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Abstract: In order to improve the computation efficiency and
simulation accuracy, a novel simplified simulation method for
friction pendulum bearing (FPB) is proposed. The behavior of
FPB was analyzed based on the stress characteristics of the
slider of FPB. Then, a novel simplified FPB model with a
single pendulum and a nonlinear spring was established. The
mechanical behavior of the simplified model was analyzed and
it conformed well to the basic requirements of FPB.
Furthermore, shaking table tests of a concrete slab block
structure isolated by four FPBs were carried out, followed by
finite element simulations of the test using the proposed
simplified model. Three waves and eleven loading scenarios
were selected in the test. The results show that the overall
trend of the relative displacement time-history curves, the
horizontal acceleration time-history curves and the vertical
acceleration time-history curves from the numerical simulation
match in a good manner with those obtained from the tests.
Specifically, it is found that the difference of the peak value
within these curves between the simulation and test results is
less than 15%, which means that the proposed simplified
model can be used to simulate the FPB behaviors under
dynamic loadings with acceptable accuracy for engineering
purposes.
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he design and simulation of isolation devices is one
T of the most important aspects for structure isolation
technologies. In general, there are three main types of
isolation bearings for earthquake engineering: spring type
isolation bearings, sliding isolation bearings and hybrid
isolation bearings. Among these bearings, the friction
pendulum bearing ( FPB) for hybrid isolation gains the
most attention. FPB, first developed by Zayas et al.'"
from the University of California, Berkeley, can be used
for both energy dissipation and resetting. Moreover, FPB

is gradually being used more in seismic design of building
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structures and bridges for its advantages such as a high
vertical bearing capacity, low maintenance cost and no
extra need for fire and aging prevention'” .

Since FPB was first proposed, researchers all over the
world have paid much attention to it and have done many
investigations”™ . Currently, the most frequently used
methods to model FPB behavior are the equivalent linear-
ization model, bilinear model and Wen model”™" if no
solid model is used. However, there are still many issues
to be solved for FPB, such as the low computational effi-
ciency with longer computing time of the solid model, a
shorter computational time but lower accuracy of other
simplified models, especially the impossibility for the
Wen model to simulate the slight vertical elevation of the
upper structure due to the oscillation in the circular arc of
the FPB. So, how to find a simple model but with rea-
sonable accuracy to simulate its mechanical behavior is
the key to the friction pendulum bearing.

In this study, a simplified simulation method in which
a pendulum and a nonlinear spring are used is proposed.
Finite element simulations as well as shaking table tests
were adopted in this paper to demonstrate the simplicity
and the accuracy of the proposed model. Also, the com-
parisons between the new simplified method and the Wen
model in practical projects verified its advantages in simu-

lating large swings, resetting and viscous behaviors.
1 The Simplified Model of FPB
1.1 Mechanical mechanism of FPB

A FPB consists of a lower plate with a spherical con-
cave surface, an articulate slider and an upper plate with a
slider chamber. The slider is generally coated with low-
friction sliding materials as shown in Fig. 1.
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Fig.1 Schematic diagram of FPB
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Low-friction sliding material

A FPB can be regarded as a slider that makes a simple
pendulum movement. Fig.2 shows the stresses applied on
the slider in the process of sliding.
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Fig.2 Stresses applied on the slide block

In Fig. 2, the radii of the spherical concave surface and
the sliding surface are both R and the two surfaces touch
closely during the movement. D is the horizontal distance
of the slider movement ( positive to the right); 6 is the
angle rotation between the slider and the vertical symmet-
ric axes of the sliding surface ( counterclockwise is posi-
tive) ; W is the vertical load applied to the slider from the
superstructure; N is the support force of the sliding sur-
face to the slider; fis the frictional force between the sli-
der and the sliding surface and F is the horizontal seismic
action of the upper structure loaded on the slider. Consid-
ering the force equilibriums in the horizontal and vertical
directions, we can obtain the following equations:

N = Wcosf (D

From the geometric relationship D = Rsinf and the law
of the Coulomb friction, the friction force of the slider is
f=uNsgn(6), where u is the sliding friction coefficient
and sgn( @) is a symbolic function which can be written in
the form as follows:
6>0

