on equivalent damping [11]. Shirai et al.
investigated an optimal yield strength ratio of elastic-plastic
damper based on transfer function of the equivalent linear
system [12, 13]. Recently, Ontiveros-Pérez et al. have
assessed a simultaneous optimization of friction dampers
[14]. Qu and Li have studied on optimal placement and
reasonable number of viscoelastic dampers [15]. Mirzaeefard
and Mirtaheri have investigated the seismic behaviour of a
steel structure model incorporating cylindrical frictional
dampers and the optimal slip load characteristics of the
friction-damped system [16]. As for friction devices that can
produce various magnitudes of the slip force, Samani et al.
have reported a study on a semiactive frictional device with
various control algorithms [17].

It is useful to determine the optimal damper charac-
teristics in the design of vibration control structures for
earthquakes. However, the optimal damper characteristics
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vary depending on various factors as reported by Shirai et al.
[12, 13]. Although it is recognized that sway-rocking motion
under structures affects the earthquake response of super-
structures, a limited number of analytical and theoretical
studies have investigated the optimal or effective damper
characteristics of vibration control systems considering
sway-rocking motion. Takewaki studied on effective damper
placement for shear-flexural building structure models with
soil-structure interaction [18]. Tsuruga and Motosaka in-
vestigated on optimal damper placement considering soil-
structure interaction [19]. Recently, Koya et al. have assessed
optimal damping characteristics of vibration control systems
with Maxwell-type or hysteretic damper in consideration of
sway-rocking motion [20, 21]. Zhao et al. have investigated
on the optimal design of viscoelastic dampers in frame
structures considering soil-structure interaction [22]. In
addition, since very few experimental studies have been
conducted, more studies especially based on experimental
data are therefore needed to clarify the optimal damper
characteristics of the passive control systems with sway-
rocking motion.

The objective of the present study is to experimentally
determine the optimal slip force of friction-damped struc-
tures with sway-rocking motion. A series of shaking table
tests were carried out using a specimen composed of a vi-
bration control superstructure and a sway-rocking mecha-
nism under the superstructure. Efficiently conducting many
shaking table tests and obtaining the corresponding re-
sponses under various conditions, such as various magni-
tudes of the friction damper force, were considered in the
planning of the tests and specimen in order to obtain the
optimal damper slip force for the vibration control system. A
friction device that allowed the magnitude of the slip force to
be easily set was adopted for the superstructure. For the
lower structure, it was necessary to carry out a large number
of tests with various magnitudes of the slip force of the
friction device, with the other conditions fixed. The sway-
rocking mechanism thus consisted of mechanical elements
with high reproducibility.

In addition, this study expands upon previous studies
[23-25] by presenting new experimental results and find-
ings. In the present paper, Shirai and Fujimori designed the
study and experiments. Nagaoka and Shirai performed the
experiments. Nagaoka, Fujita, and Shirai analysed the data.
Shirai wrote the paper with input from all authors.

2. Test Specimen

2.1. Main Frame and Sway-Rocking Mechanism. The test
specimen was designed and manufactured for use in shaking
table tests. Figure 1 shows a photograph of the front of the
specimen. Figures 2 and 3 show the plan and elevation
drawings of the specimen, respectively. The specimen was
composed of the vibration control superstructure model
incorporating the friction device, and the sway-rocking
mechanism was placed under the superstructure. The
main frame of the superstructure consisted of four stainless
steel plates acting as columns and a rigid beam on the top of
these plates.
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FiGure 1: Front view of specimen.

Figure 4 shows a photograph of the front of the sway-
rocking mechanism. For the sway part, linear guides
(SRS12M) as horizontal bearings and horizontal tensile coil
springs as restoring force members were installed into the
sway story above the shaking table. For the rocking part, pin
components as a centre of rotation and compression coil
springs as vertical restoring force members were placed
above the sway part. To dampen the sway and rocking
motions, one and two small oil dampers (ADA505M) were
installed, respectively, into the sway and rocking parts. Since
the viscous damping coefficient of each oil damper, ¢4, was
too large to use directly, the viscous damping for the sway
and rocking parts was adjusted as follows.

For the sway part, the horizontal viscous damping co-
efficient, cgw, was decreased by adopting the principle of
leverage, as shown in equation (1), such that csy agreed with
the target viscous damping coefficient in the horizontal
direction:

Cq
Csw = 2 (1)

where « is the lever magnification and ¢4 is the viscous
damping coefficient of the oil damper. One oil damper was
installed with a lever such that a = 14.1 for the sway part
(Figure 2).

