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Abstract

Laminated rubber bearing is a common seismic protection device for bridge structures based
on its high vertical stiffness, low horizontal and rotational stiffness, and significant lateral
restoring capacity. However, the mechanical behavior of elastomers, particularly the material's
shear stiffness, is significantly influenced by variations in air temperature. The cyclic behavior
of elastomeric isolators is affected by variations in air temperature and this is considered by
current seismic codes through requiring upper and lower bound analysis using relevant
modification factors. As a result, it significantly impacts the seismic responses of structures
employing laminate rubber isolators. However, this aspect is not frequently considered when
designing seismic isolation in most locations. This article aims to evaluate the effect of air
temperature on the seismic response of isolated bridges. A parametric study, with varying
temperature conduction, is carried out. The responses of a seismically isolated bridge are
evaluated by the peak value of lateral force and displacement. Results indicate that air
temperature has considerable effects on the behavior of rubber isolators and seismic responses
of isolated bridges.

Keywords: Seismic analysis; rubber isolator; temperature dependence; seismically isolated
bridges; nonlinear behavior.

1. Introduction

Earthquakes produce enormous damage and costs, especially to infrastructures such
as bridges and buildings. Many creative retrofit solutions have been investigated and
developed. Practical applications have been promoted and supervised.

Recently, the use of seismic isolation systems (SIS) has become increasingly
common for bridges in earthquake regions. The basic principle of seismic base isolation
consists of lowering the lateral stiffness of the bridge structure under strong impacts (i.e.,
strong earthquakes) and impressive energy dissipation mechanisms [1-3]. Consequently,
it significantly reduces lateral forces in the substructures and prevents horizontal drift of
superstructures due to earthquakes, thereby ensuring the safety of the structure.
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Lead-plug Rubber Bearing (LRB) and High Damping Rubber Bearing (HDRB) are
two primary types of elastomer-based SIS that have traditionally been used over the
decades. These devices are made of rubber layers and steel shims, which offer great
vertical bearing and horizontal deformation capacities. In order to fully comprehend the
mechanical behavior of these devices and accurately predict the response of seismically
isolated bridges using them, many scholars have carried out a lot of experimental studies
and proposed a variety of representative numerical models. Accordingly, the force-
displacement relationship of seismic isolators is interdependent on several parameters and
conditions, in particular the architecture and nature of the system’s components, the rate
of deformation, temperature conditions, level of internal loads/stresses, instantaneous
velocity, loading history, the interaction of mechanical properties, contamination and/or
aging of components, etc. [1, 4-8]. There are several appropriate hysteretic models that
represent the behavior of SIS with differing degrees of sophistication and complexity [1, 9-11].
These models are selected based on the complexity of the structural analysis required, the
degree of precision necessary, and the specific mechanical behavior studied.
Among them, the nonlinear hysteretic models are the most complex, but they allow
for the best and most accurate representation of the actual behavior of certain
systems [9, 12]. Although the bilinear model is the simplest nonlinear model, it is also the
most widely used for the analysis of isolated structures, especially cases where rubber
isolators are employed.

Although the research on elastomeric bearings has been relatively comprehensive
and in-depth, the influence of many factors still needs further study, especially the effects
of the variation of temperature. It is a fact that the mechanical performance of rubber
bearings is severely affected by temperature, which is still not carefully considered in the
seismic isolation design and may result in misunderstandings and/or deadly accidents in
cold and seismically active regions. In addition, the properties of rubber isolators are
closely related to the response of seismically isolated bridge structures. Evaluating the
impact of the rubber isolator’s temperature sensitivity on the structural response is
therefore important from an engineering perspective.

