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Abstract: A five-story moment frame structural model with a base isolation system was tested on
a shaking table. The isolation system comprised both linear natural rubber bearing (LNR) and
nonlinear viscous dampers (NLVDs). Seven ground motions were employed: including three far-fault
(FF) and four near-fault (NF) earthquake ground motions. The performance of the isolation system
was evaluated by measuring the displacement and base shear of the isolation bearings. Furthermore,
the axial force and displacement of the NLVDs were measured. The evolution of the fundamental
dynamic frequency of the frame during the test was also determined. During strong earthquakes,
NF ground motions caused larger story drifts and floor accelerations of the superstructure than FF
ground motions. The displacement and base shear of the isolation base was very large when the
isolated structure was subjected to Kobe_TAK000 and ChiChi_TCU102/278 pulse-like NF ground
motions. Furthermore, the LNR s experienced tension and uplift when the PGA of input earthquake
ground motions was larger than 0.80 g. Although the NLVDs performed very well in combination
with the LNRs, the severe responses of the isolation bearings were caused by NF ground motion with
a pulse period T}, neighboring the fundamental period of the isolated structure.

Keywords: base isolation; near-fault (NF) ground motions; linear natural rubber bearing (LNR);
nonlinear viscous damper (NLVD); shaking table test; seismic responses

1. Introduction

Base isolation is an effective passive control technique employed to protect buildings
from earthquake-related damage. However, near-fault (NF) earthquakes with high-energy
pulses cause more serious damage to isolated structures than far-fault (FF) earthquakes.
NF earthquakes usually refer to an earthquake that is no more than 20 km away from
the fault. Large displacement demand of isolation bearings will be caused by NF earth-
quakes with long-period pulses because a large amount of energy was put into the base
isolation structures. The base isolation structure yield fewer cycles of high inelastic de-
formations to dissipate the energy, which may lead to severe damage or failure of base
isolation systems [1,2]. Thus, numerous analytical studies have been performed on the
seismic performance of base-isolated structures subjected to NF ground motions. Elas-
tomeric bearings can effectively reduce the seismic response of the superstructure under
FF ground motions containing medium-high frequency by affording large energy content.
However, the seismic response of the base isolation structure will be amplified under NF
ground motions in comparison with that of the corresponding fixed-base structure [3].
Jangid and Kelly [4] analyzed the damping effect on the seismic performance of isolation
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systems under NF ground motions, and they determined that there exists optimum damp-
ing of the isolation system to minimize acceleration responses of superstructures. Jangid [5]
investigated seismic responses of buildings isolated by lead-rubber bearings (LRB) under
NF ground motions. Parameters including isolation period, bearing yield strength, and
superstructure flexibility were employed to analyze the seismic performance of the super-
structure and isolation system. The results indicate that for the bearing with low yield
strength, significant displacement will be caused by NF ground motions. Providakis [6]
conducted a nonlinear statistical analysis and showed that base-isolated buildings could
experience extreme nonlinear behavior under NF ground motions. Mazza and Vulcano [7]
determined that supplemental viscous damping at the base effectively reduces the isolator
displacement, but seismic responses of the superstructure could not be guaranteed in all
cases, especially for relatively short pulse periods. The seismic performance of base-isolated
buildings under bi-directional NF and FF ground motions was also investigated by Bhagat
and Wijeyewickrema [8], and the results showed that NF ground motions afford larger
superstructure and isolation system seismic demands than FF ground motions. Fling-step
and forward-directivity characteristics of NF ground motions have an important effect on
the seismic response of the base-isolated building [9]. NF ground motions with fling-step
characteristics induce larger seismic demands on the base-isolated superstructure than
other ground motions.

Buckling or rupture of isolation bearings could be induced under NF ground motions
containing long-period pulses [10]. Moreover, the frequency component of the ground
motion transmitted to the superstructure can become critical when the pulse intensity
induces plastic deformations of the superstructures [11]. Additionally, the structural
response could be amplified due to the long duration of the pulse [12]. NF ground motions
may afford one or more displacement pulses that will cause large isolator displacement.
Large isolator displacements can be resolved using large isolators, but it is not economical.
Viscous dampers or large lead plugs are usually used for deducing the displacement
demands on isolators. However, these damping mechanisms are nonlinear and become
less effective at large displacements.