For the rocking part, the rotational viscous damping
coefficient, cro, was decreased by inclining the mounting
angles of the oil dampers, as shown in equation (2), such that
cro agreed with the target viscous damping coefficient in the
rotational direction:

CRoWw = 2(cd cos G)rzw, (2)

where w is the angular velocity, ¢4 is the viscous damping
coeflicient of each oil damper, r is the radius of gyration, and
0 is the mounting angle of each oil damper. Two oil dampers
were installed with mounting angles of 6 = 81.7° (Figures 2
and 3).

The specifications of the specimen are shown in Table 1.
In this table, Method 1 is the direct measurement, Method
2 is calculation based on the sizes of the members and
catalogue specifications, Method 3 is calculation based on
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FIGURE 3: Elevation view of specimen.

natural periods obtained in free vibration tests (Section 3.1),
Method 4 is the preliminary static measurement using spring
balances (Section 2.3), and Method 5 is evaluation of the slip
force based on response hysteresis loops using shaking table
tests (Section 4.2).

2.2. Specimen Design. The specimen was modelled based on a
design example of a full-scale building, in which sway-rocking
motion due to soil-structure interaction was taken into account
[26]. The full-scale building was a six-story reinforced concrete
and beam-column frame structure with a pile foundation.
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FIGURE 4: Front view of sway-rocking mechanism.

TaBLE 1: Specifications of specimen.

Property Component Method Value
Slip force Frlct‘lon 4and 5  Parameter
device

Height (top to pin Main frame 1 0.39m

component)

Horizontal stiffness Main frame 3 1.48 N/cm

Mass (upper half) Main frame 1 2.58kg

Moment of inertia (upper Main frame ) 344kg.cm?

half)

Mass Base 1 5.56 kg

Moment of inertia Base 2 482 kg-cm?

Horizontal stiffness Sway part 2 4.92N/cm

Horizontal damping

coefficient Sway part 2 0.224 Ns/cm

. 4

Rotational stiffness Rocking 3 41010
part N-cm/rad

Rotatl(?nal damping Rocking ) 740 Ns-cm/rad

coeflicient part

Properties of the superstructure and the sway-rocking
springs of the full-scale building are given in Tables 2 and 3,
respectively [26]. In Table 2, K; is the initial stiffness, K, is
the tangent stiffness between crack and yield points, Kj is the
tangent stiffness after yield point, Q, is the shear force at the
crack point, and Q, is the shear force at the yield point for
each story of the superstructure.

The specimen was designed for each type of sway and
rocking condition (fixed base, sway, rocking, and sway-
rocking) such that the natural period ratio and damping
factor of the specimen (without a friction device) obtained
from complex eigenvalue analysis were approximately equal
to those of the full-scale building, the stiffness of which was
the secant stiffness at its yield point.

Table 4 shows the natural period ratios and damping
factors obtained from the complex eigenvalue analysis. In
this table, Tgy, Tsw, Tro» and Tsg are the natural periods for
fixed base, under sway motion, under rocking motion, and
under sway-rocking motion, respectively. Moreover, hgyy,
hro, and hgg are the damping factors under sway motion,
under rocking motion, and under sway-rocking motion,
respectively.

Considering the similarity rule for the design of the
specimen, the time axis of each input motion used in the
shaking table tests was adjusted as described in Section 3.2.2.

2.3. Friction Device. In this study, to experimentally obtain
the optimal damper slip force, a simple friction device was
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adopted. Figure 5 shows a photograph of the friction device.
This device was composed of rubber bands and stainless steel
plates. The device allowed the magnitude of the slip force to
be easily set by changing the configuration of the rubber
bands, as shown in Figures 6(a)-6(d). The optimal damper
slip force, which most effectively minimizes the earthquake
response, was determined using the friction device. A
supporting member made of a stainless steel plate (thickness:
1.0 mm) was connected in series to the friction device. The
friction device and the supporting member were in-
corporated into the main story of the superstructure.

In this study, before the shaking table tests, the slip forces
for various rubber band configurations of the friction device
as shown in Figures 6(a)-6(d) were obtained by conducting a
preliminary measurement via static pull tests on the friction
device alone using spring balances, as depicted in
Figure 6(e). Hereafter, the slip force obtained from the
preliminary measurement using spring balances is denoted
as Fp.

3. Test Methods

3.1. Free Vibration Tests. Prior to the shaking table tests, free
vibration tests were conducted under each type of sway and
rocking condition (both sway and rocking fixed; sway fixed
and rocking movable; sway not fixed and rocking fixed; and
sway not fixed and rocking movable) and friction device
condition (device fixed or not device). The natural periods
and damping factors obtained from the free vibration tests
are shown in Table 5. From the results, the ratio of the
horizontal stiffness of the supporting member connected in
series to the friction device to that of the main frame of the
superstructure was calculated as Kp/Kg = 1.50.

