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1.	 INTRODUCTION

The basic concept of seismic base isolation is to in-
troduce a flexible layer between the base floor of a su-
perstructure and the foundation system to reduce damage 
to the superstructure during earthquake ground motions. 
The flexible layer in the horizontal plane is capable of 
permitting a large lateral displacement, and thus decou-
pling the superstructure from the horizontal components 
of ground motions. Since the behavior of an isolation 
system and a superstructure greatly depends on the me-
chanical properties of the isolation devices, a deep un-
derstanding of the characteristics of isolation devices is 
essential for designing seismic isolation systems.

An isolation rubber bearing consists of alternating 
rubber layers bonded between thin steel plates to provide 
lateral flexibility. The internal steel plates reduce the lat-
eral bulging of the bearing, and provide a much higher 

vertical stiffness than the horizontal stiffness. The natural 
rubber bearings show a linear behavior in shear up to 
shear strains above 100%, and have damping in the range 
of 2-3% of critical [1]. Lead-rubber bearings (LRBs) 
have one or more lead plugs that are inserted into holes 
in a low-damping natural rubber bearing to increase the 
damping capacity. Under lateral deformation, the lead 
plug deforms in almost pure shear, yields at low levels 
of stress and at normal temperatures, and produces hys-
teretic behavior that is stable over many cycles. The lead 
plug recrystallizes under normal temperatures, and thus 
repeated yielding does not cause fatigue failure. LRBs 
generally exhibit a characteristic strength that ensures rigid-
ity under service loads [2]. Because the steel plates in a 
laminated rubber bearing force the lead plug to deform in 
shear, the behavior of LRB may be represented through 
a bilinear model, which can be characterized with three 
parameters: the initial stiffness, post-yield stiffness, and 
characteristic strength.
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The mechanical properties of isolation rubber bear-
ings, i.e., stiffness and characteristic strength, are influ-
enced by aging, environmental effects, temperature, and 
other effects. Since the rubber bearings have an inherent 
variability in their mechanical properties owing to the 
variability in rubber materials and manufacturing pro-
cesses, the stiffness and damping values of the bearings 
used for construction must be different from those values 
used for the design. In practice, the mass distribution of 
superstructures at the floor level, and the stiffness distri-
bution of base-isolated systems, can be irregular. For this 
reason, the actual eccentricity between the mass center of 
a superstructure and the stiffness center of an isolation 
system can be different from the eccentricity used for the 
analysis and design. Therefore, most of the real base-iso-
lated buildings are asymmetrical. Accidental eccentricity, 
due to discrepancies between the distributions of mass and 
stiffness in the design and true distributions at the time of 
an earthquake, can create torsional coupling during the 
ground excitations [3].

The variability in the stiffness and damping of the 
isolation system generates uncertainty in the lateral and 
torsional vibration periods, and creates additional lateral-
torsional coupling [3]. Llera and Inaudi [3] investigated 
the increase in building response due to stiffness uncer-
tainty in base-isolated systems. It was found that the in-
crease in response resulting from stiffness uncertainty is 
very sensitive to the frequency ratio between the nominal 
values of the uncoupled torsional and lateral frequencies 
of the system, and the number of isolators. The increase 
in isolator displacements at the building edge reaches a 
peak at the frequency ratio of 1.2 and rarely exceeds 10%. 
The value decreases for buildings with a larger number 
of isolators. Jangid and Kelly [4] studied the effects of 
torsional coupling on the seismic response of a base-iso-
lated building. It was shown that torsional coupling can 
influence the response of the isolated structure, but if the 
layout of the isolation bearings is such that the torsional 
frequency is larger than the lateral frequency, the effect 
is reduced. They recommended that the torsional frequency 
be 1.2-times greater than the lateral frequency of the 
isolated system. Nagarajaiah, et al. [5] studied torsion in 
base-isolated structures with inelastic elastomeric isolation 
systems due to bidirectional lateral ground motion. Their 
conclusions are as follows: (a) the main source of torsion-
al motions in elastomeric isolated structures is the isolation 
system eccentricity, (b) increasing isolation eccentricity 
leads to increased torque amplification, (c) an accidental iso-
lation eccentricity of 5% may result in significant torque 
amplification, and (d) increasing the isolation eccentricity with 
decreasing ratios of torsional-to-lateral frequencies for 
the superstructure and base generally leads to increased 
corner-displacement magnifications. Tena-Colunga and 
Zambrana-Rojas [6] concluded that the main source 
of torsional motions in elastomeric isolated structures 
seems to be the isolation system eccentricity, particu-

larly when the eccentricity is large (greater than 10%). 
However, this observation needs to be confirmed through 
more detailed studies. Matsagar and Jangid [7] evaluated 
the effects of torsional coupling, due to the isolator pa-
rameters, on the seismic response of base-isolated buildings. 
They concluded that the eccentricities arising from the dis-
similar isolator properties in the base-isolated building 
have a major influence on the displacement response, and 
in presence of such isolation eccentricities, the eccentricity 
of a superstructure is not important. 