. 1
sgn(é?)={_1 <0 (2)

Furthermore, the moment equilibrium at point O can
be described as

FRcosf —fR - WD =0 (3)

Thus, the horizontal force of the slider F' can be de-
rived as follows:
WD N f (4)

- Rcosf  cos6

It should be noted that the value of @ is generally so
small that the value of cosf approximately equals 1.
WD WD .
F=—+f=—-+uWsgn(6) (5)
R R
Eq. (5) shows that F' can be seen as a combination of
two parts, i.e., a restoring force and a friction force!"" .

1.2 The simplified model of FPB

As mentioned above, the horizontal force F can be seen
as the combination of a restoring force and a friction
force. Therefore, a simplified model of FPB, in which a

simple pendulum ( restoring force) and a nonlinear spring
(friction force) are used, can be established, as shown in
Fig. 3.

4,

Fig.3 Simplified model of FPB

Since the simple pendulum can be seen as a two-force
rod in the simplified model, only the axial force needs to
be taken into consideration. The length of pendulum is
equal to the radius of the curvature of the sliding surface.
In the following, a perfectly rigid-plastic model is used
for the nonlinear spring with a yield force equal to the
sliding friction force applied on the slider.

As shown in Fig. 3, the sliding of the FPB slider is
simulated by the swing of the simple pendulum in the
simplified model. Point H at the lower end of the pendu-
lum can be regarded as the slider of FPB; W is the verti-
cal load applied on the slider by the upper structure and T
is the axial tension of the pendulum on the slider. Based
on the force equilibrium and the analysis above, T is
equal to Wcosf and it is also equal to N. Therefore, T
can be used to simulate the support force N. fis the coun-
terforce applied by the nonlinear spring to the slider and it
is used to simulate the friction force on FPB. Then fol-
lowing equation can be obtained from the requirement of
the moment equilibrium regarding point O.

FRcosf - fRcos§ — WD =0 (6)

When @ is relatively small, the horizontal shear force F
is obtained as

WD
F= +
Rcoso

f (7)

It can be shown from Eq. (7) that the shear force de-
rived from the simplified model is exactly the same as
that derived in Eq. (5), which means that the proposed
simplified FPB model matches well with the mechanics of
FPB.

2 Finite Element Model for the Simplified FPB
Model

In the following, the simplified FPB model is simula-
ted by the finite element software ABAQUS. In the simu-
lation, the pendulum is modeled by truss elements, which
means that there is no bending but axial forces during its
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deformation. As mentioned, the length of the pendulum
is assigned as the curvature radius of the sliding surface
and the linear elastic material is adopted. Practically,
since there is almost no vertical deformation present in the
FPB, a large value should be taken to ensure a minimal
axial deformation for the elastic modulus of the pendu-
lum, such as 9 x 10° MPa in this simulation. Since there
are no ideal rigid-plastic materials in the ABAQUS default
material library, the nonlinear spring in the simplified
model is modeled by a truss element, which is of great
convenience in the simulation by using the ideal elasto-
plastic material with a large elastic modulus. The yield
strength of the ideal elastoplastic material is equal to the
sliding friction of the slider. The simplified model in
ABAQUS is shown in Fig. 4.

Y

Y

T_.X;x“

Fig.4 Simplified model in ABAQUS

3 Shaking Table Tests of FPB Isolated Structure
3.1 FPB isolated structure

The shaking table tests were carried out with a concrete
slab block isolated from four FPBs at the bottom. The
schematic diagram of the shaking table test is shown in
Fig. 5 and the concrete slab is shown in Fig. 6. Four steel
pipes are evenly embedded in the four corners of the con-
crete slab for further bolt connections to the bearings. The
dimension of the concrete slab is 2 m x2 m with a depth
of 0.4 m. The density of concrete is 2.5 t/m’ and the

Shaking table

Schematic diagram of shaking table test
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Fig.6 Concrete slab block for shaking table tests

selfweight of the slab is then 40 kN. Therefore, the
weight of the slab is evenly distributed to the four bear-
ings during the test, i.e., 10 kN for each bearing.