3.2. Shaking Table Tests

3.2.1. Measurement Procedure and Shaking Table. In this
study, the response absolute accelerations were measured
using strain-type accelerometers attached to typical parts of
the specimen and the shaking table (i.e., the top of the
superstructure, the top of the sway-rocking mechanism, and
the top of the shaking table). The response displacements
were obtained by doubly integrating the response acceler-
ation data.

For the shaking table tests, a unidirectional shaking
table was used with a maximum payload of 1000N, a
maximum excitation acceleration of 1.0G, and a size of
1000 mm x 500 mm.

3.2.2. Input Earthquake Motions. As input ground motions,
five simulated earthquake waves, namely, Waves L1 through
L5, were used in this study. Examples of the response ve-
locity spectra observed on the shaking table during the tests
are shown in Figure 7 for Wave L1 with various input levels
(x0.2, x0.3, and x0.4). These five waves were fitted to the
target response acceleration spectrum provided by Notifi-
cation No. 1461 of the Ministry of Construction in 2000 (in
accordance with the Building Standard Law Enforcement
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TaBLE 2: Properties of superstructure of full-scale building [26].

Floor Height (m) Weight (kN) K; (kN/m) K, (kN/m) K5 (kN/m) Q; (kN) Q, (kN)
6 2.85 4681 2.22x10° 3.13x10° 2.50%x10° 1567 3536

5 2.85 4902 2.42x10° 3.50x10° 1.27 x10* 2403 5598

4 2.85 4902 2.47 x10° 4.07x10° 3.19x10* 2819 6949

3 2.85 5096 2.58x10° 4.77 x10° 4.44 x10* 3319 8239

2 2.85 5096 2.36x10° 4.83x10° 5.06x10* 4530 9514

1 3.45 5100 3.05x10° 510%10° 3.50 x 10* 5062 11383
Base — 7792* — — — — —

*Moment of inertia: 8.14 x 10° kNm?.

TaBLE 3: Properties of sway-rocking springs of full-scale building
[26].

Component Property Value

Sway Stiffness 6.10 x 10° kN/m
Sway Damping coeflicient 2.69 x10*kN-s/m
Rocking Stiffness 1.88 x 10° kN-m/rad
Rocking Damping coefficient 1.18 x 10" kN-ms/rad

TaBLE 4: Natural period ratios and damping factors obtained from
complex eigenvalue analysis.

Natural period ratio/damping Full-scale Specimen?
factor building' pecimen
Tow/Tet 1.19 1.24
Tro! Trr 1.01 1.03
Tew/ Ter 1.19 1.25
hsw 5.14% 6.57%
hro 0.05% 0.35%
e 5.06% 6.30%

!Corresponds to secant stiffness at the yielding point for each story of the
main frame of the superstructure. *Calculated from sizes of members and
catalogue specifications (without the friction device, not considering re-
sistance force of linear guides at the sway part).

Inner plate (SUS304, W20 x L120 x ¢1.0 mm,
acetate film layers on both sides)

Outer plates (SUS304,

Rubber bands W40 x L130 x t1.0 mm)

FiGure 5: Friction device.

Order of Japan) [27]. Considering the capacity of the shaking
table, components exceeding a period of 2.0 s were cut off in
the frequency domain for each input motion. The time axis
of each wave was adjusted such that the ratio of the corner
period of the target response spectrum to the natural period
of the specimen agreed with that of the full-scale building.
The time-domain envelope functions proposed by Amin and
Ang [28] were used. The duration of the steady part of each
wave was set to be 42s. Random values were used for the
phase angles of each wave.

3.2.3. Test Parameters. The main test parameter was the slip
force of the friction device (approximately 13 levels;
e.g., small, moderate, and excessive force). The other test
parameters were the input level (i.e., multiplying factors of
the input motions of x0.2, x0.3, and x0.4), sway-rocking
condition (fixed base and sway-rocking), and input wave
(Waves L1 through L5). As a result, over 370 shaking table
tests were conducted.