To investigate the effects of such factors, two boundary evaluations, including the
upper limit analysis for the maximum shear force and the lower limit analysis for the
maximum displacement of the isolation layer, are required by the European [13] and
American Seismic Design Codes [14] for the design of isolation structures. These limits
are significant for reference and preliminary studies, even for the design in the absence
of the test results. Otherwise, evaluating the upper and lower limit properties of the SIS
essentially requires a series of expensive bearing temperature dependence tests.
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The objective of this study is to evaluate the effects of different air temperature
conditions on the seismic performance of rubber isolators. The bilinear model is
employed to represent the nonlinear behavior of seismic rubber bearings. To obtain the
mechanical properties of rubber bearings under different temperatures, the property
modification factors taken according to AASHTO standards are multiplied with the
parameter models under normal conditions. The differences in the responses of
displacement and lateral force of the isolated bridge structure as well as the hysteresis
response of SISs are selected to investigate the effects of temperature on the behavior of
the device and the seismic responses of bridges.

2. Effects of temperature on rubber isolator’s behavior
2.1. Available experimental results

Many studies conducted experiments on the rubber’s behavior at different
temperature conditions and found that rubber will harden at low temperatures, resulting
in a significant impact on the mechanical properties of the devices [7, 8, 15, 16].
Specifically, the low temperatures have considerable effects on the damping
characteristics, yield strength [17, 18], and bearing stiffness in such conditions is almost
twice and more than at normal temperatures [19-22].

Generally, the stiffening of rubber under low temperatures mainly occurs in two
phases [22-24], including instantaneous thermal stiffening and crystallization, as
illustrated in Fig. 1. According to the figure, the time t, represents the instantaneous
thermal stiffening which characterizes the achievement of thermal equilibrium in the
rubber. Between t; and t,, the rubber’s stiffness remains practically unchanged. This
period essentially depends on the temperature and the chemical composition of the rubber.
After the time t,, an increase in stiffness with exposure time is observed which is due to
the crystallization of the elastomer.

Specifically, the instantaneous thermal stiffening is a rapid increase in the stiffness
of the elastomer under low temperatures. This time interval strongly depends on the
temperature and the thickness of the elastomer [23]. The lower the temperature, the
greater the stiffening. The crystallization occurs when the elastomer is subjected to low
temperatures for long periods, (i.e., after instantaneous thermal stiffening is reached [23]).
It corresponds to a gradual increase in stiffness which varies in particular according to the
temperature and the time of exposure to it as well as the type and chemical composition
of the elastomer. This phenomenon is completely reversible and disappears with the
increase in temperature. For crystallization occurring at 0°C, crystallite melting begins at
about 6°C and ends at 16°C [25].
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Fig. 1. Rubber’s behavior in low temperatures, taken from Constantinou et al. [23].

Roeder et al. [24] carried out experimental studies to evaluate the effects of low
temperatures on the behavior of natural rubber and neoprene. The specimens were
subjected to temperatures ranging from -10°C to -50°C for conditioning periods of
between 1 and 24 days. The results indicate an increase in stiffness in the first 24 hours
due to instantaneous thermal stiffening, except at a temperature of -50°C for which the
elastomer underwent a glass transition. Kim et al. [26] conducted an experimental study
to investigate the seismic performance of a rubber bearing (RB) and a lead-plug rubber
bearing (LRB) at low temperatures. The RB was cooled to -48°C and the LRB to -32°C
and held at these temperatures for a few days to ensure that the center of the insulators
reached the target temperatures. The results showed an increase in the effective stiffness
(Kefr) of the RB of about 112% compared to 20°C, while the LRB showed increases of
about 87% for elastic stiffness and 32% for post-elastic stiffness.

Yakut and Yura [22] carried out an experimental study where the parameters
influencing the performance of laminated elastomer bearings at low temperatures were
investigated with neoprene and natural rubber. The exposure temperatures were -10°C,
-20°C, and -30°C for conditioning periods ranging from 1 to 21 days. These results show
that all specimens provided significantly higher stiffening at -30°C than at higher
temperatures of -20°C and -10°C and the longer the exposure duration, the greater the
stiffening. Further, neoprene is more sensitive to crystallization than natural rubber. Fuller
et al. [19] experimentally studied the phenomenon of crystallization at low temperatures
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of two high-damping natural rubber compounds (HDNR) used in seismic isolation
techniques. The elastomers were subjected to a temperature of -20°C and a shear
deformation amplitude of 35%. The conventional high-damping rubber compound shows
a significant increase in shear modulus after approximately 3 days of exposure to -20°C
due to the crystallization of the elastomer. Meanwhile, the modified compound lengthens
the induction period to about 20 days and delays the onset of crystallization.