Although supplemental damping can reduce displacements of isolation bearings, it
increases the seismic response of the higher vibration modes of the superstructure. Too
large a supplemental damping ratio could significantly increase the inter-story drifts and
floor accelerations of the superstructures, consequently reducing the benefits of the base
isolation system [4,13]. Moreover, if large supplemental damping is employed to control
the displacement of isolation bearings at a rare earthquake level, the superstructure could
not benefit from the base isolation system at a low-level earthquake because the isolation
layer becomes heavily damped. Thus, the isolation system will not be effective when the
building is subject to a moderate earthquake if a high damping value is employed for
controlling large bearing displacement under rare earthquakes.

Numerous analytical studies have been recently conducted into the effect of the
isolation parameters on the seismic of steel frames and the optimal design of isolation
devices for steel frames [14-16]. The effect of the distribution of a viscous damper for
steel frame structures was also investigated [17]. Some analytical studies investigated the
use of a base-isolation system with passive control devices [13,18-20] to protect framed
buildings under strong NF ground motions. The influence of characteristics of ground
motion and parameters of the base isolation systems on the structural seismic responses
was investigated [13,18-20]. To protect frame buildings from NF ground motions with large
displacement, the challenge is the selection of mechanical properties that will improve the
response of structures subjected to high-frequency spikes and low-frequency pulses. Base-
isolation systems with passive control devices have afforded satisfactory performances for
framed buildings under strong NF ground motions [18].

Previous studies paid special attention to the sensitivity of the structural response
to the characteristics of both ground motions and base-isolation systems via numerical
calculation. However, few studies have experimentally investigated the performance of
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isolation systems and superstructures subjected to NF ground motions. Herein, the seismic
performance of a five-story frame structure isolated using LNRs under FF and NF ground
motions is investigated via the shaking table test. Seven ground motions are simulated,
including three FF ground motions and four NF ground motions, which were selected
from the Imperial Valley, Kobe, and ChiChi earthquakes. Additionally, the base shear and
vertical force of the isolation bearings, as well as the maximum deformation and residual
displacement of the viscous dampers, are evaluated under a rare earthquake. The floor
acceleration and inter-story drift ratio are also investigated.

2. Shaking Table Test Model
2.1. Structural Model

The shaking table test was conducted on scaled structural models that are similar to
the prototype structure and subjected to the same ground motions. The model structures
were constructed to have a length scale factor of S; = 1/4, considering the dimensions and
payload capacity of the shaking table. Since the model structures comprised the same
steel materials as the prototype structure, their elastic modulus scale factor was Sg = 1.0.
The acceleration scale was chosen to have a value of unity S, = 1. Additional masses
were used to obtain the total mass of the models Sg/S, - S; times lower than that of the
full-scale prototype while scaling times by $%° - $05; thus, the model experiences the same
accelerations as the prototype structure and S; times lower displacements. Table 1 presents
the detailed scale factors used in the testing.

Table 1. Typical similitude factors of the model structure.

Quantity Scaling Law Similitude Factors
Length S 1/4 Controlling size
Displacement 5 1/4
Elastic modulus Se 1.0 Controlling material
Stress So 1.0
Strain Se =S,/Sg 1.0
Acceleration S, 1.0 Controlling acceleration
Mass density Sp = Se/(Sa-S1) 4.0
Mass Sm = Sg-57/Sa 1/16
Force Sp =S S? 1/16
Damping Sc =S5 511'5 - 8,05 1/8
Time St = S?‘S -5,05 0.5
Frequency Sp= SfO'S - 895 2.0
Velocity So=1(S;- Sa)O'S 1/2

According to the similarity theory, the required scaling factor for the material density
is Sp = 1/S5; = 4. However, the provided material density is the same as the prototype
or 5, = 1 because the same material as the prototype was used to manufacture the model
structure. Three concrete blocks with a weight of 8 kN were added on each floor to ensure
the scale factor of the mass density satisfying similarity laws.

Figure 1 displays the scaled structural model. The model structure has five stories
and a total height of 4.5 m from the base. The model structure has three bays in the
longitudinal direction and one bay in the transverse direction; each bay is 1.2 m wide
with total dimensions of 1.2 x 3.6 m?. Concrete blocks were used to add mass to satisfy
similitude laws, bringing the total weight, including the base, to 180 kN.
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Figure 1. Model structure: (a) Steel structure model on the shaking table; (b) front and (c) side
elevations of the steel structure model on the shaking table.