4. Results of Shaking Table Tests

4.1. Response Behaviour. Figures 8 and 9 show examples of
the time history acceleration response in the horizontal
direction measured by accelerometers placed at the typical
points (i.e., top of the shaking table, top of the sway-rocking
mechanism, and top of the superstructure) for input levels of
x0.3 and x0.4 (sway-rocking, Wave L1), respectively.
Figures 10 and 11 show examples of response hysteresis
loops for the main frame of the superstructure and the sway
story in the horizontal direction for input levels of x0.3 and
x0.4 (sway-rocking, Wave L1), respectively. In these figures,
the horizontal axis is the relative story drift and the vertical
axis is the story shear force (calculated from the inertial
force). Figures 10(a) and 11(a) depict the hysteresis loops of
the superstructure for small slip forces of the friction device.
Figures 10(b) and 11(b) show the responses of the super-
structure for moderate slip forces. From these figures, the
friction device adopted in this study exhibited approximately
bilinear hysteresis loops. Figures 10(c) and 11(c) show the
hysteresis loops of the superstructure for slip forces larger
than the optimal damper forces. Figures 10(d) and 11(d)
depict the response hysteresis loops of the sway story,
showing a combination of ellipse behaviour, due to the oil
damper for the sway part, and bilinear behaviour, due to the
resistance force of the linear guides installed in the sway part.

4.2. Evaluation of Slip Force of Friction Device Based on Re-
sponse Hysteresis Loops. In order to investigate the optimal
damper characteristics using a more accurate slip force of the
friction device, evaluation of the slip force based on the
response hysteresis loops obtained from the shaking table
tests was conducted. Figure 12 shows conceptual diagrams of
the slip force evaluation. First, by subtracting the secondary
stiffness corresponding to the main frame stiffness from the
hysteresis loops of the superstructure, as shown in
Figure 12(a), the hysteresis loops of the friction device force
were obtained, as shown in Figure 12(b). Then, the hysteresis
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(d) Fp = 2.25N. (e) Diagram of preliminary measurement using spring balance.

TaBLE 5: Results of free vibration tests.

Sway-rocking motion

Friction device condition

Natural period (s) Damping factor (%)

Sway Rocking

Fixed Fixed Fixed 0.52 0.26
Fixed Fixed No device 0.83 0.27
Fixed Movable No device 0.85 0.31
Not fixed" Fixed No device 0.88 0.25
Not fixed' Movable No device 0.91 0.31

'Sway part did not move due to resistance force of linear guides.

Wave L1
0.4 -
Z o3t
cl
Zoal
S
=
0.1
Damping factor: 0.05
0 1 1 1 1 5
0 1 2 3
Period (s)
Input level
— x0.4
— x0.3
— x0.2

FIGURE 7: Velocity response spectra of input motions.

loops at the peak story drift were classified into several cases
according to their shapes. For the typical case, an equivalent
slip force in terms of the energy absorption was obtained
based on the area of the half-cycle loop, including the peak
story drift point on the negative side, as shown in
Figure 12(b) with the bold line. Hereafter, the average value
of the three waves, excluding the maximum and minimum
values, among the evaluated equivalent slip forces for the five
input motions (Waves L1 through L5) obtained using the
above method is adopted; it is denoted Fy,.

Figure 13 compares the evaluated equivalent slip force
based on the response hysteresis loops (Fj,) and the slip force
obtained from the preliminary measurement using spring
balances described in Section 2.3 (Fp). F, tends to produce a
slip force that is approximately the same as or slightly larger
than Fp. In the following sections, Fy[, is used for de-
termining the optimal damper slip force.
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F1GURE 10: Hysteresis loops for input level of x0.3. Superstructure: (a) Fp = 0.1 N; (b) Fp = 0.55N; (c) Fp = 3.1 N. Sway story. (d) Fp = 0.1 N.

4.3. Optimal Damper Slip Force for Minimizing Peak Response.
Figures 14 and 15 show the relationships between the peak
response and the evaluated equivalent slip force, F,, for each
input level for fixed base and under sway-rocking motion,
respectively. For Figures 14(a) and 15(a), the vertical axis is
the peak acceleration at the top of the superstructure. For
Figures 14(b) and 15(b), the vertical axis is the peak relative
story drift of the superstructure. In Figures 14 and 15, each

solid or dashed line represents the response curve of the mean
of the peak responses of the five input motions (Waves L1
through L5). From these figures, the existence of an optimal
slip force of the friction device that minimizes the response
curve of the peak response was experimentally confirmed for
each condition. Moreover, the obtained response curves
under sway-rocking motion exhibited gentler changes with
increasing F[, compared with those for the fixed base.
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Figure 16 compares the optimal slip force of the friction  In this figure, F[')‘opt, Accand F 1’3,0pt,DiSp denote the optimal slip
device that minimized the response curve of the peak re-  forces for minimizing the response curve of the peak re-
sponse for each input level and each sway-rocking condition. ~ sponse acceleration and the peak response story drift,
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respectively. From this figure, as the input level increased,
the optimal slip forces (F[')’opt,Acc and F]S,Opt’Disp) increased.
!

