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Abstract

In order to better evaluate the performance of the base isolated structure under the near-fault earthquakes, this paper takes into
consideration an existing engineering case study in China as the prototype, and uses OpenSEES platform to establish the nonlinear
finite element model of the base isolated structure. The nonlinear response of the isolated structure under the near-fault earthquake is
analyzed. The incremental dynamic analysis (IDA) method is used to calculate the damage probability of the structure under the near-
fault earthquake, and the fragility curve of the base isolated structure is established. The fragility equation is obtained by nonlinear
regression, and the error of fragility equation is analyzed. The results show that the maximum value of the inter-story drift of the upper
structure under the action of near-fault earthquake is significantly greater than that under the action of far-fault earthquake. With
the increase of seismic intensity, the damage probability of base isolated structure increases nonlinearly, and the maximum response
value of horizontal displacement of bearing and inter-story drift of superstructure increases generally. In addition, the exceeding
probability of the fragility curve based on PSDA is greater than that based on EDP criterion. When the sample points of the two
methods are the same, the exceeding probability points calculated based on PSDA can be regarded as accurate values. The fragility
curve based on PSDA may overestimate the exceeding probability to some extent, and the overestimation may be enlarged with the
increase of failure stage.
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1 Introduction

In order to reduce the damage of engineering structure in
earthquake and reduce the loss caused by earthquake, the
energy dissipation configurations, vibration control and
base isolation are widely used in practical projects. Since
1970s, the base isolation system has been widely used
in building and bridge engineering [1, 2]. Scholars have
made many meaningful explorations and investigations on
the isolation system from different perspectives. By set-
ting isolation bearings on the top of the foundation, the
fundamental frequency of the building structure can be
effectively reduced, which makes the structural frequency
exceeding the frequency range of the earthquake exci-
tation, so as to reduce the input energy of the upper struc-
ture and achieve the effect of isolation [3—9]. Isolation
bearing can be classified into friction based bearing and

rubber bearing. According to the different damping of
rubber materials, rubber bearings can also be divided into
low damping, natural damping and high damping rubber
bearings. In order to improve the performance of rub-
ber bearings, additional members are often added to the
bearings. According to the various additional members of
bearing, it can be divided into lead rubber bearing, fiber
rubber bearing, memory alloy rubber bearing, etc. [10].
As the isolation effect of isolation structure is largely
dependent on the performance of bearings, scholars have
conducted a lot of research on rubber bearings through
experiments and numerical methods. The Institute of
Industrial Science (University of Tokyo) has carried out
a large number of static load tests on ordinary rubber bear-
ings, and studied the horizontal lateral stiffness, vertical
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stiffness, bearing capacity and other mechanical prop-
erties of rubber bearings [11]. Abe et al. [12] studied the
hysteretic performance and the coupling effect of horizon-
tal restoring force of laminated rubber bearing under mul-
tiaxial load by experiments. Jiang et al. [13] carried out the
mechanical properties test of the multi-lead rubber bearing
and compared with the numerical simulation. Cardone and
Gesualdi [14] took temperature as a variable, carried out
mechanical tests on rubber bearings, and studied the tem-
perature sensitivity of the hysteresis performance of rubber
bearings. Dezfuli and Alam [15] conducted the sensitivity
analysis of the fiber rubber bearing with the finite element
method, and proposed a multi-index optimization scheme
for the bearing design. Makoto et al. [16] first assumed
that the upper structure is linear elastic, then established
a typical frame structure finite element model with lami-
nated rubber bearings by using hexahedral solid element,
and explored the response of the bearings and frames by
dynamic time history analysis method. Ahmadipoor and
Alam [10] established the finite element model of lead rub-
ber bearing, and analyzed the sensitivity of the mechani-
cal properties (transverse stiffness, vertical stiffness and
equivalent viscous damping ratio) of the bearing to the
parameters by changing the radius of lead core, the num-
ber of rubber layers and other parameters.

At near-fault conditions, the forward directivity of earth-
quake ground motion often has a huge adverse effect on
the engineering structure. The near-fault earthquake ground
motion usually demonstrate long period and high ampli-
tude velocity pulse, while the isolation structure has rel-
atively large period, so the detriment of near-fault earth-
quake ground motion on the isolation structure is more
significant [17-19], especially the large displacement of the
isolation structure under the action of near-fault earthquake
ground motion [20]. Therefore, the influence of near-fault
earthquake ground motion should be considered in the prac-
tical application of isolated structure. Fang et al. [21] ana-
lyzed the correlation between the characteristic parameters
of impulsive and non-impulsive ground motions and the dis-
placement response of the structure, and found that impul-
sive ground motions can amplify the displacement response
of the inter-story drift and the displacement response of the
isolation layer of the structure, and the amplification effect
of the inter-story drift of the lower floor is more obvious.
Nagarajaiah and Xiaohong [22] discussed the dynamic
response of a USC base isolated structure under the
Northridge earthquake. Yang and Agrawal [23] studied the
performance of semi-active hybrid control system under the
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condition of near-fault earthquake. Jangid [24, 25] analyzed
the dynamic response of the isolation system of friction
pendulum bearing and lead rubber bearing under the condi-
tion of near-fault earthquake, and provided the optimization
scheme of the isolation system based on the top acceleration
and lateral displacement of the support. Providakis [26] has
studied the performance of LRB and FPS bearing isolation
structures with additional damping under near-fault seismic
action. Tajambolian et al. [27] explored the seismic fragil-
ity curve of asymmetric TCFP isolated structure under the
condition of near-fault earthquake. Mazza et al. [28, 29]
conducted a series of studies on the base isolated structure
from different perspectives under the condition of near-
fault earthquake, including the structural irregularity and
the influence of infilled wall.