All columns and beams have a constant cross-section (1100 x 68 x 4.5 x 7.6). All
bracings in the transverse direction are L40 x 4. All the beam—column joints are connected
by bolts; thus, the model can be disassembled and transported using a truck. All beams
and columns are rigidly connected by bolts at the flange and welded, ensuring the effective
transformation of the bending moment and shear force. The superstructure is bolted to
a basement with a grid of two 1400 x 400 x 12 x 20 and two 400 x 200 x 10 tubes.

2.2. Base-Isolation Systems

Four low-damping rubber bearings (Figure 2a) were installed under the base-
ment tubes to support the substructure. Four additional nonlinear viscous dampers
(Figure 2c) were installed between the basement and the damper reaction support.
Tables 2 and 3 list the mechanical properties of the rubber bearings and nonlinear viscous

dampers, respectively.

Table 2. Mechanical properties of the LNRs.

Bearing Properties

Characterized Value in Model Domain

Characteristic Strength 7.53 kN
Post-yield Stiffness 182 kN/m
Initial Stiffness 2586 kN/m
Yield Displacement 2.0 mm
Effective Stiffness 200 kN/m
Designed displacement 80 mm
Maximum displacement 120 mm

Table 3. Mechanical properties of the NLVDs.

Damper Properties

Characterized Value in Model Domain

Damping coefficient C 30kN s/m
o 0.5
Designed displacement 75 mm
Maximum displacement 112.5 mm
Maximum Force 30 kN
Maximum Velocity 1m/s
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Figure 2. Base isolation system: (a) Layout of base isolation system; (b) LNR; (c) NLVD.

3. Test Program and Sensor Set-Up
3.1. Input Ground Motions

Table 4 shows the seven employed records for the shaking table test. The seven ground
motions from the Kobe (1995), Chi-Chi (1999), and Imperial Valley (1979) earthquake events
were chosen because they are all well-known in the field of earthquake engineering. The
ground motion selected from Imperial Valley Earthquake at Delta station is a FF ground
motion, and at Bonds Corner station is a NF ground motion. These two ground motions
selected from the Imperial Valley Earthquake are referred to as Imp_F and Imp _N ground
motions. The ground motion selected from the ChiChi Earthquake at TCU067 and TCU102
station is a NF ground motion, and at TCU045 station is a FF ground motion. The ground
motion at TCU102 station had a pulse period of 9.632 s. These three ground motions selected
from the ChiChi Earthquake are referred to as ChiChi_F, ChiChi_N, and ChiChi_NP ground
motions, respectively. The ground motion selected from Kobe Earthquake at Shin Osaka is
a FF ground motion, and at Takatori station is a pulse-like (T}, = 1.554 s) NF ground motion.
These two ground motions selected from Kobe Earthquake are referred to as Kobe_F and
Kobe_NP ground motions. Plots of the acceleration time histories for each motion scaled
with a PGA of 1 m/s? are provided in Figure 3. The response spectrums of the seven
ground motions are plotted in Figure 4.
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Figure 3. History of acceleration of the earthquake ground motions: (a) Imp_F; (b) Chihi_F;
(c) Kobe_F; (d) Imp_N; (e) ChiChi_N; (f) Kobe_NP; (g) ChiChi_NP.
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Figure 4. Acceleration response spectrum.

Table 4. Ground motions.

Earthquake Station COEE:::’M Cox‘bplfr I;Ii‘attli\f;me Magnit-ude P(g )A (fncj/\sl) (TS*; (11(('1‘;‘")
Imperial Valley, 1979 Delta ImpVall_H-DLT262 Imp_F 6.5 0.35 33 - 22.03
ChiChi, 1999 TCU045 ChiChi_TCUO045E ChiChi_F 7.6 0.51 39 - 26
Kobe, 1995 Shin Osaka Kobe SHI000 Kobe_F 6.9 0.24 38 - 19.15
Imperial Valley, 1979 Bonds Corner ImpVall_H-BCR233 Imp_N 6.5 0.76 443 - 2.66
ChiChi, 1999 TCU067 ChiChi_TCUO067/285 ChiChi_N 7.6 0.56 91.8 - 0.62
Kobe, 1995 Takatori Kobe_TAKO000 Kobe_NP 6.9 0.28 120.67 1.554 147
ChiChi, 1999 TCU102 ChiChi_TCU102/278 ChiChi_NP 7.6 0.29 106.6 9.632 1.49

3.2. Test Program

The test program is listed in Table 5. White noise was used to identify the frequency
and dynamic mode of the model structure. The PGA value of the white noise was 0.10 g.
The PGAs of the earthquake ground motions were gradually increased from 0.1 g to 0.8 g.