The response of structural systems with a low natural 
frequency, such as seismically isolated structures, is very 
sensitive to the frequency content of the input ground 
motions. To investigate the effect of the frequency content 
of input ground motions on the seismic response, the 
peak ground acceleration to velocity (A/V) ratio has been 
utilized [8-10]. The ground motions exhibiting a large 
amplitude and very high frequency content generally result 
in high A/V ratios, while the ground motions containing 
intense and long duration acceleration pulses will generally 
lead to low A/V ratios. 

This paper investigates the effect of variability in the 
mechanical properties of LRBs on the seismic response 
of base isolation systems subjected to input ground motions 
with different peak A/V ratios. Variability in manufactur-
ing, aging, and temperature was examined, and a seismic 
response analysis for a base isolated nuclear island was 
conducted for earthquake ground motions having different 
peak A/V ratios. An ideal model, where variation in the 
material properties of individual isolators is identical, 
and an eccentric model, where eccentricity in one direction 
is created owing to different variations in the material 
properties of the isolators, are used to consider the dis-
similarity of variations in individual isolators.

2.	� VARIABILITY IN MECHANICAL PROPERTIES OF 
RUBBER BEARINGS

2.1 Variability in Manufacturing Process
The variability in the mechanical properties of isolation 

rubber bearings may be generated by the variation of rubber 
materials and the manufacturing tolerances in the manu-
facture process. The variability of the rubber materials is 
relatively higher than other structural materials because 
rubber is a viscoelastic material that has various responses 
due to a change in ingredients.

In manufacturing a rubber material, the raw material 
has to be admixed with a vulcanizing agent (i.e., sulfur), 
and other particular ingredients to make a more suitable 
material [11]. The ingredients include accelerators, activa-
tors, antioxidants, fillers and reinforcing agents, processing 
oils, retardants, softeners, and coloring additives. Their 
percentages used in a rubber compound are closely related 
to the properties of the rubber material to be achieved. 
Variations in the material properties of rubber can result 
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horizontal stiffness for shear strains of 10% and 50%, 
and 10% and 100%, decreased over both 10 and 22 years, 
respectively, whereas the values for shear strains of 10% 
and 200% increased about 7% in 10 years and 12% in 
22 years. The vertical stiffness after 10 and 22 years of 
service increased about 16-19% and 13-15% compared 
to initial values, respectively. The aging of LRBs in-
stalled in a building for 15 years was investigated [18]. 
The compression stiffness increased approximately 15 to 
23% and the shear stiffness increased up to about 9%; 
however, the yield force increased 0.7 to 3% in 15 years. 

The aging of neoprene bearings used in the Cruas-
Messye nuclear power plant was investigated. After 
7 and 27 years, the shear modulus of the bearings was 
found to have increased by approximately 25% and 37% 
compared with the reference values at the manufactur-
ing stage, respectively [19, 20]. Variations of damping 
with time were not clearly explained, but they were not 
significant. 

It can be observed that the horizontal stiffness of rubber 
bearings increases about 10% after 15 to 40 years of service. 
AASHTO [21] suggested an aging factor of 1.1 for the 
post-yield stiffness in LRBs.

2.3 Variability Due to Temperature Effect
The mechanical properties of rubber bearings are in-

fluenced by ambient temperatures and the duration of ex-
posure to these temperatures. Low temperatures increase 
the stiffness and strength of rubber bearings. The effect 
of low temperature appears to be instantaneous thermal 
and crystallization stiffening. Crystallization stiffening 
causes material stiffening with time because of the reori-
entation of its molecular structure [22, 23]. The temper-
ature-dependent mechanical properties for LRBs can be 
estimated by [24] 

where t is the temperature in °C, and Qd,15 and Kd,15 are 
the characteristic strength and post-yield stiffness at 15°C, 
respectively.

System property modification factors accounting for 
the effects of temperature on the properties of LRBs and 
high-damping rubber bearings are listed in Reference 
[23]. For safety-related nuclear structures, the mechanical 
properties of isolators shall not vary over the lifespan by 
more than ±20% from the values used for the analysis and 
design, with 95% probability, accounting for variations 
in material properties at the time of isolator construction, 
aging, operating temperature, and creep. In addition, the 
isolation system shall be maintained at a temperature be-
tween 4.4°C (40°F) and 26.7°C (80°F) [25].

from variations in mixing and curing. 
The manufacturing process is generally different for 

small- and large-size rubber bearings. Small-size bearings 
can be made using injection molding. Heated mixed rub-
ber is injected from the perimeter into the mold and kept 
under pressure during the curing process [12]. Bearings 
made using this process can have inferior bond strength 
between the rubber layers and steel shim plates because 
the rubber moves from the exterior toward the interior 
during the injection process and can partially remove the 
adhesive. However, the advancement in techniques used 
in manufacturing has resulted in improvements in rubber 
compounds and their bonding to steel shims [11]. Large-
size bearings are made in several steps: sheeting of rubber, 
cutting of rubber and steel plates, surface treatment of 
steel plates, coating adhesives, assembly of steel plates 
and rubber sheets, curing under pressure and heat, and 
inserting the lead plug. 