It can be seen from the previous research that the study
on the whole isolation system focuses on the influence of
one or more factors on the whole system. The research of
isolation bearing mainly focuses on its mechanical prop-
erties through experiments or numerical methods, while
the research on seismic fragility model of isolation system
is relatively less. The seismic fragility curve expresses
the relationship between the earthquake intensity and the
failure probability of the structure, which is often used
to evaluate the performance of the structure in the earth-
quake [30]. Since the Northridge earthquake in 1994 and
Kobe earthquake in 1995, the empirical seismic fragil-
ity model has been established by using the seismic sur-
vey data [31], which has been widely used in the seismic
risk analysis of engineering structures [32]. Therefore,
based on the previous research results, this paper selects
the most widely used lead rubber bearing as the isolation
device, taking the office building of a multi-story rein-
forced concrete frame isolation structure as the prototype,
and studying the seismic fragility of the base isolated
structure under the action of near-fault earthquake.

2 Theory of earthquake action solution of isolated
structure

The establishment and solution of the dynamic equa-
tion have an important relationship with the calculation
of the dynamic response of the structure under the action
of earthquake. Therefore, the establishment and solution
of the dynamic equation in this paper are described first.
When the earthquake occurs, the basement movement
causes the structural response. The total displacement (or
absolute displacement) of the structure includes the dis-
placement of the ground and mass relative to the base.
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Taking the single degree of freedom system as an exam-
ple, its absolute displacement can be determined by the

Eq. (1):
U'=U+U,, (1)

where, U, is the total displacement (or absolute displace-
ment) of the system. U is the relative displacement, and U,
is the base displacement of the system.

In Eq. (1), the ground displacement only causes the
rigid body displacement of the structure, but not the elas-
tic force and damping force of the structure. The damp-
ing force and elastic force of the system all come from
the structural deformation, that is, the dynamic equation
of the single degree of freedom system affected by the
ground motion can be written as Eq. (2):

m(U +U,)+cU+kU =0, ()

where, m, ¢ and k are the mass, damping and stiffness of the
system. U, U and U are the relative acceleration, relative
velocity and relative displacement. U, , is the acceleration of
the system base. Eq. (2) can be further rewritten as Eq. (3):

mU +cU +kU =-mU, =P, 3)

where P, .. is the effective seismic force.

In the.[e/:stablishment of the dynamic equation, the accel-
eration record of the ground motion is selected as the exci-
tation, which is converted into the equivalent inertial force
applied to the structure according to Eq. (3), that is, the
effective seismic force, and the non-uniform excitation is
not considered. The model of base isolated structure in
this paper belongs to multi degree of freedom system, and

its dynamic equation can be written as Eq. (4):
[M[U1+[CIU1+[KIU1= [P, ] )

where, [M], [C] and [K] are the mass matrix, damping
matrix and stiffness matrix of the structure system. [{], [U]
and [U] are the acceleration vector, velocity vector and dis-
placement vector. [P,] is the effective seismic force vector.

Considering the nonlinear factors of Eq. (4), this paper
uses the direct integration numerical method to solve the
partial differential equation. The reaction of the system is
separated in time. It is not strictly required that the system
meet the dynamic Eq. (4) at all times, but only at a specific
point in time. In Fig. 1, the dynamic equations at i and
i + 1 are as follows Eq. (5):

[M][U],+[CI[UY, +[K][U], =[P,], 6
[MI[U],,, +[CNU],, +[K[U]., =[P,].,

i+l i+l

i+l t

Fig. 1 Discrete diagram of system response

In Eq. (5), it is assumed that the velocity of the system
attime 7 + 1 depends on the acceleration change from time
itotime i + 1, while the displacement at time i + 1 depends
on the velocity change from time i to time i + 1, as shown
in Eq. (6):

U. =U, +I:'Hlj(r)d7:
o , (©6)
U, =U,+["Ux)de

where, U(z) is the change of acceleration in time i and
i + 1. U(v) is the change of speed in time ¢ and time i + 1.
In this paper, the average acceleration hypothesis is
adopted, that is, the acceleration is constant in the time
interval between time i and time i + 1, the velocity changes
linearly, and the displacement changes as a quadratic
parabola [33]. Then Eq. (6) can be rewritten as Eq. (7) :

Ui+] = Ui +£(U:‘+1 +Ui)
2
(A1 - . @)
u,., +U)

i+l i

U, =U+UAt+

where At is the time interval between time i and time i + 1.

In Eq. (7), although the average acceleration method
is unconditionally stable, this paper adopts the equal step
method, and the time interval is taken as 0.02 s. Through
the second equation in Eq. (7) and Eq. (5), the system reac-
tion can be solved step by step.

3 Dynamic characteristics of base isolated structure

In this paper, the office building of a base isolated struc-
ture in China is taken as the research object. Its structural
form is a typical multi-story reinforced concrete frame
structure, as shown in Fig. 2. The upper frame struc-
ture has six floors. The first floor is 4.20 m high, the sec-
ond floor to the fifth floor is 3.60 m high, the sixth floor
is 3.00 m high, the total height is 21.60 m, the length is
58.50 m, and the width is 17.10 m. Its plane layout is shown
in Fig. 3(a). The safety grade of the building structure is
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Fig. 2 Six story base isolated structure

grade 11, the design service life is 50 years, and the seis-
mic fortification intensity is grade 8. The design is based
on the Chinese code.

