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1L INTRODUCTION

Bax isdaion system is one of the mog effective
technologies for protecting sructures from damages in
earthquakes. It has been extensvey used worldwide in recent
years, congdaing the increasing threat of great earthquakes
Thebadc strategy of baseisolation sysem isthat a structure can
be uncoupled from the damaging effects of the ground
movement in a srong earthquake, by taking advantage of the
flexibility of base isdlation devices Base isolation devices,
which are mainly made of materid rubber, have temperature
dependence behavior due to its maerid characteristics. The
diffness of poymer trends to increase with the decreasing
temperature. With the increment of stiffness of rubber materid,
the flexibility of base isdlation devices is deeriorated and
thereforeits seigmic protection capability will beweskened.

In our previous study?, an overal three-dimensiond
non-linear numericd andyss was conducted, to evauae the
sagmic performance of curved grillage girder viaducts equipped
with base isolaion system under severe cold environmert.
However, the duration of earthquake ground mation applied in
the previous study®, which was obtained from 1995 Kobe
earthquake, isonly about 20 seconds. Itsladting timeistoo short
to ensure enough heet production in bearing support locetion,
for the case of low temperature effect study. According to the
caculation of previous study?, the temperature of baseisolation
systems was only raised up to -10 °C, reaulting in only a dight
vaiation of bearing propeties Thus, dthough low temperature
effect has been wdl investigated and discussed, the application
range of condlusions of previous study istill limited.

In order to extend the gpplication range of low temperature
effect invedtigation, along duration earthquiake lagting about 60
seconds is applied in the present study. Subjected to a longer
duration earthquake, temperature rigng of baseisolation devices
isincressed, and variation of bearing propertiesis aso enlarged
consaquently. Combining the results of the previous study?,
more comprehensive conclusions of low temperature effect of
base isolaion sysem by sdsmic reponse andysisare dravn in
thispaper.

2. LOW TEMPERATURE EFFECT OF LRB
21 Timevaryingtemperatureof LRB

Many innovative devices and systems are being developed
for the purpose of seismic isolation of bridges. One of the most
widdy adopted isolation sysem is the lead-rubber bearing
(LRB). In an earthquake event, base isdlation bearings absorb
earthquake enargy and rdease it as heat. The heat production
will raise the temperature of LRB. Thus, as the main objective
of this sudy is to seek desp undedanding of the
thermo-mechanical behavior of LRB, and a dynamic stiffness
definition composed of temperaiure varigtion of time and
diffness variation of temperature is proposad.

In this study, two functions are introduced to Smulate the
temperaturebearing proparty varidion process the time
varigtion of temperature which is concluded by vibration tests of
LRB, and paformance vaidion due to temperature that is
obtained by bearing paformance test under different
temperature conditions. The 2003 Tokachi-Oki earthqueke
ground moation is adopted, not only becauseit isaperiodic grest
earthquake in Hokkaido Idand, but dsoits duration (60 seconds)
isasuitable timefor thisstudy.

The expeaimenta studies conducted until now mainly
focused on the sengtivity of time variaions of temperature of
base isolaion devices Vibration tests were conducted and
temperature measurement during the tests clearly recorded the
temperature increment. The case of 0.5Hz vibration frequency
(2 seoonds vibration period) and 20 seconds vibration duration
has been extendvely examined by Nakamura.T e a2, whose
experiment conditions match well with this study. By carrying
out numericd andyss on this experimentad data and adopting
the temperature increment condition, the rdaionship between
time and temperature of LRB can be obtained, as shown in
Tablel. It can be summarized that, for a earthquake with a
duration of 60 seconds the temperdure increment is
goproximately 30°C, i.e LRB devices are dtill influenced by low
temperaure effect to a cetan extent. Therefore dealed
quantitative andys's on temperature dependent performance of

LRB isnecessary.
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2.2 Behavior variation with temperature

Expeimenta schemes composed of multiple test methods
were proposed in past studies, amnong which a cooperdive
ressrch on thermo-mechanicd behavior of rubber made
bearings by Rubber Bearing Assodiation and Civil Enginegring
Ressarch Indtitute for Cold Region is carried out, and obtained
anintegrated and practical concluson?.

Basad on the experiment results, for the case of along-term
low temperature environment, the equivaent stiffness of LRB
increases about 30%. And with the heat production during
earthquake event, the temperature of LRB gradudly increases
while the tiffness of LRB accordingly decreases. The detailed
bearing property can be cdculated by thefallowing equations.

y1=-0.206 x Ln(x +40) + 1.855 @)
y2=-0.335 x Ln(x +40) + 2.383 2
Where, 1 isdiffnessraio; y. isyiddforceratio;
X istemperature.

By adding a matrix subgtitution statement at the beginning
of cdculation loop in FEM andysis program, these equation
can be usad to build a dynamic bearing property definition, es
showninTablel.