Variations in the mechanical properties of the bearings, 
which depend on the experience of the manufacturer and 
the size of the bearing, may be generated from variations 
in the manufacturing process. Tolerances in manufacturing 
rubber bearings are provided by manufacturers, but the 
manufacturing tolerances for buildings are specified in 
the ISO standard [13].

2.2	�Variability Due to Aging and Environmental Ef-
fects
Aging and environmental effects are important pa-

rameters that affect the mechanical properties of rubber 
bearing systems. During the lifetime of isolation systems, 
the mechanical properties of rubber bearings will be con-
stantly changed by the vulcanization and degradation of 
the rubber due to environmental and chemical factors 
such as the thermal oxidation, ultraviolet irradiation, and 
ozone [14]. The significance of each degradation factor 
varies with respect to the loading and environmental con-
ditions. Usually, thermal oxidation is the most significant 
degradation factors during the lifetime of natural rubber. 
Thermal oxidation hardens the rubber and results in a 
significant drop in performance [15]. A combination of 
degradation factors causes greater or lesser effects than 
the sum of the individual effects because of a synergistic 
effect.

Aging effects have been investigated for rubber bear-
ings installed in bridges, buildings, and nuclear power 
plants [16-20]. The aging effects on the laminated rubber 
bearings of Pelham Bridge in England, which was con-
structed in 1957 and has been used for about 40 years, 
were investigated [16]. The major changes in the physical 
properties of the rubber material were limited to a depth 
of about 50 mm from the surface, and the horizontal stiffness 
increased by about 10% compared with the design value. 

The aging effects on twenty two-year old natural rub-
ber bearings, which were used in a seismically isolated 
three-story dormitory building, were evaluated [17]. The 

(1)

(2)
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in one direction is created due to different variations in 
the mechanical properties of the isolators for two regions. 
In Fig. 1(c), the shaded region has increased properties, 
and the other region has decreased properties. The ec-
centricity in the base isolation system will occur due to a 
discrepancy in the center of the mass of the superstruc-
ture (CMs), and the center of rigidity in the base isolation 
system (CRi). The stiffness eccentricity of the isolation 
system creates a lateral-torsional coupling mode.

The nonlinear behavior of LRBs was modeled by a 
bilinear model based on three parameters K1, K2, and Q, 
as presented in Fig. 1(d). The parameter values used to 
define the bilinear model are 51.59 kN/mm for the initial 
stiffness (K1), 5.16 kN/mm for the post-yield stiffness 
(K2), and 380 kN for the characteristic strength (Q). The 
horizontal and vertical behaviors of the isolation bearing 
were modeled based on the bilinear model and linear 
model, respectively. 

3.2 Input Ground Motions
To evaluate the response of seismically isolated struc-

tures for earthquake ground motions with different fre-
quency contents, 27 earthquake record sets with different 
peak A/V ratios were selected [27]. The data-set was 
obtained from 12 different earthquake events with mag-
nitudes ranging from 5.25 to 7.6. The following accel-
eration records were used: (1) 1933 Long Beach (Mw = 
6.3), (2) 1934 Lower (Mw = 6.5), (3) 1935 Helena (Mw = 
6), (4) 1940 Imperial Valley (Mw = 6.6), (5) 1952 Kern 

3.	� RESPONSES OF SEISMIC ISOLATION BEARINGS 
WITH VARIABILITY: CASE STUDY

3.1 Structural Model 
The structural model for a nuclear island that is sup-

ported by the base isolation system is depicted in Fig. 1. 
The superstructure was represented by a lumped-mass 
stick model, in which the mass of each floor includes the 
mass of the walls, slabs, columns, and heavy equipment. 
The nuclear island and the base mat were modeled by solid 
elements. The fundamental periods of the structural model 
in the orthogonal directions are Tx = Ty = 2.48s. The base 
isolation system consists of 454 LRBs. The LRBs were 
designed to have an outside diameter of 1,500 mm and a 
height of 300 mm, with 10 layers of 11 mm thick rubber and 
a lead core diameter of 250 mm. The effective horizontal stiff-
ness of a bearing is 7.68 kN/mm and the vertical stiffness 
is 76.76 kN/mm, which is ten-times that of the horizontal 
stiffness. A standard design response spectrum defined 
in the Regulatory Guide 1.60 [26] was employed, and a 
peak ground acceleration (PGA) of 0.5g was used for the 
seismic design. The horizontal displacement limit at the 
base isolation level was assumed to be 150 mm.