Constantinou et al. [23] performed combined compression and shear tests on RB
and LRB to determine the effect of temperature variation on their mechanical properties.
Specimens were tested first at 20°C after 48 hours of conditioning, then at -26°C for
48 hours. The results show that for the RB, the effective stiffness increases by about 42%
after 48 hours of conditioning at -26°C. For the LRB, the results show increases of about
53% in effective stiffness and 37% in post-elastic stiffness. Cardone and Gesualdi [8]
studied the behavior of elastomers used in isolated structures under different air
temperatures. The tests were conducted in two parts. In the first part, the specimens were
subjected to temperatures ranging from 40°C to -20°C (specimen A) then a reversal from
-20°C to 40°C (specimen B) for exposure times varying between 30 and 60 minutes, in
order to evaluate the behavior of devices. In the second part, the elastomers were
subjected to temperatures of -10°C and -20°C for conditioning times between 1 and
24 hours, in order to investigate crystallization at low temperatures. The results show that
there is no deference between specimens A and B, indicating a negligible sensitivity of
the cyclic behavior to the effect of the temperature history of tests performed. The results
also indicate that as the temperature decreases the maximum stress levels and the areas
of the hysteresis curves increase, which become more accentuated when the temperature
drops below 0°C.

Generally, the obtained results of these tests all have the same tendency of
increasing the lateral stiffness of rubber bearing at low temperatures due to instantaneous
thermal stiffening, for both elastic and post-elastic deformation states. This phenomenon
may have a significant influence on the device’s behavior, thereby the response of
seismically isolated bridge structures, and should be carefully considered in design.

2.2. Specifications of seismic design standards

The effect of variations in system properties on the bridge seismic response can be
achieved by performing a bounding analysis where two analyses are performed, one using
minimum expected system properties and one using maximum system properties such
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that displacements and forces can be bounded, as shown in Fig. 2. Accordingly, two
analyses will be performed for summer (decreased device stiffness leading to larger
displacements) and winter (higher forces due to increased stiffness) conditions,
respectively. This bounding approach has been adopted in some standards [14, 27].
However, several standards are not clearly presented [13, 28] or not mentioned [29].

FOFCe‘ ///- Upper bound
A Nominal
,////,/’ -
/ l 4 LOWer bound
Qd 7 Ll

_________

Displacement

Fig. 2. Maximum and minimum properties of SIS for analysis [14].

According to the bounding analysis approach, the determination of lower and upper
bound can be achieved by multiplying the nominal properties of the bilinear force-
displacement relationship of the isolation system (i.e., the resistant characteristic Qq and
the post-elastic stiffness Kq) by the modification factors of the maximum and minimum
properties, denoted by Zmax and Amin, to obtain the bounding values to be used in the
analysis. Values for these factors are often obtained from the test.

Table 1. Maximum value of property modification factor for temperature [14]

Minimum Qu Kad

Temp. for

design (°C) | HDRB*¢ | HDRB"™¢ | LDRB™¢ | HDRB*¢ | HDRB"°® | LDRB"¢
21 1.0 1.0 1.0 1.0 1.0 1.0
0 1.3 1.3 1.3 1.2 1.1 1.1
-10 14 14 14 14 1.2 11
-30 2.5 2.0 15 2.0 1.4 1.3

2 Large difference between scragged and unscragged properties. A large difference is one in
which the unscragged properties are at least 25% more than the scragged ones.

® Small difference between scragged and unscragged properties.
¢ High-Damping Rubber Bearing (HDRB).
¢ Low-Damping Rubber Bearing (LDRB).
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Generally, the minimum value of the modification factor is less than or equal to
unity. Due to the fact that most values of Amin proposed are close to unity, the lower bound
of the system properties is often considered to be the same as their nominal values (under

normal temperature conditions). In place of the test results (unavailable test values), the
values given in Table 1 may be used [14].