The friction pendulum bearings used in the shaking ta-
ble tests are shown in Fig. 7 and their parameters are lis-
ted in Tab. 1. Previous studies show that the friction coef-
ficient of FPB is mainly determined by the speed and
pressure applied on the slider''"’. If the pressure is fixed,

the friction coefficient will increase with the increase of

the sliding speed within a certain range. When the sliding
speed increases to a certain value, the friction coefficient
will be kept as a constant, which is 0. 065 (upper pres-
sure is 10 kN).

=

(c) (d)
Fig.7 FRBs used in the tests. (a) Front view; (b) Vertical view;
(c¢) Sliding surface of lower plate; (d) Slider

Tab.1 Parameters of FPBs used in the tests

Vertical bearing Radius of slip Design
capacity/ kN surface/mm displacement/mm
60 63 +15

3.2 Test set-up

The tests were carried out on a 4 m X6 m seismic sha-
king table in the Civil Engineering Experimental Center at
Southeast University Jiulonghu campus. During the tests,
one low-frequency seismic geophone (941-B) and four
three-direction accelerometers (TST 120T100) were used
to measure acceleration. In addition, four rod-type dis-
placement transducers ( TST-161) and a wire-type dis-
placement transducer (ASM-50 mm) were used to meas-
ure displacement.

The arrangement of the displacement and acceleration
sensors are shown in Fig. 8, in which DL represents a
wire-type displacement transducer; D1 to D4 represent
rod type displacement transducers; Al to A4 represent
three-direction accelerometers and 941 represents a 941-B
type low-frequency vibration pickup.
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Fig.8 Layout of sensors in shaking table tests

One end of DL is fixed on the shaking table and the
other is connected to the concrete slab. It is used to meas-
ure the relative horizontal displacement between the con-
crete slab and the vibration table, namely the relative
sliding displacement of FPB, as shown in Fig.9(a). DI,
D2 and D3 are assigned to measure the absolute displace-
ment of concrete slab and D4 measures the absolute dis-
placement of the shaking table. The accelerometers Al to
A4 are arranged on the upper deck of the four FPBs under
the concrete slab respectively, as shown in Fig. 9(b), to
measure the acceleration in the three directions of the sup-
port plate on the FPBs. The 941-B type pickup is ar-
ranged on the upper surface of the concrete slab to meas-
ure the vertical acceleration of the concrete slab.

(a) (b)
Layout of measuring instruments. (a) Wire-type dis-
placement transducer; (b) Three-direction accelerometer

Fig. 9

3.3 Loading conditions

Three different earthquake motions, i.e., Kobe, Trin-
idad and Sakaria waves, were selected in the tests. The
peak acceleration of each wave was set to be 0. 15g,
0.20g and 0.25g. In addition, white noise tests were car-
ried out to sweep the isolated structure to check whether
the mechanics and bearing capacity of the isolated struc-
ture were in good condition or not. Therefore, in total,
eleven loading conditions were adopted during the tests,
as shown in Tab. 2.

3.4 Finite element simulation of the tests

The experimental process was simulated and analyzed
using the finite element software ABAQUS, in which the
FPB in the isolated structure was modeled by the pro-
posed simplified model'*™". The simplified structure of

Tab.2 Loading conditions of the shaking table tests

Loa'di.ng Input wave Peal.< Vertical
conditions acceleration/ g pressure/kN
1 White noise 0.06 10
2 Kobe 0.15 10
3 Trinidad 0.15 10
4 Sakaria 0.15 10
5 Kobe 0.20 10
6 Trinidad 0.20 10
7 Sakaria 0.20 10
8 Kobe 0.25 10
9 Trinidad 0.25 10
10 Sakaria 0.25 10
11 White noise 0.06 10

the FPB model is shown in Fig. 10. The concrete slab is
modelled by the simplest linear elastic material with an
elastic module of 3 x 10* N/mm’. The length of the sin-
gle pendulum during simulation is set to be the same as
that in the tests (63 mm). According to the tests, the up-
per pressure of FPB is 10 kN and the friction coefficient is
0.065. Thus, the sliding friction force of sliding block is
0.65 kN based on the Coulomb law of friction. There-
fore, the yield stress of the nonlinear spring in the simpli-
fied model is set to be 0.65 kPa.