To investigate the effect of the variability in the me-
chanical properties of the isolation bearings on the earth-
quake response, two variation models were adopted: (1) 
an ideal model (Fig. 1(b)), where variations in the me-
chanical properties of individual isolators are identical, 
and (2) an eccentric model (Fig. 1(c)), where eccentricity 

Fig. 1. Structural Models for Case Study
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Normalized spectral accelerations for ground motions 
with different peak A/V ratios are plotted in Fig. 2. The 
ground motions containing low-frequency contents will 
generally lead to low A/V ratios, while the ground motions 
exhibiting large amplitude, very high frequency content 
in strong motions generally result in high A/V ratios. The 
normal ground motions, with significant energy content 
over a broad range of frequencies, will generally have 
intermediate A/V ratios, and their acceleration spectra 
are similar to the standard design response spectrum, as 
shown in the dotted line in Fig. 2. To prepare the ground 
motion input sets, the whole ensemble of 27 earthquake 
records in Table 1 was scaled to PGA = 0.5g.

County (Mw = 7.6), (6) 1957 San Francisco (Mw = 5.25), 
(7) 1966 Parkfield (Mw = 5.6), (8) 1968 Borrego Moun-
tain (Mw = 6.5), (9) 1970 Lytle Creek (Mw = 5.4), (10) 
1971 San Fernando (Mw = 6.4), (11) 1975 Oroville (Mw 
= 5.7), and (12) 1985 Nahani (Mw = 7.5). The selected 
records have epicentral distances ranging from 4 to 131 
km, PGAs ranging from 0.012 to 1.171g, and peak A/V 
ratios from 0.37 to 3.01 g/m/s. Table 1 shows the charac-
teristics of the selected earthquake records with different 
peak A/V ratios: low A/V ratios (A/V < 0.8), intermediate 
A/V ratios (0.8 < A/V < 1.2), and high A/V ratios (A/V 
> 1.2). Two horizontal components (X and Y) and one 
vertical component of the ground motions were used for 
a seismic response analysis.

No. Earthquake Event Station
X-component Y-component

Soil 
ConditionMax. Acc.

(g)
Max. Vel.

(m/s)
A/V

(g/m/s)
Max. Acc.

(g)
Max. Vel.

(m/s)
A/V

(g/m/s)

1 Long Beach, CA Subway Terminal, LA 0.098 0.237 0.41 0.064 0.173 0.37 Rock

2 San Fernando, CA 2500 Wilshire Blvd., LA 0.101 0.193 0.52 0.098 0.150 0.66 Stiff soil

3 San Fernando, CA 4680 Wilshire Blvd., LA 0.117 0.215 0.54 0.084 0.209 0.40 Stiff soil

4 San Fernando, CA 3470 Wilshire Blvd., LA 0.114 0.186 0.61 0.136 0.223 0.61 Stiff soil

5 San Fernando, CA 3550 Wilshire Blvd., LA 0.132 0.216 0.61 0.157 0.175 0.89 Stiff soil

6 San Fernando, CA Hollywood Storage LA 0.106 0.170 0.62 0.151 0.194 0.78 Stiff soil

7 San Fernando, CA 445 Figueroa St., LA 0.119 0.173 0.69 0.150 0.173 0.87 Rock

8 San Fernando, CA 222 Figueroa St., LA 0.129 0.186 0.69 0.152 0.180 0.85 Stiff soil

9 Lower CA El Centro 0.160 0.209 0.77 0.184 0.200 0.92 Stiff soil

Table 1a. �Characteristics of Earthquake Ground Motions with Low A/V Ratios (A/V < 0.8) 

No. Earthquake Event Station

X-component Y-component
Soil 

Condition
Max. 
Acc.
(g)

Max. 
Vel.

(m/s)

A/V
(g/m/s)

Max. 
Acc.
(g)

Max. 
Vel.

(m/s)

A/V
(g/m/s)