3.3. Sensor Set-Up

Instruments were installed to record the actual shaking table motion, the isolation
system response (isolation bearing horizontal deformations, horizontal and vertical forces,
displacements, and axial forces of the viscous damper), and the superstructure response
(absolute accelerations and displacements of each floor). The responses in the longitudinal
direction were mainly measured.

Figure 5 displays the sensor arrangement. In the longitudinal direction, two accelerom-
eters and two displacement sensors were installed at each of the five-floor levels and the
basement. Two accelerometers and displacement transducers were installed at the northeast
and southeast corners (Figure 5b) to record the torsional responses of the isolation system.
In the transverse direction, accelerometers and displacement transducers were placed in
the basement and each of the five stories. Six component (three force and three moment
readings) load cells (Figure 5c) were installed under the isolation bearings to measure the
shear force and axial force of the isolation bearings. Four dampers were arranged between
the model structure basement and the damper reaction support. To measure the axial
force of the damper, a uniaxial load cell was connected in series with the viscous damper.
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Additionally, a laser displacement transducer was fixed on the outside of the damper barrel

to measure the axial deformation of the viscous damper (Figure 5d).

Table 5. Test program.

Case Number Case Name Input Input PGA
01 WN_01 White noise 010g
02 Imp_F 0.10g Imp_F 010g
03 ChiChi_F_0.10 g ChiChi_F 010g
04 Kobe_F 0.10 g Kobe_F 010g
05 Imp_N_0.10g Imp_N 010g
06 ChiChi_N_0.10 g ChiChi_N 010g
07 Kobe_NP_0.10 g Kobe_NP 010g
08 ChiChi _NP_0.10 g ChiChi _NP 010g
09 WN 02 White noise 010g
10 Imp_F 020 g Imp_F 020g
11 ChiChi_F_0.20 g ChiChi_F 020g
12 Kobe_F_0.20 g Kobe_F 020g
13 Imp_N_020g Imp_N 020g
14 ChiChi_N_0.20 g ChiChi_N 020g
15 Kobe_NP_0.20 g Kobe_NP 020g
16 ChiChi _NP_0.20 g ChiChi _NP 020g
17 WN 03 White noise 010¢g
18 Imp_F 030¢g Imp_F 030¢g
19 ChiChi_F_0.30 g ChiChi_F 030g
20 Kobe_F 030 g Kobe_F 030g
21 Imp_N_0.30g Imp_N 030¢g
22 ChiChi_N_0.30 g ChiChi_N 030g
23 Kobe_NP_0.30 g Kobe_NP 030g
24 ChiChi _NP_0.30 g ChiChi _NP 030g
25 WN 04 White noise 010g
26 Imp_F 040¢g Imp_F 040g
27 ChiChi_F_040 g ChiChi_F 040 g
28 Kobe_F 040 g Kobe_F 040¢g
29 Imp_N_040¢g Imp_N 040g
30 ChiChi_N_0.40 g ChiChi_N 040 g
31 Kobe_NP_0.40 g Kobe_NP 040¢g
32 ChiChi _NP_040¢g ChiChi _NP 040 g
33 WN 05 White noise 010g
34 Imp_F 0.60 g Imp_F 060g
35 ChiChi_F_0.60 g ChiChi_F 0.60 g
36 Kobe_F 0.60 g Kobe_F 0.60 g
37 Imp_N_0.60g Imp_N 060g
38 ChiChi_N_0.60 g ChiChi_N 060g
39 Kobe_NP_0.60 g Kobe_NP 0.60 g
40 ChiChi _NP_0.60 g ChiChi _NP 0.60 g
41 WN 06 White noise 010g
42 Imp_F 0.80 g Imp_F 080g
43 ChiChi_F_0.80 g ChiChi_F 080g
44 Kobe_F_0.80 g Kobe_F 080g
45 Imp_N_0.80g Imp_N 080g
46 ChiChi_N_0.80 g ChiChi_N 080g
47 Kobe_NP_0.80 g Kobe_NP 080g
48 ChiChi _NP_0.80 g ChiChi _NP 080g
49 WN 07 White noise 010g
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Figure 5. Sensors of viscous dampers: (a) Test model structure; (b) Sensors of the superstructure;
(c) Load cell—six components; (d) Sensors of NLVDs.