23LRB modding

The force-displacement rdaionship of LRB is trilinear
hysteretic, as shown in Fig.1. K: theisinitid stiffnessand Kz is
the yidd stiffness, repectively. Ks isintroduced to represent the
strain hardening a a high shear strain. F1 isthe yidd force and
F.isthedesgnforce

Room temperature (20°C) condition and low temperature
(-30°C) condition are discussed and compared. As to the low
temperature condition, both fixed and dynamic stiffness cases
are consdered in this study. Although fixed conditions have no
redity, they il represent the cases that maximum stiffness
vaue are gpplied and therefore can contribute to undergtanding
of thelow temperature effect on seismic performance. Theinput
ground motions, temperature schemes and  corresponding
performance of bearings are summaized in Table2 and
Table3. It should be naticed, for the low temperature condition
cases, only initid vauesareligedinthisTable.

3. NUMERICAL MODEL OF VIADUCT
3.1 Supergructureand subgtructure

The curved highway vieduct conddered in the andyssisa
three-span-continuous bridge having an overdl length of 120.0
m with equa spans of 40.0 m and supported on four sted piers
of 20.0 m height, as shown in Fig.2. The bridge dignmert is
horizontaly curved in acircular arc and the radius of curvature
is100m. And thetotal weght of supergtructure is 8.82MIN. The
bridge is equipped with base isdation bearings on the top of
esch pier toimprove seigmic performance.
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Tablel Timesample pointslist

Time(® Tempeaure(’C) Siffnessratio(y))  Yiddforceratio(y,)
0 -30.00 138 162
10 -24.67 129 147
20 -19.35 123 137
30 -14.02 118 130
40 -8.69 114 123
50 -3.37 111 118
60 196 108 114

Table2 Andytica ceses
Case Earthquak_e Temperature
ground mation
1 Tokachi +20°C, fixed
2 Tokachi -30°C, increasing
3 Tokachi -30°C, fixed
4 Tokachi - triple +20°C, fixed
5 Tokachi - triple -30°C, increasing
6 Tokachi - triple -30°C, fixed
7 Kobe +20°C, fixed
8 Kobe -30°C, increasing
9 Kobe -30°C, fixed
Table3Bearingspropeties  (K(MN/m) F(MN))
Case K1 K> Ks Fi F2
a7 2662 0380 0984 00% 0191
2/5/8 3674 0524 1358 0155 0309
36/9 3674 0524 1358 0155 0309
Force A Ks

Fy

......... <
Ki .

Fig.2 Andytica modd of viaduct

Thehighway viaduct is supported by four thinwaled sted
hollow box section piers, having the same height of 200 m.
Characterization of the norHinear pier structurd is based on the
fiber flexurd dement modding. The yidd stress is 235.4MPa,
the modulus of dadticity is 200GPa and the strain hardening in
pladic areaisequd to 0.01.
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3.2 Earthquake ground mations

To as=ss the seismic performance of the viaduct in this
study, the nonlineer bridge modd is subjected to the
longitudind, transverse and verticd components of a strong
ground moation records from 2003 Tokachi-Oki Earthquake, in
which a 60 seconds cut is adopted, being conddered as a proper
record for this study. Since the sdgmic intendty of this
earthquake is only Levd 6, which may not cause enough
damage to evaduate the seigmic peformance of baseisolated
bridge, earthquake ground mations of triple amplification cases
ared caculated.
3.3Non-linear dynamic analysis

The andysis on the highway viaduct modd is conducted
usng an numerica method based on the desto-pladtic finite
displacement dynamic andyss. The tangent stiffness matrix,
conddering both geometric and materid nonlinearities, is
adopted in this study, with the cross sedtiond properties of the
nonlinear elements prescribed by using fiber dements. The
dressgran reaionship of the beamrcoumn dement is
modded as a hilinear type The implicit time integration
Newmark scheme is formulated and used to directly cdculate
the responses, while the Newton-Rgphson iteration method is
used to achieve the accepteble accuracy in the response
cdculaions The damping of the structure is supposed as a
Rayleigh’ stype, assuming adamping coefficient of thefirg two
natural modesas 2%.
4. NUMERICAL RESULTS
4.1 Shear force-displacement response at bearing

The calculation results of shear force-displacement
relationship at bearing are shown in Fig.3. As expected,
both the deformation of the bearings and the area of the
hysteresis |oops decrease under low temperature. One of
the most effective ways to provide a substantia level of
additional damping is through hysteretic energy
dissipation. Therefore, the reduction of area of the
hysteresis loops results in the deterioration of base
isolation function. On the other hand, with the
flexibility decreases and natura period shortens, the
response force increases as shown in the same figure.