1 San Fernando, CA San Onofre SCE Power Plant 0.012 0.015 0.83 0.017 0.017 0.97 Stiff soil

2 San Fernando, CA Griffith Park Observatory, LA 0.180 0.205 0.88 0.171 0.144 1.18 Rock

3 San Fernando, CA 3407 6th Street, LA 0.165 0.166 0.99 0.182 0.286 0.64 Stiff soil

4 San Fernando, CA Hollywood Storage P.E., LA 0.211 0.211 1.00 0.187 0.279 0.67 Stiff soil

5 San Fernando, CA 3838 Lankershim Blvd., LA 0.151 0.149 1.01 0.167 0.120 1.39 Rock

6 Kern County, CA Taft Lincoln School Tunnel 0.179 0.177 1.01 0.156 0.157 0.99 Rock

7 Imperial Valley El Centro 0.348 0.334 1.04 0.214 0.369 0.58 Stiff soil

8 Borrego Mountain, CA San Onofre SCE Power Plant 0.041 0.037 1.11 0.046 0.042 1.11 Stiff soil

9 San Fernando, CA 234 Figueroa Street LA 0.200 0.167 1.19 0.192 0.183 1.05 Stiff soil

Table 1b. �Characteristics of Earthquake Ground Motions with Intermediate A/V Ratios (0.8 < A/V < 1.2)
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model. For variations in the operation temperatures, the 
post-yield stiffness and characteristic strength were estimated 
using Eqs. (1) and (2) at 5°C and 25°C.

3.4 �Seismic Responses of Isolators and Superstruc-
tures 
As a result of the seismic response analysis for the 

ideal model shown in Fig. 1(b), the maximum displacements 
in the four corner isolators, B1, B2, B3, and B4, are sum-
marized in Table 2. It can be seen that the maximum dis-
placements for ground motions with high A/V ratios (A/V 
> 1.2) are all smaller than the design displacement of 15 
cm, while those for ground motions with low and inter-
mediate A/V ratios (A/V < 1.2) are larger than the design 
displacement. In particular, when a peak A/V ratio is lower 
than approximately 0.6 g/m/s, significant displacements are 

3.3 Mechanical Property Variability Considered
For seismically isolated, safety-related nuclear struc-

tures, ASCE-4 [25] requires a demonstration in which 
the mechanical properties of the isolators do not change 
by more than 20% over a 50- to 100-year period in the 
temperature range of 4.4°C (40°F) to 26.7°C (80°F). 
Over the lifespan of the nuclear structures, the greatest 
variability considered for isolator properties is restricted 
within ±20%, with 95% probability, accounting for all 
variations in material properties during manufacturing, 
construction, and long-term operation. Excluding variations 
in the operation temperatures, manufacturers have suggested 
that the variation limits in the manufacturing and aging 
of LRBs are ±10% and +10%, respectively [28]. This study 
assumed variations of ±10% for manufacturing and +10% 
for aging in the post-yield stiffness of the LRB bilinear 

Table 1c. �Characteristics of Earthquake Ground Motions with High A/V Ratios (A/V > 1.2)

No. Earthquake Event Station

X-component Y-component

Soil ConditionMax. 
Acc.
(g)

Max. 
Vel.

(m/s)

A/V
(g/m/s)

Max. 
Acc.
(g)

Max. 
Vel.

(m/s)

A/V
(g/m/s)

1 San Francisco, CA State Bldg., S.F. 0.085 0.051 1.69 0.056 0.040 1.39 Stiff soil

2 San Fernando CA Lake Hughes, Station 4 0.146 0.085 1.72 0.145 0.133 1.09 Rock

3 Parkfield, CA Temblor No. 2 0.270 0.145 1.86 0.356 0.229 1.56 Rock

4 San Fernando, CA Pacoima Dam 1.076 0.577 1.86 1.171 1.135 1.03 Rock

5 Oroville, CA Seismograph Station 0.084 0.044 1.89 0.092 0.035 2.68 Rock

6 Helena, Montana Carroll College 0.147 0.072 2.03 0.171 0.057 3.01 Rock

7 Lytle Creek Wrightwood, CA 0.198 0.096 2.06 0.142 0.089 1.60 Rock

8 San Francisco, CA Golden Gate Park 0.105 0.046 2.27 0.092 0.038 2.41 Rock

9 Nahani, Canada Site 1, Iverson 1.101 0.462 2.38 0.978 0.457 2.14 Rock

Fig. 2. Normalized Spectral Accelerations for Ground Motion Inputs (X- Component)
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chanical properties of the isolators, given by ASCE-4 
[25], stiffness variations of ±20% were applied. When all 
of the isolation bearings have a lower bound in stiffness 
variation, i.e., -20%, the maximum displacements (i.e., 
vector sum) of the isolators increase up to 26%, 17%, 
and 24% for A/V < 0.8, 0.8 < A/V < 1.2, and A/V > 1.2, 
respectively. The ratios of peak displacements to design 
displacement are plotted in Fig. 3. The ratios are smaller 
than 1.0 for A/V > 1.2, but they are amplified up to 4 for 
A/V < 0.8. In addition, the lower and upper bounds are 
almost the same for A/V > 1.2, but considerably different 
for A/V < 0.8. It can be seen that the displacement of the 
isolation system is significant for ground motions with 
low A/V ratios, and the effect of the stiffness variation of 

obtained because the ground motions are rich in low-fre-
quency contents, as shown in Fig. 2(a). If the clearance 
distance of the moat walls is determined by a factor of 
3 [29], the base-isolated structure can contact or impact 
moat walls for ground motions with low A/V ratios. For 
earthquake ground motion #1 (EQ #1) in low A/V ratios 
shown in Table 1a, whose peak A/V ratios are 0.41 g/m/s 
in the X-component and 0.37 g/m/s in the Y-component, 
the maximum lateral displacement obtained is approxi-
mately 58 cm, which is greater than the assumed moat 
wall gap of 45 cm.