3. Seismic response of base isolation structure under different temperature
3.1. Description of the analysis model
According to the above discussions, the influence of temperature on the mechanical

properties of rubber bearings should not be ignored. This section conducts studies on
bridge structures using rubber bearings as shown in Fig. 3(a).

A A A A A A A A A A A A A R A A A L A A

e e e L [

Superstructure

Bilinear model

02m
Force
Fmax
m F
E Q771 K
g S Vs |k,
o 2 1
50m S y D
Displacement

(b) Acceleration

Fig. 3. Seismically isolated bridge structure model (case study).
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It assumes that the seismic weight of the bridge superstructure is Wsyp = 16000 kN.
The pier is 5.0 m in height and 0.9 m x 1.7 m of the cross-section. The pier is made of
reinforced concrete B20 (TCVN 5574:2018), the material properties include Young’s
modulus E = 27000 MPa, the weight density p = 23.56 kN/m?, and the Poisson ratio
v =0.2. The pier is rigidly constrained at the bottom.

In the preliminary analysis, the isolated bridge can be modeled by a simplified
model (as illustrated in Fig. 3(b)), where all the isolation units are lumped into a unique
equivalent isolator. The superstructure is represented by the seismic weight W. Actually,
the method of using the simplified model is also recommended by most design standards
and researchers, especially in the preliminary design step.

Without loss of generality, the bridge is assumed to be located in Son La - Vietnam,
supported on soil class Il and 5% damping (TCVN 11823:2017). The elastic response
spectrum of location is determined according to TCVN 11823:2017 and plotted in Fig. 4(d).

Table 2. Earthquake records were selected for analyses

Earthquake Station Mw dzi/fr?gee?lifrr]) PGA (9)
El Centro, - . i
CA - Array S_ta 9 Imperial 6.9 129 0.355
1940-05-19 Valley Irrigation, US
Kobe, . .
Nishi-Akashi, Japan 6.9 19.9 0.51
1995-01-16
Northwest
China, Jiashi, China 6.1 27.7 03
1997-04-11

To perform nonlinear time-history analysis, a suite of three recorded ground
motions is selected and employed, as shown in Table 2. These accelerograms are scaled
by the method proposed in references [30, 31] to match the target spectrum of Son La,
which was determined according to TCVN 11823:2017. Time-history accelerations of
these motions are plotted in Fig. 4(a-c). Fig. 4(d) presents the response spectra of selected
and scaled accelerograms, indicating a good agreement between the response spectrum
of scaled accelerograms and the target response spectrum. These accelerograms are then
used as input functions of time-history ground acceleration in the numerical model.
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Fig. 4. Earthquake motions used for analyses.

The isolator layer is composed of High Damping Rubber Bearings (HDRB), which
are ideally modeled by the hysteresis bilinear model, including the constitutive
parameters of Qq = 400 kN, Kgq = 7.15 x 10® kN/m, and the initial elastic stiffness
Ky =100.Kq as recommended by Naeim and M. Kelly [1]. SAP2000 software is employed
to conduct a set of nonlinear time-history analyses.

In the absence of experimental results, this preliminary study uses the modification
factor of temperature specified in the AASHTO standard and the experimental results
conducted by D. Cardone et al. [8], for HDRB, within the suitable range from -10°C to
40°C (i.e., -10°C, 0°C, 21°C, 30°C, 40°C). The temperature range used in this analysis
ensures coverage of the common temperature range in all regions of Vietnam. Further,
the analyses at upper bound (i.e., at -10°C) and lower bound (i.e., at 40°C) in this article
are meaningful for regions with harsh weather conditions and similar seismic hazard, even
for several areas in Vietnam (some areas have recorded temperatures about -5°C and/or
41°C in history). The bilinear models that represent the isolation systems are illustrated
in Fig. 5 for three different levels of the air temperature.
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Fig. 5. Representative bilinear model of isolators.
3.2. Analysis results

In the design of seismically isolated bridges, the maximum displacement and lateral
force of isolators are important features to evaluate whether the isolation structure reaches
the limit states. Generally, seismic isolation systems offer great seismic performance by
reducing acceleration and lateral force at the bridge substructure but increasing lateral
displacement at the superstructure. However, the significant differences in the
instantaneous mechanical properties of isolation bearings caused by the variation of
temperature (stiffness and dissipation capacity) may considerably change the isolating
efficiency of the system.