4. Shaking Table Test Results
4.1. Dynamic Modes

The white noise test results were used to identify the dynamic properties of the
isolated structure in the longitudinal direction. The structure was subjected to a white
noise excitation with frequencies ranging from 0 to 50 Hz and a PGA of 0.10 g. The transfer
functions shown in Figure 6 were obtained as the ratio of the Fourier transform of the
horizontal acceleration of each floor to the Fourier transform of the horizontal acceleration
of the shaking table.

Based on the transfer function of the test acceleration results, the least square method
was used to fit the transfer function curve. The frequency was obtained by searching the
peak values of the real part of the transfer function curve, and the damping ratio was
determined using the half-power broadband method. The modal frequencies corresponded
to the local maxima of the amplitude of the transfer function. By measuring the amplitude
of the transfer function at each floor, the mode shapes were determined from the ratios of
the amplitudes for the frequency corresponding to one vibration mode. Additionally, the
phase angles of the transfer function were determined to obtain the sign of the vibration
mode shape. The damping ratios in each mode were calculated using the half-power
bandwidth method around the transfer function peaks. The first five modes are shown in
Figure 7, and the corresponding frequencies and damping ratios are listed in Table 6. It can



Buildings 2022, 12, 2258

10 of 22

be seen from the data in the table that the arrangement of NLVDs enhanced the damping
ratio of the first three modes of the isolated structure.
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Figure 6. Amplitude and imaginary parts of the transfer function of the superstructure by WNO5:
(a) Basement; (b) First story; (c) Second story; (d) Third story; (e) Fourth story; (f) Fifth story.

Table 6. Frequencies and damping ratios of the first five modes.

Mode
Dynamic Property
1 2 3 4 5
Frequency (Hz) 1.1209 3.1053 7.8180 12.3631 16.7636

Damping ratio (%) 16.51 8.18 6.60 1.86 3.60
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Figure 7. Mode shapes of the isolated structure.

4.2. Seismic Responses of the Frame Structures

Figure 8 displays the maximum inter-story drifts of the superstructure. It can be clearly
seen from the figure that NF ground motions caused larger inter-story drifts than FF ground
motions, especially when the input ground motion PGA exceeded 0.4 g. When the input
PGA is 0.40 g, corresponding to the rare earthquake of intensity 8, the maximum inter-story
drift of the superstructure is 0.72%, which is smaller than the specified value of 2% for
the elastoplastic story drift in the current Chinese seismic code. When the input ground
motion PGA was 0.60 g, the inter-story drifts caused by pulse-like NF ground motion were
obviously larger than that caused by FF ground motion and NF ground motion without
a pulse. The Kobe_NP ground motion caused the largest inter-story drift (1.32%) of the
superstructure, followed by the ChiChi_NP pulse-like ground motion (0.959%). When the
input ground motion PGA was 0.80 g, inter-story drifts of the superstructure caused by
pulse-like NF ground motion were much larger than that caused by FF ground motion and
NF ground motion without a pulse. The inter-story drift caused by ChiChi_NP ground
motion was 1.79%. In contrast, the inter-story drift of the second and first floor of the
superstructure caused by Kobe_NP ground motion was 2.79% and 3.15%, respectively. The
measurement errors of the inter-story drifts of the third to the fifth floors were caused by
the uplift of the LNRs. It can be drawn from the test results that the seismic responses of
pulse-like NF ground motions are maximum, while those of the FF ground motions are
minimum. The reason is that the principal frequency of the structure is closest to the main
frequency content of the pulse-like NF ground motions and is furthest from that of the FF
ground motions.
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Figure 8. Maximum inter-story drifts of the superstructure: (a) PGA of 0.10 g; (b) PGA of 0.20 g;
(c) PGA of 0.30 g; (d) PGA of 0.40 g; (e) PGA of 0.60 g; (f) PGA of 0.80 g.

Table 7 illustrates the amplification factors of the roof acceleration. The acceleration
magnification was not obvious when the isolated structure was subjected to Imp_Fground
motion, and the amplification factor was smaller than one when the input PGA was larger
than 0.30 g. The amplification factor decreased gradually with the increased input PGA of
the NF ground motions. The amplification factor increased when subjected to Kobe_NP and
ChiChi_NP ground motions with a PGA of 0.80 g because of the impact of the substructure
on the isolation bearing.
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Table 7. Amplification factors of the roof acceleration.
PGA (g)
Ground Motion
0.10 0.20 0.30 0.40 0.60 0.80
Imp_F 1.09 1.02 0.87 0.92 091 0.87
Kobe_F 1.51 1.25 1.25 1.26 1.24 1.20
ChiChi_F 1.65 1.68 1.79 1.70 1.58 1.46
Imp_N 1.86 1.69 1.67 1.66 1.64 1.38
Kobe_N 1.46 1.45 1.15 1.10 1.05 1.57
ChiChi_N 1.80 1.72 1.49 1.36 1.19 1.15
ChiChi_NP 1.69 1.38 1.19 1.13 1.00 1.06