Table 3 shows the maximum displacements in the 
four corner isolators for the lower and upper bounds in 
variation. According to the limit of variation in the me-

EQ
A/V < 0.8 0.8 < A/V < 1.2 A/V > 1.2

Lateral Displ. Vector Sum Lateral Displ. Vector Sum Lateral Displ. Vector Sum

1 57.97 60.03 10.45 10.60 3.50 4.03

2 32.58 34.01 10.85 11.43 5.62 6.18

3 27.27 32.16 11.41 13.01 3.21 3.51

4 20.95 25.03 17.24 17.24 0.86 1.02

5 17.07 19.60 2.91 3.14 3.46 4.52

6 25.36 25.46 12.58 15.23 9.93 10.16

7 18.16 18.28 15.70 16.60 2.43 2.51

8 7.72 7.94 13.08 14.44 3.59 4.96

9 8.73 8.81 12.33 12.47 2.90 3.15

Table 2. �Maximum Displacements at the Top of Isolators in Ideal Model (cm)

EQ

Lower Bound in Variation, -20% Upper Bound in Variation, +20%

A/V < 0.8 0.8 < A/V < 1.2 A/V > 1.2 A/V < 0.8 0.8 < A/V < 1.2 A/V > 1.2

Lateral 
Displ.

Vector 
Sum 

Lateral 
Displ.

Vector 
Sum 

Lateral 
Displ.

Vector 
Sum 

Lateral 
Displ.

Vector 
Sum 

Lateral 
Displ.

Vector 
Sum 

Lateral 
Displ.

Vector 
Sum 

1 59.75 64.16 10.49 10.64 3.72 4.29 52.25 53.10 10.33 10.50 3.21 3.65

2 35.21 39.57 12.92 13.36 5.74 6.31 28.12 29.42 9.05 9.82 5.48 6.02

3 36.41 40.66 13.17 15.03 3.39 3.72 22.09 28.03 9.57 10.97 3.14 3.57

4 26.42 27.74 19.75 19.79 0.88 1.06 20.10 21.89 14.62 15.16 0.83 0.99

5 21.91 22.77 3.10 3.10 3.57 4.68 14.78 17.75 3.00 3.20 3.36 4.39

6 29.79 29.82 13.72 16.79 10.36 10.57 21.02 22.59 11.63 13.91 9.56 9.81

7 21.32 21.57 17.31 18.88 2.43 2.53 14.83 14.90 13.73 14.38 2.42 2.48

8 7.98 8.07 13.78 15.06 4.46 6.17 7.33 7.71 12.88 13.89 3.07 4.27

9 8.74 8.75 13.95 14.25 3.17 3.21 8.66 8.84 10.74 11.36 2.80 3.02

Table 3. �Maximum Displacements for Lower and Upper Bounds in Variation at the Top of Isolators (cm)
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fluences the response of the superstructure. Figs. 5 and 6 
show the peak acceleration and relative displacement at 
the top of the superstructure, respectively. The response 
of superstructure increases significantly for ground mo-
tions with low A/V ratios. For EQ #1 in low A/V, the peak 
acceleration at the top of the superstructure is amplified 
as 0.41g. The peak accelerations and relative displace-
ments for A/V < 0.8 are increased by more than twice the 
response for A/V > 0.8. It was revealed that the response 
of the isolation system is increased by the lower limit 
in variations, while the response of the superstructure is 
increased by the upper limit in variations. The upper limit 
in the stiffness variation of the isolators can diminish the 
decoupling performance of the isolation system. 

the isolators on the displacement of the isolation system 
is highly sensitive to peak A/V ratios of the ground motions. 

Fig. 4 shows the maximum shear strains in isolation 
bearings for their stiffness variations of ±20%. For A/V 
> 1.2, the maximum shear strains are smaller than 100%, 
while for A/V < 0.8, the maximum shear strains are ob-
tained by more than 300%. In particular, the maximum 
shear strain for EQ #1 in low A/V reaches about 600%. 
In this huge shear strain, the rubber bearings must be de-
stroyed, because the shear failure strain of typical rubber 
bearings is smaller than 500%. The stiffness variations 
of an isolation system can cause damage to the isolators 
during ground motions with low A/V ratios. 