The nonlinear finite element model of base isolated
structure is established by using OpenSEES platform
(v2.4.5). The fiber beam column element based on the flex-
ibility method is used to simulate the nonlinear behavior
of the frame structure, and the constitutive relationship of
the confined concrete is based on the Mander-Confirmed
model [34] (Table 1), and the steel is based on the Giufre-
Menegotto-Pinto model [35]. The damping ratio of super-
structure is 0.05. The fiber beam column element model is
divided into several sections through the integration points
along the longitudinal direction of the element. The section
where each integration point is located is divided into sev-
eral fiber bundles along the vertical and horizontal direction
of the section (Fig. 3(b)). Each fiber bundle can be defined
as different materials. According to the uniaxial stress-
strain relationship of the fiber bundle on the section, the
force deformation relationship of the section is obtained by
integrating the fiber bundle along the axis of the element.
The fiber beam column element should satisfy the following
assumptions: a) Plane section assumption. b) There was no
relative slip between the fiber bundles. c) Torsion is linear
elastic and uncoupled with axial force and bending moment.
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The isolation story of the structure is located below the
bottom column. Thirty one natural rubber bearings are
used for the isolation story, and the lateral stiffness of the
bearing is 1.18 kN/mm [1], as shown in Fig. 3(c). The finite
element model ignores the height of the isolation bearing
and uses zero length element to simulate the mechanical
properties of the bearing (Table 2).

[ All dimensions in
the drawing
are in mm

Steel .
Section where

‘ - integral poimnt
| 1s located

Confined
concrete

Unconfined

concrete

(b)

700mm S

220mm

Sketch of bearing

Physical drawing of isolation bearing

©
Fig. 3 Plane of isolation story and bearings (mm), (a) Plane of isolation
story, (b) Fiber beam element, (c) Bearings

Table 1 Concrete material parameters

Elastic modulus ~ Maximum compressive

Maximum

Ultimate stress Maximum tensile

Ultimate strain

(MPa) stress (MPa) compress-ive strain (MPa) stress (MPa)
Unconfined 3.25 x 10° -40.00 -0.0020 795 -0.0090 3.92
concrete
Confined 3.25 % 10* -44.15~-48.38 -0.0036~-0.0041  22.08~-24.19  -0.0135~-0.0275 3.92
concrete
Table 2 Parameters of isolation bearing by manufacturer

Diameter Vertical stiffness Yield strength Horizontal stiffness Horizontal stiffness ~ Equivalent horizontal Equivalent damping

(kN/mm) (kN) before yield (kN/m) after yield (kN/m) stiffness (kN/m) ratio
#700 3030 123.1 11800 1180 1988 0.275
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3.1 Inherent dynamic characteristics of structure
The isolation bearing has a small horizontal lateral stiff-
ness, which makes the horizontal displacement of the first
mode of the structure mainly concentrated in the isolation
story, while the deformation of the upper structure is rel-
atively small, in where achieving the effect of isolation.
In addition, the period of the isolated structure is often
larger and the frequency is smaller compared with the
non-isolated frame structure (fixed base structure), which
exceeds the excitation frequency of the non near-fault
earthquake action and reduces the response of the struc-
ture. Fig. 4 shows the 12" natural frequency of vibration
of isolated and non-isolated structures. It can be seen from
Fig. 4 that, compared with the non-isolated frame struc-
ture, the periods of each stage of the isolated structure are
significantly prolonged and the frequency is significantly
reduced, among which the first three stages are increased
by 117.90 %, 110.00 % and 127.81 %, respectively.

3.2 Dynamic response

In order to explore the dynamic response characteristics
of base isolated structure under the action of earthquake,
and compare the distinction between the dynamic response
under the action of far-fault earthquake and near-fault
earthquake. Three records of natural far-fault acceleration
and three records of near-fault acceleration are selected,
and the amplitude modulated records are used as the exci-
tation. The nonlinear dynamic time history analysis of the
finite element model of non-isolated structure and base iso-
lated structure is carried out by using the above method.
At present, scholars have not reached a unified understand-
ing of the fault distance of the near-fault condition. Taking
the distance of 60 km from the fault as the boundary [36],
they distinguish the near-fault seismic wave and the far-
fault seismic wave [21]. The three records of far-fault earth-
quake acceleration are Trinidad, Eagle Lake and Sparks.

5.5
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Fig. 4 Frequencies of structures

The distance from the corresponding observation stations
to the fault is 76.26 km, 118.07 km and 60.07 km respec-
tively. The three records of far-fault vibration are non-pulse
type. The three near-fault seismic records are Imperial
Valley, Northridge and Iwate, respectively. The distances
from the corresponding observation stations to the faults
are 17.94 km, 8.66 km and 16.96 km, respectively. In order
to unify the PGA recorded by the six acceleration records,
the amplitude of PGA is adjusted to 400 cm/s” according to
the 8-degree rare earthquake in the Chinese seismic code.

The specific amplitude modulation coefficient is shown
in Table 3 and Fig. 5 shows the elastic acceleration response
spectra of near-fault and far-fault earthquake records with
damping ratio of 5 %. It can be seen that the discreteness
of response spectrum reflects the accidental uncertainty of
ground motion.