4.3. Performance Evaluation of the Isolation System under Earthquakes

The base shear shown in Figure 9 was calculated as the sum of the shear forces of the
four isolation bearings divided by the total weight of the substructure. The presented base
shear was normalized by the total weight, W, which is equal to 180 kN. The normalized
base shear increased with the PGA of the input. When PGA was smaller than 0.6 g, the
normalized base shear was smaller than one. The normalized base shear exceeded one when
the isolation structure was subjected to Kobe-NP and ChiChi_NP ground motions, with
a PGA of 0.8 g. The NF ground motions significantly affected the normalized base shear
compared with FF ground motions. The Kobe_NP ground motion yields a considerably
large normalized base shear for the isolation system.

1.75
® Imp_F ® Kobe F @ ChiChi_F o
Imp_N Kobe_NP O ChiChi_N
1.50 4 i Chipc_hi_NP © e -
1.25 -
S >
§ 100 i O = = = = = = =
e
[7p)
@ 0.75 >
@ o
0.50 - ©
o
> $
0.25 2 ; g 5 S
o}
000 % 9 ¢ . , |
0.0 0.3 0.6 0.9

Peak ground acceleration (g)
Figure 9. Base shear variation with the PGA of the ground motion inputs.

The overturning moment of the superstructure induced a substantial variation of the
axial load on the north or south bearings. In a few cases, tension was afforded in the LNRs.
Figures 10 and 11 present the histories of axial force on the bearings for the isolated moment
frame structure subjected to the Kobe_NP_0.60 g and ChiChi_NP_0.60 g, respectively. The
bottom graph in the figures displays the history of the total axial forces on all four bearings.
When the ground motion PGA was 0.6 g, the total axial force on all four bearings slightly
varied, indicating that there was little vertical acceleration on the model. In contrast, the
total axial force in the two north and south bearings experienced large variations of the
order of 100%. This considerable variation in the total axial force of four bearings indicates
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that a large overturning moment is present. As shown in Figure 10, the excitation PGA
is 0.8 g, and the total axial force on all four bearings exhibited large variations due to the
impact on the load cells after the uplift of the entire structure.

—North (2 bearings).

50

200 : : '
—South (2 bearings)'

N) Axial Force (kN)

[y

o

o
|

—Total (4 bearings).

Axial Force (kN) Axial Force (
S
o
|

' 1 ' 1 ' 1 ' 1 '
0 5 10 15 20 25
Time (s)

(a)

200

—North (2 bearings)'

=

o u

S O
[

50

—South (2 bearings)'

~——tension ‘ |

200 4 — Total (4 bearings).

[

al

o
1

Axial Force (kN) Axial Force (kN) Axial Force (KN)

" T " T " T " T "
0 5 10 15 20 25
Time (s)

(b)

Figure 10. History of the record axial force of the LNRs subjected to: (a) ChiChi_NP_0.60 g;
(b) Kobe_NP_0.60 g.
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Figure 11. History of the record axial force of the LNRs subjected to: (a) ChiChi_NP_0.80 g;

(b) Kobe_NP_0.80 g.

As shown in Figure 10b, the two south low damping rubber bearings experienced
slight tension (a value less than zero) under Kobe_NP_0.60 g. In Figure 11, all four bearings
experienced tension. The uplift of the entire structure affected the load cells, and the total
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axial force on all four bearings exhibited large variations. While for the FF ground motions,
the total axial force on all four bearings exhibited little variation. The rubber bearings did
not experience tension.

The maximum displacement of all four bearings under different earthquake levels
are listed in Table 8. The displacements of the bearings caused by FF ground motions
were smaller than those caused by NF ground motions. The Kobe_NP and ChiChi_NP
ground motions caused very large displacements of the bearings. When the input PGA is
0.40 g, corresponding to the rare earthquake of intensity 8, the maximum displacement
of the isolation bearing is 51.0 mm, which is smaller than the design displacement of
80 mm. When the input PGA is 0.60 g, corresponding to the extremely rare earthquake of
intensity 8, the maximum displacement of the isolation bearing is 83.61 mm, which exceeds
the design displacement of 80 mm. The displacement of all four bearings slightly exceeded
the design displacement of 80 mm under Kobe_NP ground motion excitation with an
input PGA of 0.6 g, and the displacement exceeded 100 mm when PGA was increased to
0.8 g. The time history of the northeast bearing under the Kobe_NP and ChiChi_NP ground
motions are shown in Figures 12 and 13, respectively.