The stiffness variation of an isolation system also in-

Fig. 4. Maximum Shear Strains of Isolators for Stiffness Variations

Fig. 3. Displacement Ratios for Lower and Upper Bounds in Variation of Isolators
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To evaluate the torsional coupling caused by the dis-
similarity in stiffness variations of the isolators, responses 
for the eccentric model, shown in Fig. 2(c), are investi-
gated. Variations of ±10% for manufacturing and 10% for 
aging in the post-yield stiffness were assumed. Table 4 
summarizes the maximum displacements at the top of the 
isolators for the eccentric model. The maximum displace-

Fig. 7 shows the acceleration time-history at the top 
of the superstructure, and the displacement time-history 
at the top of isolator for EQ #1 in low A/V. While the stiff-
ness variation of the isolators influences the acceleration re-
sponse of the superstructure and the displacement response 
of the isolation system, the change in the fundamental 
periods is negligible. 

Fig. 5. Peak Acceleration at the Top of Superstructure for Stiffness Variations

Fig. 6. Relative Displacement of Superstructure for Stiffness Variations
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Fig. 7. Acceleration and Displacement Time-History in Superstructure and Isolator for EQ #1 in Low A/V

Table 4. �Maximum Displacement at the Top of Isolators for Eccentric Model (cm)

EQ
A/V < 0.8 0.8 < A/V < 1.2 A/V > 1.2

Lateral Displ. Vector Sum Lateral Displ. Vector Sum Lateral Displ. Vector Sum

1 60.76 64.76 10.52 10.98 3.75 4.35

2 35.07 39.54 12.25 12.78 5.77 6.36

3 35.67 40.54 13.28 15.27 3.41 3.75

4 26.81 28.83 20.02 20.14 0.88 1.06

5 22.12 23.53 3.10 3.14 3.60 4.70

6 30.46 30.78 13.86 16.93 10.42 10.67

7 21.72 22.25 17.46 19.05 2.49 2.61

8 8.01 8.20 13.62 14.91 4.40 6.09

9 9.17 9.17 14.06 14.41 3.21 3.24
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and strength variations of the isolators can be neglected 
for ground motions with A/V > 0.8, but those for A/V < 
0.8 cannot be ignored. For A/V < 0.8, the rotations were 
estimated to be up to 0.002 rad for the eccentric model. 

The maximum shear force at the top of the isolators 
for the design and eccentric models are compared in Fig. 9. 
The shear force occurring at the top of the isolator in-
creases significantly for the eccentric model. The increases 
of shear force for A/V < 0.8, 0.8 < A/V <1.2, and A/V 
>1.2 are up to 35.6%, 33.5%, and 17.5%, respectively. 

Fig. 10 shows the effect of ambient temperatures on 
the shear strain of the isolators for EQ #1 at low A/V ratios. 
It can be observed that shear strains of the isolators are in-
fluenced by eccentricity and ambient temperature. Com-
paring Figs. 10(a) and 10(c), the shear strains at isolator 
B2 are increased to 295% from 227% in the X-direction, 
and increased to 552% from 527% in the Y-direction, due 
to the stiffness variability of the isolators. An increase in 

ments of the isolators for the eccentric model increase up 
to 20% above the ideal model. Fig. 8 shows the ratios of 
peak displacements to the design displacement for the ec-
centric model. Variations in the manufacturing and aging 
processes of the isolators can influence the displacements 
of an isolation system for A/V < 1.2, but the effect of the 
variations can be neglected for ground motions with A/V 
> 1.2. For the eccentric model, the displacements and 
shear strains of the isolators due to individual variations are 
summarized in Table 5. Increases in the displacements 
and shear strains of the isolators are large for low A/V 
ratios. In general, the effect of the variation in the aging 
process on the displacement of the isolators is significant, 
and the effect of the variation in the operation tempera-
ture is considerable. For high A/V ratios, the effect of the 
eccentricity caused by the dissimilarity in the stiffness 
variations of isolators may be neglected.

The rotations of the isolation system due to stiffness 

Fig. 8. Ratios of Maximum Displacements of Isolator for Eccentric Model

Variation

Low A/V Intermediate A/V High A/V

EQ #1 EQ #4 EQ #2 EQ #4 EQ #1 EQ #3

Displ. 
(cm)

Strain 
(%)

Displ. 
(cm)

Strain 
(%)

Displ. 
(cm)

Strain 
(%)

Displ. 
(cm)

Strain 
(%)

Displ. 
(cm)

Strain 
(%)

Displ. 
(cm)

Strain 
(%)

Manufacturing 2.95 26.82 1.38 12.55 0.43 3.91 1.16 10.55 0.15 1.36 0.06 0.52

Aging 1.78 16.18 2.42 22.00 0.92 8.36 1.74 15.82 0.17 1.55 0.18 1.64

Temperature 3.51 31.91 2.30 20.91 0.39 3.55 1.62 14.73 0.11 1.00 0.23 2.09

Table 5. Displacements and Shear Strains of Isolators due to Individual Variation for Eccentric Model
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shear strains of the isolators increase greatly at high tem-
peratures because the stiffness and strength of the bearings 
decrease simultaneously for temperatures of higher than 15°C.