!
Moreover, Fp o pig, Was larger than Fp oo acc-

4.4. Optimal Damper Slip Force for Minimizing Root-Mean-
Square Response. The root-mean-square (RMS) response is
closely related to the peak response of structures subjected
to earthquakes [29]. In the present study, the RMS ac-
celeration at the top of the superstructure was obtained as
follows:

,1 b
RMS acceleration = t—J- |xACC(t)|2dt, (3)
dJ

where ¢ is the time, x,..(t) is the time history response
acceleration at the top of the superstructure in the horizontal
direction, t4 is the duration of the input motion, ¢, is the
starting time of t4, and ¢, is the ending time of ¢4. In the
present study, t4 was calculated according to the definition
of the time interval during which the central 90% of the
contribution to the integral of the square of input acceler-
ation takes place [29, 30].
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FIGURE 17: Relationships between RMS response and FJ, for fixed base. Response curves of (a) RMS acceleration at top of superstructure and

(b) RMS relative story drift of main frame of superstructure.

The RMS relative story drift of the superstructure was

obtained as follows:
1 (% 2
RMS relative story drift = t—L |xDiSP (t)| dt, (4)
d/ h
where xpy;g, () is the time history response relative story drift
of the superstructure in the horizontal direction.

The relationships between the RMS response and Fy, are
shown in Figures 17 and 18. For Figures 17(a) and 18(a), the
vertical axis is the RMS acceleration at the top of the su-
perstructure. For Figures 17(b) and 18(b), the vertical axis is
the RMS relative story drift of the superstructure. The ob-
tained response curve, i.e., the mean of the RMS response for
the five waves, depicted by the solid or dashed line, indicates
the existence of an optimal slip force for each condition. In

addition, the RMS response curves under sway-rocking
motion showed gentler changes compared with those for
the fixed base.

The optimal slip forces of the friction device (F/D)Opt’ Acc
and F[/)’opt,Disp) that minimized the response curve for RMS
acceleration on the top of the superstructure and the relative
story drift of the superstructure are compared in Figure 19.
From this figure, a tendency similar to that of the peak
response (Figure 16) was found for the optimal slip force that
minimizes the RMS response. In addition, the optimal slip
forces (Fpy gpacc and Fpy o pisp) under sway-rocking motion
were slightly larger than that for the fixed base.

The results obtained in Sections 4.3 and 4.4 show that the
optimal damper slip force for minimizing the peak and RMS
responses varies depending on the input level of the ground
motions and the sway-rocking conditions.
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Figure 19: Comparison of optimal slip force of the friction device that minimizes RMS response curve for (a) fixed base and (b) sway-
rocking.

5. Conclusions of the superstructure varies depending on the
input level of the earthquakes and sway-rocking
In this study, a series of shaking table tests were conducted conditions.

using a superstructure incorporating a friction device with a
sway-rocking mechanism for determining the optimal
damper slip force of a passive vibration control system for
fixed base and sway-rocking motion. From the results, the
following conclusions can be drawn:

(3) For peak and RMS responses, as the input level
increased, the optimal slip force increased. In ad-
dition, the optimal slip force for relative story drift
was larger compared to that for acceleration. The
optimal slip force that minimizes the RMS response

(1) For the shaking table tests, a simple friction device under sway-rocking motion was slightly larger than
that allowed the magnitude of the slip force to be that for fixed base.
easily set was used to determine the optimal damper (4) The results suggest that the effect of sway-rocking
slip force that effectively minimized the peak and motion should be considered in the design of passive
RMS responses. vibration control systems and the determination of
(2) The results of the shaking table tests demonstrate their optimal damper slip force.
that the optimal slip force of the friction device (5) The findings obtained in this study will contribute to

for minimizing the peak and RMS responses the optimal design of vibration control systems
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considering soil-structure interaction. Furthermore,
the test methods used in this study can be used as a
basis for conducting further experimental research in
the future on friction-damped structures considering
soil-structure interaction. The sway-rocking mech-
anism of the specimen can be improved to better
reflect actual conditions.

For future challenge, analytical studies using more re-
alistic building and soil models are needed for establishing
the optimal design method for passive control structures
considering soil-structure interaction. In that case, the
evaluation method for the optimal slip force of friction
damped systems such as adopted in reference [16] may be
one of the helpful approaches.
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