Table 8. Displacement of the bearings (unit: mm).

PGA(g)
Bearings Ground Motion

0.1 0.2 0.3 0.4 0.6 0.8

Imp_F 2.0 3.2 54 7.2 16.3 25.7

Kobe_F 1.7 3.0 54 8.0 13.8 19.8

ChiChi_F 3.2 6.3 10.2 14.5 23.2 32.3

Bearing northeast Imp_N 2.0 3.4 54 8.3 134 19.0
Kobe_NP 5.6 17.0 32.3 51.0 83.6 * 120.3 *

ChiChi_N 3.9 9.7 13.6 19.8 39.0 56.5
ChiChi_NP 4.4 10.8 23.4 33.0 63.3 90.5 *

Imp_F 1.8 3.6 5.5 6.9 15.6 26.2

Kobe_F 2.3 3.7 6.0 8.0 14.2 19.3

ChiChi_F 3.6 6.0 10.9 14.1 24.3 33.6

Bearing southeast Imp_N 2.1 4.2 5.8 74 14.2 19.1
Kobe_NP 6.3 16.6 32.3 51.7 82.7 % 118.8 *

ChiChi_N 47 9.9 133 20.2 38.9 57.0
ChiChi_NP 5.3 12.1 24.0 33.0 64.4 90.4 %

Imp_F 3.2 41 6.7 7.8 15.8 34.0

Kobe_F 2.4 3.7 7.1 7.6 14.2 25.6

ChiChi_F 4.4 6.8 11.9 14.7 23.1 33.3

Bearing northwest Imp_N 2.5 3.7 6.3 8.1 14.4 24.0
Kobe_NP 5.4 15.2 30.4 50.2 82.4 % 104.8 *

ChiChi_N 3.1 8.0 13.1 18.3 37.4 60.0
ChiChi_NP 3.9 13.0 26.0 30.8 65.7 98.4 *

Imp_F 1.9 3.2 5.1 7.1 15.3 24.7

Kobe_F 1.7 3.0 5.6 8.2 14.8 21.2

ChiChi_F 3.1 6.3 10.8 14.7 22.5 31.7

Bearing southwest Imp_N 21 3.8 5.8 8.3 14.5 20.5

Kobe_NP 5.7 16.6 32.0 51.7 82.4* -

ChiChi_N 43 9.2 13.6 20.6 39.1 55.7

ChiChi_NP 3.5 114 24.9 32.7 63.6 90.9 *

* denotes that the displacement of the bearing exceeds the design displacement, and—denotes
unrecorded displacement.
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Figure 12. History of the displacement of the LNR subjected to: (a) Kobe NP_0.60 g;
(b) Kobe_NP_0.80 g.

~ 120 - -
= | _Design deformationgo om
E 60 - max deformation 63.27 mm
c
(@]
.% O _
S
5 60
e [ Design deformation 80 mm
Q_129 ‘ ‘ el
0 5 10 15 20 25
Time (s)
(a)
~ 120
e
E 604
5
g 0 a
e
5 —60-
[
0_120 ‘ ‘ ‘ :
0 5 10 15 20 25
Time (s)
(b)

Figure 13. History of displacement of the LNR subjected to: (a) Kobe_NP_0.60 g; (b) Kobe_NP_0.80 g.

Figure 14 displays the maximum displacements of the viscous dampers subjected
to excitations with different earthquake levels. The displacement response of the four
viscous dampers affords similar distributions under different earthquake levels. Moreover,
displacements caused by NF ground motions were significantly larger than those caused by
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FF ground motions, except for the Imp_N ground motion. The response spectrum shows
that in the neighborhood of the fundamental period of the isolated structure, the response
spectrum value of the Imp_N ground motion is smaller than that of other NF ground
motions and is close to that of FF ground motions. The damper displacement exceeds the
design displacement of the damper (75 mm) under Kobe_NP ground motion with a PGA
of 0.8 g. The displacement of the dampers increased with the PGA value of the excitation,
and the growth rate of the displacement increased with the input PGA.
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Figure 14. Maximum damper displacement in different earthquake levels: (a) northeast location;
(b) southeast location; (c) northwest location; (d) southwest location.