Triple amplification cases (case 4, 5, 6) that
undergo 60 seconds vibration show similar results as
Kobe earthquake cases (case 7, 8, 9) whose duration is
only 20 seconds. While short duration and less heat
production show low temperature effect more in Kobe
earthquake cases, this effect is also shown clearly in
long duration earthquake cases.
4.2 Bending moment-curvature response at pier base

Fig4 shows the bending moment-curvature
response at the base of piers, which is considered to be a
good indicator to decide the earthquake damage level. It
is clearly shown that a proper LRB bearing system can
effectively reduce inertial forces acting on bridge piers.
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(P3X-Direction)
The base isolation function should not only ensure the
period shift that can protect superstructure but also
reduce the inertia force to keep the substructure remain
in the elastic range as much as possible. However, in
this study, the yield moment of the pier is 84.8MN,and
therefor inelastic deformation occurred in all cases. It
can be acceptable that, in certain cases, the substructure
has a post elastic behavior. The comparison of ending
moment and curvature response can still make clear the
damage conditions for different cases. It definitely
shows us that the bridge system withstands more
earthquake damage under low temperature. Base
isolation function is conspicuousdy weakened with
stiffness increasing, therefore results in a higher damage
level. And more shear force response (being carried out
in Section 4.1), leads to more bending moment at the
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base of piers, which is also shown in thisfigure.

In this section, low temperature effect still makes
sense in long duration earthquake cases as well as in
short duration earthquake cases. Furthermore, the triple
amplification cases show large responses similar to
Kobe earthquake cases and the amount of energy
dissipation  dgnificantly  decreases under low
temperature. Therefore, when a bridge confronts
extreme strong earthquakes, the deterioration of energy
dissipation function of base isolation system due to low
temperature, may cause serious problem.

4.3 Energy-time history

The energy dissipation performance of the bearing
systems is summarized by comparing the energy-time
histories, as shown in Fig.5. While a bridge system is
base isolated, the total earthquake energy is increased
due to the large seismic energy dissipation at the
isolators, i.e., most of the energy is dissipated by the
isolators instead of by the structural members, thus
resulting in considerable reduction of seismic damage.
With the stiffness increasing and base isolation function
weakening under low temperature, the energy response
tends to be closer to fix support cases, and strain energy
that represents the energy dissipation mechanism by
hysteresis loops at bearing significantly decreases. Thus,
the inelastic behavior at piers absorbs earthquake energy
in these cases, and consequently resulting in the
structural damage.

5. CONCLUSIONS

Inthis study, a dynamic bearing property definition method
is introduced in a nonlinear 3-dimendond seigmic regponse
andysis of ahighway viaduct with proper baseisolation sysem.
Numericd results under changesble temperature are carried ot
Sagmic regponses are examined and compared to investigate
the influence of bearing conditions on the overdl behavior of
the bridge, in which low temperaure effect is focused on
paticulaly. In order to examine hest production during
earthquake thoroughly, both short duration earthquake and long
duration earthquake ground mations are adopted and evauated.
And thecondugonsaredrawn asfollows
(1) In previous studies, whether low temperature effect should
be conddered in sdigmic regponse andyds was doubted,
because during an earthquake evertt, the base isolation devices
absorb earthquake energy and release it as heat. By intuition,
such a grest themd behavior will rase the initid low
temperature condition to room temperature level immediatdy.
In this study, by adopting dynamic bearing property definition
method and examining the numerica results, the necessity of
consdering low temperature effect, not only in a short-duration
earthquake, but dso in a long-duration earthquake, has been
dearly indicated. More accurate seismic design considering low
temperature effect should betakeninto account in cold regions.

BT
T
4000 --- total |
strain|
3000+ --- damping
2000+ B
1000 B
eer—TTKC 4tri-TKC 7 KOBE
T T T T T T T
4000- 1
‘E3000- 1
B
<
<2000+ 1
>
g
2 1000+ :
2 TRCT 5 ti-TKC-g , 8KOBE-d
T T T T T T
4000- 14 +
3000- 14 L
20001 + L
1000 14 L
e 3TKCH e, BtA-TKCf| 7. 9 KOBE- |
0 20 40 60 20 40 60 10 20

time (s)

Fig5 Energy-timehistory

(2) Under low temperature, base isolation devices that are
mainly made from rubber are hardened because of the materid
characterigics. A harder state of base isoldion device, which
meanstheloss of flexibility, hasless baseisolation function than
its origind state. By comparison with fixed room temperature
and fixed low temperature casss, it isfound that the changegble
low temperature cases with dynamic bearing property have
intermediate base isolation peformance. This is jug Smply
because the diffness vaues of changesble low temperature
cass are d o between those of other two conditions.

(3) Short duration strong earthqueke is more dangerous when

condgdering low temperaiure effect, because inadequate hest

conduction kegps base isolation devices cool and hard.

Although long time vibration rases the temperaure over

freezing vaue, low temperature effect dill hes a significant

influence on sdgmic response behavior of a bassisolaed
bridge
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