Tables 4 and 5 display the peak values of each response
of the top node of the structure under the far-fault and
near-fault seismic actions, as well as the peak values of the

Table 3 Factor of acceleration amplitude modulation

far-fault near-fault
Waves . Eagle Imperial .
Trinidad Lake Sparks Valley Northridge Iwate
Factor 2.89 11.66  2.36 1.83 0.69 1.59
2.0 :
1.81; — Trinidad
161 —eme Sparks
14 ! - Eagle Lake
P k]
%) K
Z1213
1o
5038 ;
Sosil
3 4 5 6
Period (s)
@
----- Imperial Valley
lwate
3 4 5 6
Period (s)
(b)

Fig. 5 Acceleration response spectra, (a) Far-fault earthquake records,
(b) Near-fault earthquake records



response of the isolated and non-isolated structures (fixed
base structure). It can be seen that the maximum accelera-
tion of the top node of the base isolated structure is signifi-
cantly reduced compared with the non-isolated structure
under the condition of far-fault or near-fault earthquake.
Under three far-fault seismic actions of Trinidad, Eagle
Lake and Sparks, the maximum acceleration of the top
node decreases by 49.12 %, 9.99 % and 33.53 %, respec-
tively. The maximum acceleration of the top node
decreased by 36.84 %, 26.36 % and 46.20 % respectively
under the three near-fault seismic actions of Imperial
Valley, Northridge and Iwate. Due to the large horizon-
tal displacement of the isolation story, the response of
the whole superstructure to horizontal displacement will
be increased. Under the action of Trinidad, Eagle Lake
and Sparks, the maximum displacement of the top node
increases by 54.28 %, 390.00 % and 219.51 % respectively.
Under the three near-fault seismic actions of Imperial
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Valley, Northridge and Iwate, the maximum displace-
ments of the top node increased by 246.37 %, 198.53 %
and 116.78 %, respectively.

Fig. 6 shows the change of the maximum story drift of
each story under six seismic excitations. It can be seen
from Fig. 6 that in the selected ground motion records, no
matter the near-fault earthquake excitation or the far-fault
earthquake excitation, the displacement angle response
of the first story of the structure significantly decreases,
and the maximum value of the story drift response of
each story correspondingly decreases. Under three far-
fault seismic actions of Trinidad, Eagle Lake and Sparks,
the maximum value of story drift decreased by 73.47 %,
42.86 % and 44.65 %, respectively. The maximum values
of story drift between the lower stories under the action
of three near-fault earthquake waves, Imperial Valley,
Northridge and Iwate, decreased by 64.67 %, 69.66 % and
70.90 %, respectively.

Table 4 Maximum response of structure under far-fault earthquake

Earthquake wave

Fixed base structure

Isolated structure

Change rate

Trinidad 9702.90 4936.90 -49.12 %

Acceleration (mm/s’) Eagle Lake 4943.00 4448.99 -9.99 %
Sparks 6416.62 4265.28 -33.53 %

Trinidad 592.27 389.36 -34.26 %

Velocity (mm/s) Eagle Lake 106.78 140.19 31.29 %
Sparks 299.35 413.51 38.14 %

Trinidad 37.80 58.32 54.28 %
Displacement (mm) Eagle Lake 4.50 22.05 390.00 %
Sparks 25.12 80.26 219.51 %

Trinidad 2.45 0.65 -73.47 %

Story drift (10 ) Eagle Lake 0.42 0.24 -42.86 %
Sparks 1.59 0.88 -44.65 %

Table 5 Maximum response of structure under near-fault earthquake

Earthquake wave

Fixed base structure

Isolated structure

Change rate

Imperial Valley 8230.27 5198.30 -36.84 %

Acceleration (mm/s’) Northridge 8612.40 6342.40 -26.36 %
Iwate 8508.99 4571.37 -46.20 %

Imperial Valley 511.64 682.24 33.34%

Velocity (mm/s) Northridge 672.20 950.31 41.37 %
Iwate 688.21 615.16 -10.61 %

Imperial Valley 50.01 173.22 246.37 %

Displacement (mm) Northridge 60.04 179.24 198.53 %
Iwate 55.20 119.66 116.78 %

Imperial Valley 3.34 1.18 -64.67 %

Story drift (10 ) Northridge 4.12 1.25 -69.66 %
Iwate 3.78 1.10 -70.90 %
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Fig. 6 Maximum story drift of each story under seismic action,
(a) Trinidad, (b) Imperial Valley, (c) Eagle Lake, (d) Northridge,
(e) Sparks, (f) Iwate

The deformation of the isolation structure is effectively
controlled under the excitation of near-fault and far-fault
earthquake, and the story drift is significantly reduced.
However, the maximum value of the story drift of the
base isolated structure in the near-fault condition is obvi-
ously larger than that in the far-fault condition. This kind
of change is noteworthy. When the base isolated struc-
ture encounters ground motion with greater intensity than
the fortification, the story drift between the lower stories
may become larger under the near-fault condition, which
is extremely unfavorable. Therefore, in the research and
application of base isolated structure, it is significant to
consider the near-fault earthquake action. In addition, in
some previous studies on isolated structures, it may not be
accurate to assume that the superstructure is linear elas-
tic under near-fault conditions. Therefore, under the influ-
ence of near-fault conditions, it is necessary to consider
the nonlinearity of superstructure.