Figure 15 displays the residual displacement of the viscous dampers. The maxi-
mum value of the residual displacement of the NLVDs was smaller than 0.5 mm un-
til the input PGA exceeded 0.4 g. For the two dampers located in the northeast and
southeast, maximum residual displacement was induced when the isolated structure
was subjected to Kobe_NP_0.80 g. For the two dampers located in the northwest and
southwest, maximum residual displacement was induced when the isolated structure
was subjected to ChiChi_F_0.80 g. Residual displacements of the NLVDs were very small
during earthquakes.
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Figure 15. Residual displacement of the viscous dampers: (a) Northeast location; (b) Southeast
location; (c) Northwest location; (d) Southwest location.

Peak values of the axial forces of the viscous damper are listed in Table 9. The
maximum damper force occurred in the damper located in the northeast when the isolated
structure was subjected to Kobe_INP_080 g. The maximum damper force was 25.46 kN,
which is smaller than the design maximum damper force of 30 kN. Figure 16 displays the
hysteretic curves of the four NLVDs under Kobe_NP ground motion with the input PGA
of 0.80 g. The shape of the hysteretic curve is full, and it indicates that the NLVDs have
a good energy dissipation effect.

Table 9. Maximum axial force of the NLVDs (unit: kN).

PGA (g)
NLVD Location
0.10 0.20 0.30 0.40 0.60 0.80
northeast 7.54 11.34 14.31 16.62 20.32 25.46
southeast 7.13 10.92 13.64 16.08 19.50 23.88
northwest 7.61 11.13 13.70 16.14 20.07 23.35

southwest 7.71 11.69 14.45 16.74 20.18 24.56
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Figure 16. Hysteretic curve of the viscous dampers under Kobe_NP ground motion with a PGA of

0.80 g: (a) Northeast location; (b) Southeast location; (c) Northwest location; (d) Southwest location.

5. Conclusions

The shaking table test was conducted for a five-story building model in the moment

frame in conjunction with isolation systems. The isolation systems utilized were LNRs
with additional NLVDs. Seven ground motions, including three FF ground motions and
four NF ground motions, were employed for the shaking table test. Compared with the
existing studies, the novelty of the current study is that it experimentally investigates the
seismic performance of isolation systems with passive control devices and superstructures
subjected to NF ground motions. The main conclusions of the paper are as follows:

1.

NF ground motions caused larger inter-story drifts than FF ground motions, especially
when the input PGA exceeded 0.4 g. The Kobe_NP NF ground motion with pulse
period Tp neighboring the fundamental period of the isolated structure caused the
largest inter-story drift and floor acceleration of the superstructure.

NF ground motions cause larger base shear force of the isolation system compared
with FF ground motions. Pulse-like NF ground motions, e.g., Kobe_NP and ChiChi_NP
ground motions, caused a considerably large base shear for the isolation system. The
base shear exceeded the total weight of the isolated structure. The axial load of the
isolation bearings experienced tension under the pulse-like NF ground motion excita-
tions because of a large overturning moment. The large overturning moment caused
an uplift of the LNR when the isolated system was subjected to pulse-like NF ground
motions with a large PGA value.

The displacements of the LNRs caused by FF ground motions were smaller than
those caused by NF ground motions. The displacement of all four bearings slightly
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exceeded the design displacement of 80 mm under Kobe_NP pulse-like NF ground
motion excitation with a PGA of 0.6 g, and the displacement exceeded 100 mm when
the PGA was increased to 0.8 g.

4. Nonlinear viscous dampers performed well during the earthquake simulations; the
maximum displacement and damper force were within the design value. The residual
displacements of the viscous dampers were very small under NF ground motions.
NLVDs protected the LNRs very under NF ground motions, but the severe responses
of the LNRs could be caused by NF ground motion with pulse period Tp, neighboring
the fundamental period of the isolated structure.

In this paper, the seismic performance of base-isolated structures with viscous dampers
was studied, and the performance of isolation bearing and viscous damper was also
evaluated. Although viscous dampers have performed well in reducing isolation structure
under near-field earthquakes, the large deformation of the isolation layer was caused for
near-field earthquakes with the pulse period neighboring the period of the isolated structure.
The combination of dampers with different mechanisms or new dampers should be further
used to control the deformation of the isolation layer under large near-field earthquakes
without affecting the isolation effect under moderate earthquakes. The corresponding
calculation analysis and experimental study should be carried out in the future.
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