Figure 6 shows the difference in time-history responses of displacement and lateral
force of seismically isolated bridges using SIS at different temperatures.

250 2500
— —40°C
200 2000 A .......
g 150 Z 1500 4| —21°C
2 = --= 0°C
E 100 3 1000 4 ———-_10°C
g 50 S 500 A
[ —_—
g 0 £ 0 A
= 2
g -5 = -500 |
-100 4 Kobe earthquake -1000 A Kobe earthquake
-150 T T T T T T -1500 T T T T T T T T
0 5 10 15 20 25 30 35 -150-100 -50 0 50 100 150 200 250 300
(a) Time (s) (b) Displacement (mm)

Fig. 6. Effect of temperature on time-history response of seismically
isolated bridge subjected to Kobe’s earthquake.

It can be found that the temperature changes have a significant impact on the
nonlinear behavior of rubber bearings and also the seismic responses of isolated bridge
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structures. Particularly, the decrease in temperature reduces the displacement of the
superstructure and increases the lateral force at the isolator level. This result is consistent
with the discussions above that low temperatures will increase the stiffness of the isolation
system, resulting in a decrease in the displacement. More specifically, the displacement
at 40°C (green dash) is significantly larger than that at -10°C (black dash) (i.e., 245.0 mm
versus 174.5 mm), while the increase in lateral force is quite small (it seems to be
negligible - see Fig. 6(b).

100 150

50 A | Jiashi Earthquake | 100 | El Centro earrhquake|
g 04 e g
= -50 bt
2 -100 A 2
2 _150 - — —40C g
‘a ....... 300C a
A 200 A 21°C A

2250 - 0%

----- -10°C
-300 r r r r : T T T T r T .
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

(a) Time (s) (b) Time (s)

Fig. 7. Effect of temperature on time-history responses of seismically isolated bridge.

Similar results are obtained in Fig. 7(a) and Fig. 7(b), where the isolated bridges
subjected to two other earthquake motions of Jiashi and El-Centro, respectively.

In addition, the comparison of obtained responses is summarised in Fig. 8 for three
earthquake motions. It clearly shows the decrease of displacements when the temperature
reduces, while the lateral force shows an increase trending as the temperature decreases
even if the increase’s rate is not significant.

300 2050
B Displacement OLateral force

&) 250 1 a -] - 2030 =
Z 200 { | ; - =1
5 i ; ; - r 2010 9
E 150 [ . e e 7 CS
a eLe e I " —
g ;; ; : : - 1990 F
‘7,:.'_‘ 100 - o . e _'CI;J
2 o ¥ 7 $ 3

B 50 - jo - . ’ - 1970

0 eLE o0 s " " 1950

40°C 30°C 21°C 0°C -10°C

Temperature Kobe Earthquake

Fig. 8. Effect of temperature on peak response of displacement and lateral force.
Table 3 presents detailed results of analyzing the influence of different temperature
conditions on the earthquake response of structures. As observed in the table, the variation
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of structural displacement at each temperature level is quite similar for all three
accelerograms, about -25% at -10°C and +7% at 40°C compared with the results at 21°C.
It should also be noted that the rate of displacement change at high temperatures is lower
than that at low temperatures (-17% at 0°C and +7% at 40°C compared with the results at
21°C). The obtained results suggest that it is necessary to analyze the effects of
temperature on rubber seismic bearings, especially low temperature conditions.