The lateral stiffness of the isolation story is smaller com-
pared with the superstructure. Under the action of near-
fault earthquake, there may be large lateral displacement
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Fig. 7 Hysteretic curve of rubber bearing under earthquake, (a)
Trinidad, (b)Imperial Valley, (c) Eagle Lake, (d) Northridge, (e)Sparks,
(f) Iwate

and large shear deformation of rubber bearing, which
may lead to damage or even damage of the bearing. Fig. 7
demonstrates the force-displacement hysteretic curves
of the rubber bearings under the selected 6 earthquake
motions. It can be seen from Fig. 7(a), (b) and (c) that under
the three far-fault seismic actions of Trinidad, Eagle Lake
and Sparks, the relationship between the force-displace-
ment of the isolation bearing is basically linear, and the
bearing is basically in an elastic state. However, under
the three near-fault seismic actions of Imperial Valley,
Northridge and Iwate with the same amplitude modulation
of PGA, the bearing has large lateral displacement, and
the bearing no longer maintains the elastic stage but enters
into the plastic stage. It can be seen in Fig. 7(d), (e) and (f)
that the force-displacement curve of rubber isolation bear-
ing is no longer linear, and there is obvious hysteresis.
Even if enough gap can be reserved between the isola-
tion story and the adjacent structure through design and
analysis to avoid the collision under the earthquake action,
the damage of rubber isolation bearing itself cannot be
eliminated and reduced. The damage of isolation bearing



cannot be ignored. Therefore, in order to better evaluate
the performance of base isolated structure under near-fault
earthquake, it is necessary to fully study the bearing dam-
age and failure.

4 Seismic fragility analysis
The earthquake is unpredictable. In order to evaluate the
earthquake risk that engineering structure may suffer
damage in the earthquake, and guide the seismic design
and the damage assessment of the structure after the earth-
quake, it is necessary to establish the corresponding prob-
ability model. In the seismic risk analysis of structures,
it is very important to establish fragility model. There are
50 natural near-fault earthquake records were selected
and amplitude modulated, and the ground motion records
obtained after amplitude modulation were used as exci-
tation to carry out nonlinear dynamic time-history anal-
ysis of base isolated structures. Table 6 shows the main
information of the selected near-fault earthquake records.
In this paper, 0.1 g is used as the interval for ampli-
tude modulation of the selected acceleration records.
The recorded peak values of each ground motion acceler-
ationare 0.1 g,0.2g,03¢g,04¢,05¢g,06g,07¢g,08¢g,
0.9 g and 1.0 g, respectively. A total of 500 ground motion
samples are obtained. Fig. 8(a) and (b) respectively display
the IDA curve of the maximum displacement of the rub-
ber bearing and the IDA curve of the maximum story drift
of the superstructure under the actions of various earth-
quake waves. With the increase of the peak acceleration
recorded by the ground motion, the maximum response
values of the displacement and the story drift of the rub-
ber isolation bearing are on the rise. But the variation of
ground motion has a great influence on the performance
of rubber bearings and superstructure. When the PGA is
less than 0.2 g, the dispersion of the maximum response
values of the horizontal lateral displacement of the rubber
bearing and the story drift of the superstructure under dif-
ferent ground motion records is relatively small, and the
dynamic response of the system at this stage is relatively
insensitive to the variation of the spectrum characteris-
tics of the ground motion records. With the increase of
ground motion intensity, the discreteness of horizontal lat-
eral displacement of isolation bearing and the maximum
response of story drift of superstructure shows an overall
growth trend, and the sensitivity of dynamic response of
the system to the spectral characteristics of ground motion
recording increases. Fig. 9(a) and (b) respectively show
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the standard deviation of the maximum bearing displace-
ment and the story drift under the corresponding seismic
intensity. When the PGA is small, the lateral displacement
of the bearing and the increase of the story drift between
the stories of the superstructure are basically linear with
PGA, and the system is basically in linear elasticity. When
the local vibration intensity increases to a certain value,
the superstructure and support will enter into a non-linear
state under most of the earthquake excitation.