Fig. 10 Finite element model of the FPB isolated structure

3.5 Comparisons between tests and finite element

simulation

3.5.1 Results of white noise sweeping

The first-order frequencies of the structure before and
after the tests are found to be constant 2. 5 Hz by white
noise sweeping. It indicates that the isolated structure
worked very well and did not change after excitations.
3.5.2 Comparison of relative displacement time-history

curves

Fig. 11 shows the results of the displacement transducers
D1 and D3 subjected to the loading condition 2. It can be
seen from the figure that the absolute displacement time-
history curves of the two measuring points are almost coin-
cident under this condition. Other loading conditions share
a similar conclusion with condition 2. Therefore, it can be
considered that there is no in-plane torsion but merely hori-
zontal motion of the concrete plate occurred in the direc-
tion of the vibration of the shaking table.
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Tab. 3 Comparison of peak values in relative displacement
= time-history curves
s . . Peak value of relative displacement/mm  Error/
S Loading conditions - - -
= Experiment Simulation %
Q
§ 4.99 4.33 13.1
2 6.78 7.06 4.1
o
% 10 7.68 8.22 7.0
2
= simulation results correspond well with the experimental
0 5I 1'0 1‘5 2'0 2'5 values, and the peak values and phases are also close.
] f/ s When the peak acceleration is 0. 15g, the two relative
Fig.11 Absolute displacement time-history curves of D1 and

D3 in condition 2

Fig. 12 shows the comparison of the relative displace-
ment time-history curves between the tests and the finite
element simulations for some loading conditions. The
comparison of peak (absolute) values is shown in Tab. 3.

It can be seen from Fig. 12 that when the peak value of
the seismic wave is 0.20g and 0.25g, the finite element
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Fig. 12 Comparison of relative displacement time-history

curves. (a) Condition 3; (b) Condition 6; (c) Condition 10

displacement curves are in good agreement with each oth-
er except for a few extremums. There are two reasons to
explain for this phenomenon: First, when the peak accel-
eration is 0. 15g, the relative displacement of FPB is too
small to fully demonstrate its mechanical properties,
which results in that the hysteresis curve is rather messy
and the differences between the test and the simulation
cannot be ignored . Secondly, as shown in Section 3.1,
the coefficient of the friction increases with the increase in
sliding speed within a certain range. The friction coeffi-
cient used in the simulation is a constant value which is
greater than that at a low speed. This can explain the
differences between the finite element simulation results
and experimental values in weak excitations. However, at
the peak point of the seismic wave when the FPB has
reached a certain sliding velocity, the friction coefficient
of the simplified model is close to the actual value, which
results in the displacement consistency of the model and
actual test.

It can be seen from Tab. 3 that the peak-value differ-
ences between the experiment and the simulation are less
than an acceptable level of 15% . This means that the pro-
posed simplified model can be used to simulate the rela-
tive displacement of FPB under dynamic loading.

3.5.3 Comparison of horizontal acceleration time-
history curves

Al to A4 are used to measure the horizontal accelera-
tion of FPB. It is found that the values of the four accel-
erometers are very close,
movement of the four supports. The data obtained by A2
are taken to make comparisons with the finite element
simulation results. Fig. 13 shows a comparison of the hor-
izontal acceleration time-history curve under loading con-
ditions 3 and 8 and the comparison of the corresponding
peak (absolute) values is shown in Tab. 4.