4.	 SUMMARY

This study investigated the effects of variability in the 
mechanical properties of LRBs on the response of seismi-
cally isolated structures for earthquake ground motions 
having different peak A/V ratios. The seismic response 
analysis of a base-isolated nuclear island, with or without 
eccentricity in the isolation system, was conducted using a 
stiffness variation of ±20%, which includes variations in 
the manufacturing and aging processes, as well as variation 
in the operating temperatures as addressed in ASCE-4 [25].

The seismic responses of the base isolation system 
and superstructure increase significantly for ground motions 
with low A/V ratios. The maximum displacements of the 
isolators for ground motions with A/V < 0.8 were up to 
four-times larger than those for ground motions with 0.8 
< A/V < 1.2, which corresponds to the design response 
spectrum. The displacement of the isolators increases for 
the lower variation limit, i.e., -20%, but decreases for the 
upper variation limit, i.e., +20%. The upper and lower 
bounds are significant for A/V < 0.8, but negligible for 
A/V > 1.2. For A/V < 0.8, the isolators may be damaged or 
destroyed because their shear strains reach up to 600%. 
The variation in the mechanical properties of the isolators 
results in a significant influence on the shear strains of the 
isolators for ground motions with low A/V ratios. When 
displacements of the isolation system decrease, peak ac-
celerations and relative displacements of the superstructure 

the ambient temperature from 15°C to 25°C causes an 
increase in shear strain from 295% to 309% in the X-
direction, and from 552% to 578% in the Y-direction, as 
shown in Figs. 10(c) and 10(d).

Fig. 11 compares the maximum shear strains of the 
isolators for different variations. The effect of stiffness 
variation on the shear strain of the isolators is considerable, 
but the effect of eccentricity due to the dissimilarity in the 
stiffness variations of the isolators is not considerable. The 

Fig. 9. Maximum Shear Forces at the Top of Isolators for Eccentric Model

Fig. 10. Isolator Shear Strains for Different Ambient 
Temperatures (EQ #1 in Low A/V)
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and superstructure due to variations in the mechanical 
properties of the isolators is considerable, except 
for ground motions with A/V > 1.2. 

3. �The variation provisions for the mechanical proper-
ties of isolators in the ASCE-4, which are ±20% over 
a 50- to 100-year period in the temperature range 
of 4.4°C (40°F) to 26.7°C (80°F), are adequate for 
normal ground motions. However, for isolation 
systems subjected to ground motions having rich 
low-frequency contents, especially for ground motions 
with A/V < 0.6, more strict variation limits should 
be given.

4. �Variations in the mechanical properties of isolation 
system should be properly controlled during the 
manufacturing and aging processes for the appli-
cation of isolation system to safety-related nuclear 
structures. Special consideration should be given 
to minimize the accidental torsion caused by the 
dissimilarity in stiffness variations of the isolators.

5. �A clearance distance of the moat walls should be de-
termined considering the characteristics of ground 
motions, i.e., peak A/V ratio, and the mechanical 
property variability of an isolation system during its 
lifetime. For isolation systems subjected to ground 
motions with low A/V ratios, moat walls and isolated 
structures should be designed to have increased 
distance or to resist large contact forces generated 
during pounding.
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increase. For ground motions with low A/V ratios, the 
response of the superstructure increases remarkably. The 
effect of the stiffness variations of the isolators on the 
fundamental period of the base-isolated structure is negligible. 

The eccentricity caused by the dissimilarity in the 
stiffness variations of the isolators results in a lateral-
torsional coupling mode, and therefore increases the dis-
placements and shear strains of the isolators. The effect 
of the eccentricity is not considerable for ground motions 
with intermediate and high A/V ratios, but the increase 
is significant for ground motions with low A/V ratios. In 
the eccentric model, the rotation and shear force of the 
isolators are increased by the eccentricity, especially at 
low A/V ratios. In general, the effect of the variation in 
the aging process on the displacement of the isolators is 
significant, and the effect of the variation in the operation 
temperature is considerable. High temperatures increase 
the shear strain of the isolators because the post-yield 
stiffness and strength of the isolators decrease simultaneously.

5.	 CONCLUSIONS

The investigation of the increase in responses of a 
seismically isolated structure due to variations in isolators 
and earthquake ground motions has led to the following 
conclusions:

1. �The response of base isolated structures is very sen-
sitive to the peak A/V ratios of earthquake ground 
motions. The increase in response is significantly 
amplified for ground motions with A/V < 0.6. The 
isolation system can be damaged or destroyed under 
peak ground accelerations less than the design level 
acceleration.  

2. �The increase in the response of an isolation system 

Fig. 11. Comparison of Maximum Shear Strains of Isolator for Different Variations
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