In order to better evaluate the performance of base iso-
lated structure in earthquake action, this paper uses the
results of incremental dynamic analysis (IDA) to establish
the fragility curve of base isolated structure by two meth-
ods: one is based on Probabilistic Seismic Demand Analysis
(PSDA). The other is to use the Engineering Demand
Parameter (EDP) as the probability calculation parameter
to calculate the probability that the structure or component
reaches or exceeds a certain limit state under the specific
seismic intensity, so as to establish the fragility curve.
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Table 6 Near-fault earthquake records
No. Earthquake Record Station PGA (g) PGV (cm/s) Mw EpiD (km)
1 Managua, Nicaragua-01 Managua, ESSO 0.35 28.41 6.24 5.68
2 Managua, Nicaragua-02 Managua, ESSO 0.23 22.00 5.20 5.68
3 Imperial Valley-06 Agrarias 0.24 38.37 6.53 2.62
4 Imperial Valley-06 Bonds Corner 0.69 49.56 6.53 6.19
5 Imperial Valley-06 Calexico Fire Station 0.24 21.31 6.53 17.66
6 Imperial Valley-06 El Centro Array #11 0.37 40.77 6.53 29.53
7 Imperial Valley-06 El Centro Array #12 0.14 22.27 6.53 31.99
8 Northridge-01 Arleta-Nordhoff Fire Sta 0.33 29.29 6.69 11.10
9 Northridge-01 Beverly Hills-12520 Mulhol 0.54 30.38 6.69 16.27
10 Northridge-01 Beverly Hills-14145 Mulhol 0.44 59.81 6.69 13.39
11 Northridge-01 Big Tujunga, Angeles Nat F 0.21 10.91 6.69 31.55
12 Northridge-01 Burban-Howard Rd 0.14 9.27 6.69 23.18
13 Northridge-01 Canoga Park-Topanga Can 0.36 48.58 6.69 4.85
14 Northridge-01 Canyon Country-W Lost Cany 0.40 45.16 6.69 26.49
15 Northridge-01 Jensen Filter Plant Generator Building 0.76 68.37 6.69 13.00
16 Northridge-01 LA-Sepulveda VA Hospital 0.75 72.48 6.69 8.48
17 Northridge-01 LA 00 0.34 27.64 6.69 14.41
18 Northridge-01 LA Dam 0.35 67.13 6.69 11.79
19 Northridge-01 La Crescenta-New York 0.18 12.17 6.69 27.83
20 Northridge-01 N Hollywood-Coldwater Can 0.27 24.17 6.69 13.12
21 Northridge-01 Newhall-Fire Sta 0.65 86.67 6.69 20.27
22 Kobe, Japan Nishi-Akashi 0.47 39.49 6.90 8.70
23 Kobe, Japan Takarazuka 0.65 72.74 6.90 38.60
24 Kocaeli, Turkey Arcelik 0.17 31.14 7.51 53.68
25 Kocaeli, Turkey Gebze 0.19 40.77 7.51 47.03
26 Kocaeli, Turkey Izmit 0.19 33.04 7.51 5.31
27 Chi-Chi, Taiwan CHY006 0.36 55.82 7.62 40.47
28 Chi-Chi, Taiwan CHY010 0.20 18.50 7.62 51.22
29 Chi-Chi, Taiwan CHYO028 0.77 69.07 7.62 32.67
30 Chi-Chi, Taiwan CHY029 0.27 36.09 7.62 39.70
31 Chi-Chi, Taiwan CHYO034 0.30 42.13 7.62 46.13
32 Chi-Chi, Taiwan CHY035 0.26 38.23 7.62 43.90
33 Chi-Chi, Taiwan CHYO036 0.25 43.74 7.62 44.02
34 Chi-Chi, Taiwan CHY041 0.50 30.51 7.62 SL.15
35 Chi-Chi, Taiwan CHY080 0.83 96.29 7.62 31.65
36 Duzce, Turkey Bolu 0.78 62.90 7.14 41.27
37 Duzce, Turkey Duzce 0.43 78.70 7.14 1.61
38 Iwate AKT023 0.39 20.52 6.90 19.22
39 Iwate AKTHO04 1.77 63.73 6.90 21.26
40 Iwate IWTO010 0.27 24.87 6.90 23.17
41 Iwate IWTOI11 0.19 17.92 6.90 27.09
42 Iwate IWTH24 0.47 33.11 6.90 22.14
43 Iwate IWTH25 1.35 64.88 6.90 2.52
44 Iwate IWTH26 1.03 50.68 6.90 12.88
45 Iwate MYGO005 0.44 59.06 6.90 32.09
46 Iwate MYGHO02 0.25 17.36 6.90 27.14
47 Iwate Kitakami Yanagiharach 0.20 8.90 6.90 35.62
48 Iwate Mizusawaku Interior O Ganecho 0.31 26.57 6.90 25.34
49 Iwate Kurihara City 0.59 48.58 6.90 24.77
50 Duzce, Turkey IRIGM 496 1.00 40.04 7.14 24.31
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Fig. 9 Trend of standard deviation, (a) Rubber isolation bearing,
(b Story drift

In reference [37], the limit state of the isolated struc-
ture is divided into four grades, and the macroscopic
description of the corresponding grade and the recom-
mended limit value of the story drift are given (as shown
in Table 7). In this paper, the limit value in Table 7 is used
as one of the indicators for the establishment of fragil-
ity model. When the quantitative index is less than LSI,
the structure is basically intact. When LS1 is exceeded,
the structure is slightly damaged. When LS2 is exceeded,
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the structure will be damaged moderately. When LS3 is
exceeded, the structure is seriously damaged. When LS4
is exceeded, the structure collapses.

Because of the importance of isolation bearing in the
whole system, the shear deformation of isolation bearing
is another index of fragility model. The limit states (DSI,
DS2, DS3, DS4) of four isolation bearings are defined to
correspond to 100 %, 150 %, 200 % and 250 % of shear
deformation of bearings respectively. In the establishment
of structural fragility model, the commonly used seismic
intensity index mainly includes spectrum index and peak
index. In this paper, the peak recorded acceleration (PGA)
of the peak index is used as the strength index.