Table 3. Effect of temperature on seismic peak response of isolated bridges

Earthquakes | Temperature (T) Dmax (mm) Dmax (T)/Dmax (21°C)

40°C 258.7 107.2%
30°C 250.5 103.8%

Jiashi 21°C 241.3 100%
0°C 202.2 83.8%

-10°C 180.1 74.6%
40°C 205.3 106.9%
30°C 198.5 103.4%

El Centro 21°C 192.1 100%
0°C 158.0 82.3%

-10°C 149.9 78.0%
40°C 245.0 107.8%
30°C 236.9 104.3%

21°C 227.2 100%

0°C 192.9 84.9%

-10°C 174.5 76.8%

Kobe Fmax (KN) Frmax (T)/Fmax (21°C)

40°C 1970.6 98.3%

30°C 1983.8 98.9%

21°C 2005.7 100%
o°c 2016.5 100.5%
-10°C 2034.4 101.4%

3.3. Discussion

It is observed that temperature variation shows a significant influence on the
nonlinear behavior of rubber bearings. In the framework of this study, when the
temperature decreases (from 40°C to -10°C), the stiffness (both initial elastic stiffness and
post-elastic stiffness) and the characteristic strength incease significantly, leading to a
significant change in the device’s behavior. As a result, the seismic responses of structures

are considerably changed. Further, the lower bound characteristic of SIS leads to a
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significant increase in displacement compared to the upper bound. For the design
procedure, the absence of consideration of these limits may lead to errors in the limit
states and stability of the bearing. Therefore, this phenomenon should be considered in
the design, especially in the regions with large temperature variations.

4. Conclusion and perspectives

Seismic rubber isolators are an effective solution for the seismic-resistant design of
bridges and widely applied in practice. However, its mechanical properties are affected
by changes in air temperature. As observations, a decrease in temperature leads to an
increase in material stiffness, which leads to an increase in the lateral stiffness of the
device and a decrease in the displacements of the superstructures. The analysis results in
the article show that the lateral displacement of the structure between the lower bound
(40°C) and upper one (-10°C) significantly differs by up to 33%. This result has important
implications in determining limit states when designing seismic isolation bearings.

In the framework of this study, the modification properties factors are taken from
the recommendations of AASHTO standards. Available experimental results showed that
each rubber class has its factor. Further experimental studies need to be carried out to
determine the appropriate factors for application in Vietnam.
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DANH GIA SO BO TAC PONG CUA NHIET DO BEN PHAN UNG
CUA KET CAU CAU SU DUNG GOI CACH CHAN CAO SU

Nguyén Xuan Dai', Nguy&n Quang Chung!, Nguyén Hoang', Mai Viét Chinh?
YTreong Pai hoc Ky thudt Lé Quy Pon, Ha Ngi, Viét Nam

Tom tat: Goi cao su nhiéu l6p 1a thiét bi chong dong dat phd bién cho cac cong trinh cau
dira vao do ciing doc truc 16n, d6 cing ngang va do ciing xoay nhé ciing nhu kha ning phuc hoi
4n tuong. Tuy nhién, dic tinh co hoc cua chat dan hoi, dic biét 1a d6 cing khi chiu cét cua vat
liéu, bi anh huong dang ké bai su thay doi nhiét do khong khi. Do @6, tng xir khi chiu tai trong
lap caa gbi cach chan cao su bi anh hudng bai sy thay ddi nhiét do khong khi va da dwoc chi dinh
trong céc tiéu chuan thiét ké hién hanh théng qua viéc yéu cau phan tich giéi han trén va gisi han
dudi bang cach sir dung cac hé sb hiéu chinh. Két qua 1a n6 cé tac dong dang ké dén phan tng
dong dat cua két ciu cau cach chan. Tuy nhién, noi dung nay it dwoc quan tdm dén trong cong tac
thiét ké gdi cach chin ¢ hau hét cac khu virc. Bai bao ndy nham muc dich danh gia so bo anh
hudng cua nhiét do dén phan tng dong dét cua két cau cau cach chan. Noi dung nghién ciru tham
s6, voi diéu kién nhiét do khac nhau, duoc thuc hién. Phan tmg dong dat cua két cau cau cach
chan duoc danh gia bang gia tri cuc dai cia luc cit tai tru cau va chuyén vi ngang tai mat cau. Két
qua cho thdy nhiét d6 khong khi c6 anh huong dang ké dén (g xur cua gi cach chan cao su va
phan tng dong dat cua két cau cau.

Tir khoa: Phdn tich déng ddt; goi cach chan cao su; anh hweng cua nhiét do; goi cach
chdn; ¢ng xi phi tuyén.
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