As can be seen from Fig. 12, the overall trend of the
experimental values and the simulated values are in good
agreement except for some extreme points, As shown in
Tab. 4, the differences of the peak values between the test

indicating the synchronous

and the simulation are very small and the error is within
10% . This proves that the proposed simplified model can
be used to simulate the horizontal acceleration responses
of FPB under dynamic load excitation with reasonable ac-
curacy.
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Fig. 13
curves. (a) Condition 3; (b) Condition 8
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Comparison of horizontal acceleration time-history

Tab.4 Comparison of peak values in horizontal acceleration
time-history curves

. . Peak value of horizontal acceleration/g  Error/
Loading conditions - - -
Experiment Simulation %
Condition 3 0.1055 0.097 9 7.20
Condition 8 0.1823 0.171 0 6.20

3.5.4 Comparison of vertical acceleration timehis-

tory curves
Fig. 14 shows the comparison of the vertical accelera-

tion time-history curves between the tests and simulation
results under several loading conditions. The correspond-
ing comparison of peak values (absolute values) is shown
in Tab.5. As can be seen from Fig. 14, the test and sim-
ulation results only match well at peak points, and the
overall trend is that the simulation values are lower than
those from the tests. The proposed model fails to capture
the acceleration responses under low excitations as a result
of the great friction coefficient used in the simulations.
However, it is worth noting that, as can be seen from
Tab. 5, the peak errors between the tests and the simula-
tions are still less than 15% . In combination with the ob-
servations in the above sections, it can be concluded that
the proposed simplified model can be used to simulate the
mechanical behavior of the superstructure isolated by
FPBs.

4 Comparison of the Simplified Model with the

Wen Model of FPB

Two four-storey isolation structures, respectively, with

four new simplified models and Wen models are established,
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Fig.14  Vertical acceleration time-history curves of FPB.
(a) Condition 5; (b) Condition 8; (¢) Condition 10

Tab.5 Comparison of peak values in vertical acceleration time
history curves

Peak value of vertical acceleration/(mm - s ~2) Error/

Work conditions

Experiment Simulation %
Condition 5 225 252 12.0
Condition 8 375 430 14.6
Condition 10 238 272 14.3

as shown in Fig. 15, of which the materials and section
sizes are exactly the same as the shaking table model in
Refs. [ 17 — 19]. Two earthquake waves, EL-Centro
wave and Tianjin wave, are selected as input earthquakes
for dynamic time-history analysis of the two isolation
structures. The comparison results are shown in Tab. 6
and Tab. 7.

Y

o

z

Fig.15 The four-storey isolation isolation structure
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Tab.6 Working conditions of the isolation structures

Work conditions  Input wave Lasting time/s Peak acceleration/g
Condition 1 EL-Centro 30 0.40
Condition 2 Tianjing 15 0.40

Tab.7 Comparison of storey drifts errors using the new sim-
plified models and Wen models

Storey drifts error/ %

Work conditions Floors —
New simplified model Wen model
1 23.8 28.5
2 23.9 21.7
Condition 1
3 18.6 14.0
4 15.7 26.3
1 22.5 25.0
2 11.7 16.7
Condition 2
3 12.9 9.67
4 11.1 15.6

The computing time of the two isolation structures is
185 and 91 s for the Wen model, 301 and 145 s for the
new simplified model.
above, it can be concluded that the new simplified meth-

From the comparison results

od shows higher computational accuracy and longer com-
puting time compared with the Wen model. However,
the new simplified method can clearly simulate the verti-
cal elevation behavior using a simple pendulum, which
turned out to be a better, efficient and accurate way for
FPB simulation.

5 Conclusion

In this paper, a simplified FPB model with a single
pendulum and a nonlinear spring is proposed. The effi-
ciency of the model is verified by the mechanics of FPB
with a conformity rule in the first step and the correspond-
ing equations to describe the behavior of the model are
presented. Then the shaking table tests with respect to a
concrete slab structure isolated from four FPBs at each
corner were performed followed by finite element simula-
tions using the proposed simplified model. The results
from the tests as well as the simulations are compared af-
time-history
curves, the horizontal and vertical acceleration time-histo-

terwards via the relative displacement
ry curves and their corresponding peak values. The com-
parison results show that the trends of these curves match
well and the errors of the peak values are within the range
of 15% . Compared with the Wen model, the proposed
method turns out to be of similar computing efficiency
and accuracy in actual projects, and it is also capable of
simulating the vertical elevation of FPB. The research re-
sults demonstrate that the proposed model can be used to
simulate the mechanical behaviors of FPBs under dynamic
loading conditions.
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