4.1 Fragility model based on PSDA

The fragility curve usually reflects the relationship between
the seismic intensity parameters and the structural perfor-
mance evaluation parameters, and the expression can be
written as Eq. (8):

Fragility = P(LS|IM) , ®)

where, LS is a specific limit state or damage state of the
structure or component. /M is a specific ground motion
intensity. The probability expression of structural seismic
fragility can be rewritten as Eq. (9):

P(LS, | IM = im) = P(DM > dm, | IM = im) ©9)

where, LS, is a specific limit state. im is a specific ground
motion intensity. dm, is the limit value corresponding to the
damage index. Assuming that the ground motion intensity
index /M and the structural damage index DM obey the log-
normal distribution, Eq. (9) can be expressed as Eq. (10):

P(DM > dm, | IM =im)=1-P(DM < dm, | IM = im)

In(dm;) - )

(10)

=1-0[ I8

O o DM|IM =im)

where, u, (DM|IM = im) and o, (DM|IM = im) are mean
value and standard deviation respectively. ®[x] is standard
normal cumulative distribution function.

Table 7 Quantitative index of story drift in limit state of isolated structure

Structural state Operational Immediate occupancy Life safety Collapse prevention
. ) LS1 LS2 LS3 Ls4
Quantitative index limit
1/550 1/250 1/100 1/60

The superstructure and

the isolation device are

undamaged and do not
need to be repaired

Macroscopical description

The superstructure is
slightly damaged, and
the isolation device is not
damaged

Medium or more severe
damage of superstructure
and more severe damage of
isolation bearing

Slight or moderate damage
to superstructure and slight
damage to isolation bearing
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The relationship between ground motion intensity /M and
structural response DM is power exponential regression:

In(DM) = aln(IM)+b 11

where a and b are constants.

It can be seen from Eq. (11) that In(DM) and In(/M) sat-
isfy the linear relationship, then, substituting Eq. (11) into
Eq. (9), Eq. (12) can be obtained.

aln(IM)+b—In(dm,)

P(DM > dm, | IM = im) = @[ 1 (12

O n(DM|1M=im)

The standard deviation in Eq. (12) can be calculated by
Eq. (13):

2

1 N
O \pM|iM=im) — \/m Zi:l [In(DM) - :uln(DM\IM:im)] - (13

The nonlinear dynamic time-history analysis of the
structure is carried out by taking all the seismic record
samples as the excitation, and the maximum response and
the corresponding seismic intensity are taken as logarithm,
and the linear regression is carried out to get the Eq. (11).
Fig. 10 shows the probabilistic demand earthquake regres-
sion model of the rubber bearing deformation and the
upper structure inter-story drift, respectively. The corre-
sponding regression equations are given in Table 8.

4.2 Fragility model based on EDP criterion

The Engineering Demand Parameter (EDP) is used as the
probability calculation parameter to calculate the proba-
bility that the structure or component reaches or exceeds
a certain limit state under a given earthquake intensity.
That is to say, under the given earthquake intensity, the
probability that the seismic demand of structural or com-
ponent engineering demand parameter is greater than the
seismic capacity can be calculated, and the expression of
fragility probability can be written as Eq. (14):

P(EDP|IM) = P(EDP, > EDP. | IM = im), (14)

where, EDP, is the seismic demand of the structure or
component. EDP, is the seismic capacity of the structure
or component.

In Eq. (14), the seismic demand can be expressed by
the maximum response of the structure calculated by each
nonlinear dynamic time history analysis. In this paper, the
seismic capacity can be expressed by the damage index
limits of each limit state selected above. In order to quan-
titatively calculate the probability expression of Eq. (14),
it can be rewritten as Eq. (15):
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Fig. 10 Probability demand earthquake regression model,
(a) Displacement of rubber isolation bearing, (b) Story drift

Table 8 Probability demand earthquake regression equation

Index parameter Regression equation Standard deviation

Displacement of

rubber bearing In@) = 0.97In(/M) + 6.24 0.39

Story drift In(6) = 0.43In(IM) + 0.71 0.46
—ZA: f 15

P(EDP|IM) = I];ZO s (15)

where, N is the number of samples of natural earthquake
records selected, in this example, N is taken as 50. F, as the
limit state function of structure or component.

The above equation represents the state of the struc-
ture or component under the excitation of the i-th seismic
record when the seismic intensity is /M. When the seismic
demand EDP, is greater than the seismic capacity EDP,,
the value of F; is 1, otherwise 0, as shown in Eq. (16).



i

1, EDP, > EDP!
= . . (16)
0, EDP, < EDP!

Through Egs. (15) and (16), a structural fragility model
based on the criteria of engineering demand parameters
can be established.

4.3 Fragility analysis

Fig. 11(a) and (b) manifest the fragility curves of base iso-
lated structures based on Probability Seismic Demand
Analysis (PSDA) and Engineering Demand Parameter
(EDP) criteria, respectively. It can be seen that when the
performance of the base isolated structure under the near-
fault earthquake is considered comprehensively with the
story drift between stories as the index. Although the
near-fault earthquake will bring adverse effects to the iso-
lated structure, the whole performance of the base iso-
lated structure is excellent within the range of the studied
ground motion (PGA is within 0.1 g—1.0 g). All of them did
not exceed LS3 state, i.e. the maximum damage was only
moderate and no serious damage occurred.

From the fragility curve established by EDP criterion,
it can be seen that the story drift index only exceeds LS1
state, and the whole base isolated structure only suffers
slight damage. When PGA is less than 0.6 g, the proba-
bility of the maximum story drift exceeding LS1 state is
almost zero. When PGA is greater than 0.6 g, the proba-
bility of the maximum story drift exceeding LS1 increases
relatively significantly, but the probability is relatively
small. When PGA is equal to 1.0 g, the probability is less
than 20 %. According to the fragility curve established
based on PSDA, the whole base isolated structure may
have moderate damage, but the probability of occurrence
is small. When PGA reaches 1.0 g, the probability of the
maximum story drift exceeding LS2 is only 8.89 %. With
the increase of PGA, the probability of maximum story
drift exceeding LS1 increases obviously. When PGA is
close to 1.0 g, the probability of slight damage of base iso-
lated structure is close to 60 %.

If the story drift is taken as the index, it can be seen
that the base isolation structure performs well under the
earthquake action with PGA less than 1.0 g, and can be
used continuously through minor repair or no repair after
the earthquake action, which can adapt to the change trend
that the earthquake disaster is dominated by the death of
people to the economic loss. Since people no longer need
to spend a lot of money on demolition and reconstruction,
this effectively reduces the economic loss.
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Fig. 11 Fragility curve of superstructure (inter-story drift as index),
(a) LS1, (b) LS2

Although the deformation factor of the isolation bearing
can be considered in the limit value of the story drift index,
due to the lack of clear theory to establish the relationship
between the story drift of the lower story and the deforma-
tion of the isolation bearing under the earthquake action,
at present, the recommended limit value is often given by
experience and calculation examples, which has certain
limitations. In addition, as an important part of the iso-
lation structure, the performance of the isolation bearing
under the earthquake should be discussed in more detail.
Therefore, this paper also takes the shear deformation of
bearing ground as an index to establish the fragility curve.

Fig. 12(a)—(d) respectively show the fragility curves
of the base isolated structure under the four defined limit
states (DS1, DS2, DS3 and DS4) with the shear deforma-
tion of the isolation bearing as the index, which are based
on the Probabilistic Seismic Demand Analysis (PSDA)
and the Engineering Demand Parameter (EDP) criterion.
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It can be found that the shear deformation of the bearing
may even exceed the DS4 state under the near-fault earth-
quake action of 0.1 g—1.0 g variation of PGA. When the
PGA is 1.0 g, the probability of exceedance of the fragil-
ity curve established by EDP criterion reaches an amazing
90 %, and the probability of exceedance of the fragility
curve proposed by PSDA is close to 100 %. Therefore, the
damage of bearing cannot be ignored. When the PGA is
0.1 g-1.0 g, the probability of shear deformation exceed-
ing the corresponding state limit increases significantly
with the increase of seismic intensity. According to the
fragility curve established by EDP criterion, when PGA
increases from 0.1 g to 0.4 g, the probability of bear-
ing shear deformation exceeding DSI increases rapidly
from 16 % to 90 %. With the increase of limit value in
state limit, the growth trend is relatively slow. Until PGA
reaches 0.9 g, the probability of bearing shear deforma-
tion exceeding DS2 increases to 90 %, and the growth
trend of fragility curve corresponding to DS3 and DS4 is
more gentle. For the limit state with smaller limit value,
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it may be necessary to pay special attention to a specific
seismic intensity section in engineering practice, because
the exceedance probability in this specific section may
change significantly compared with other seismic inten-
sity sections. This change in sensitivity can also be seen in
the fragility curve established based on PSDA. Compared
with the fragility curve established by EDP criterion, the
curve based on PSDA has a greater probability of exceed-
ing each limit state under the same PGA.

It can be seen from Fig. 11 and Fig. 12 that even though
the same original sample points are used, there are some
differences in the fragility curve established by EDP crite-
ria and PSDA. The establishment of fragility curve based
on PSDA is to assume that the ground motion intensity (/M)
and damage index (DM) are lognormal distribution, and
the linear regression results of sample points obtained by
nonlinear time history analysis in logspace directly estab-
lish a continuous fragility function. The establishment of
fragility curve based on EDP criterion is to directly cal-
culate the ratio of the samples whose structural response



exceeds the limit value to the total number of samples
under the same ground motion intensity, as the exceed-
ing probability point under the current ground motion
intensity, and then develop the discrete points into fragil-
ity curve through interpolation or regression. The fragil-
ity curve established by PSDA largely depends on the dis-
tribution assumption between seismic strength (/M) and
damage index (DM), which is one of the reasons for the
difference between the two methods in this paper. In the
example of this manuscript the exceeding probability of
fragility curve based on PSDA is larger than that based on
EDP criterion to some extent. When the sample points of
the two methods are the same, the exceeding probability
points calculated based on PSDA can be regarded as accu-
rate values. The fragility curve based on PSDA may over-
estimate the exceeding probability to some extent, and the
overestimation may be enlarged with the increase of fail-
ure stage. It is safe to evaluate the performance of the base
isolation under the earthquake action.

5 Conclusions

Under the earthquake action, the base isolated structure can
effectively reduce the seismic energy input of the super-
structure. However, under the action of near-fault earth-
quake, the base isolated structure may be damaged due
to large displacement. Therefore, in order to evaluate the
performance of the base isolated structure under the near-
fault earthquake, this paper establishes a nonlinear finite
element model of the base isolated structure, and discusses
the dynamic characteristics and structural response of the
base isolated structure. The incremental dynamic method is
used to calculate the damage probability of the base isolated
structure in different seismic capacity stages. The fragility
curve is drawn and the fragility equation is obtained by non-
linear regression. The conclusion is as follows:

(I) Under the action of near-fault earthquake, the
hysteretic behavior of rubber bearing is closely related to
the characteristics of ground motion, and its displacement
is not positively related to the peak ground acceleration
(PGA). With the increase of ground motion intensity, the
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