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Triple friction pendulum bearing (TFPB) is one of the seismic base isolation devices that are
widely used for critical structures prone to severe earthquakes. Some important parameters
affecting the seismic performance of a TFPB are effective radius and friction coefficient of sliding
surfaces. These parameters need to be investigated parametrically to be able recognize their
sensitivities on the efficiency of a bearing. Therefore, in this study, 10 TFPB models with different
effective radii and friction coefficients are analyzed numerically. TFPB is modeled as an exact
finite element in OpenSees program. The structure supported by the bearings is simply modeled
as a mass resting on the TFPB. The bearing models are structurally analyzed using time history
analysis method with two ground motion records selected from the PEER Strong Motion Database.
The analytical responses of the bearings are obtained for maximum bearing displacements and
base shear forces. Also, the hysteretic loops of bearings are acquired to investigate the effects of
previously mentioned parameters on the performance of the TFPBs. As far as the numerical results
are considered, it can be stated that the bearing displacement and base shear reduce as the radius
of the sliding surface increases. On the contrary, when the coefficient of friction is increased, the
bearing is subjected to greater base shear. The results also show that the area of the hysteresis
loops of the TFPB with smaller effective sliding surface radius is larger. Thus, it can be concluded
that the TFPB with larger effective sliding surface radii and smaller friction coefficients performs
better for the earthquake motions considered in the present study.

This is an open access article under the CC BY-SA 4.0 license.
(https://creativecommons.org/licenses/by-sa/4.0/)

1. Introduction

promising friction based isolation systems [9]. However,
many studies have shown that TFPB can provide better

Natural disasters are the major causes of structural
damages to buildings, as well as economic losses and
human deaths. Many new strategies have been developed
to enhance the protection of buildings in the face of natural
disasters including earthquakes. One of the most effective
ways to protect structures in seismically prone areas from
earthquake damages is to use seismic base isolation
systems. Elastomer ( [1], [2], [3]) and friction based
bearings ( [4], [5], [6], [7]) are basically investigated as
isolation systems to reduce seismic responses in structures.
The basic idea of the friction based bearings is to create
energy dissipation at sliding surfaces by friction damping
[8]. In last decades, single, double and triple friction
pendulum bearing (TFPB) have been proposed as
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seismic isolation performance compared to single and
double friction pendulums and elastomer bearings with the
same size ( [10], [11], [12]). For instance, a building
isolated with triple friction pendulum bearings has a better
performance than that with single friction pendulum
bearings in terms of floor acceleration, inter-story drift,
and hysteresis loop responses [13]. Also, Morgan and
Mahin [14] suggested that TFPBs are ideal for
performance-based design of structures and they have the
ability to provide large displacements with smaller devices
compared to single or double pendulum bearings.
Therefore, this study focuses on seismic behavior of a
triple friction pendulum bearing.
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The geometric characteristics of a typical TFPB are
shown in Figure 1 [10]. It can be seen that a relatively
small inner slider can move between two articulated sliders
which can move between top and bottom plates. The
sliding surfaces of sliders and plates are spherical. The
frictions between these surfaces prevent motion due to
small horizontal loads and consume energy by sliding
between surfaces due to large horizontal loads. A restoring
force is generated with the help of vertical load on the
bearing and curvatures of the sliding concave surfaces
when horizontal displacement occurs. Appropriate friction
coefficients and friction surface radii must be selected to
be able to have various pendulum mechanisms for
different earthquake levels [10].

The effective radii and coefficients of friction of the
sliding surfaces are important parameters that determine
the performance of a TFPB. The selection of an optimal
set of TFPB design variables, such as sliding surface radii,
friction coefficients, and displacement capacity of each
concave surface is an important step because their optimal

performances are dependent on the ground motion
properties and the superstructure's seismic performance
objectives [15]. In this study, several TFPB models with
different effective radii and friction coefficients are
analyzed considering two different ground motions in time
history analysis to investigate the effects of these
parameters on the dynamic behavior of a TFPB.

2. Research Methodologies

For triple friction pendulum bearing, the geometric
characteristics that dictate behavior of seismic isolation
performance are shown in Figure 1. Surface radius of
curvatures (R;), coefficients of frictions (), the
displacement capacity of each surface (d;) and finally the
distance between the center point of the slider and the
spherical surface and the pivot point of the articulated
slider (hi) by which the effective curvature is calculated
(Refii = Ri — hj) are shown in the figure.

Inner  Articulated
slider H3

SN

eeeeS

dj d; :
T e B

(ap
LLJ Articulated #1\

slider

Figure 1. Cross section of a TFPB

The unidirectional backbone curve for horizontal force-
deformation of a generalized triple pendulum bearing can
be divided into 5 stages as shown in Figure 2 [10]. Note
that in Figure 2, the normalized horizontal force f = F/W
is used and the curve is called normalized backbone curve
[16]. The bearing dimensions and friction coefficients
must satisfy the following conditions [10]:

Rerr1 < Repra < Regga 1)

My < pp < U3 2

dy > (43 — u)Ress1 (3)
dy

Uz < Resse +i (4)

The constraint on the pendulum lengths (Equation (1))
must be satisfied so that the bearing is activated with high

stiffness at small earthquakes and lower stiffness at
moderate earthquakes. Constraint on the friction
coefficients (Equation (2)) guarantees the sequence of
sliding, engaging in this order: inner slider, lower
articulated slider, and upper articulated slider. Constraint
of Equation (3) guarantees that the displacement limits are
reached on articulated sliders before the inner slider to
activate the stiffening stage at the end of the backbone
curve. The constraint of Equation (4) guarantees that
sliding occurs on all surfaces before the bearing goes into
a stiffening stage.

Five stages of sliding are shown in Figure 3 [10].
Explanations of these stages are given as [17]:
Stage 1: When the horizontal force exceeds the frictional
force between the inner slider and the lower articulated
slider, which is equal to the frictional force between the
inner slider and the upper articulated slider, the inner slider
will slide between the two sliders.
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Figure 2. Normalized backbone curve for TFPB

Stage 2: When the normalized horizontal force exceeds Lz,
relative sliding will occur between the articulated slider
and bottom concave plate. Sliding on the contact surface
between the inner slider and the upper articulated slider
also does not set sliding between the upper slider and the
convex plate. The inner slider must slide to increase the
slope to balance the increase in horizontal force. The inner
slider stops sliding on the lower articulated slider because
the increasing horizontal force is balanced by the
inclination of the inner slider and the lower articulated
slider on the lower concave plate rather than by the sliding
of the inner slider on the articulated slider. In other words,
the increasing horizontal force in this stage is provided by
the increased inclination of the inner slider. At the upper
part of the inner slider, this inclination is provided by the
sliding between the inner slider and the upper articulated
slider. At the lower part of the inner slider, the inclination
is created by the sliding between the lower articulated
slider and the lower concave plate.

Stage 3: When the horizontal force exceeds the frictional
force between the upper articulated slider and the upper
concave plate, sliding occurs between the components. At
this stage, the lower articulated slider continues to slide on
the lower concave plate, but sliding between the inner
slider and the upper articulated slider stops. The increasing
horizontal force is caused by the increasing inclination of
the inner slider due to the sliding of the two articulated
sliders on the two concave plates above and below.

Stage 4: At this stage the lower articulated slider reaches
its displacement limit and cannot continue to slide on the
lower concave plate. This forces the inner slider to slide on
the lower articulated slider, increasing the inclination of
the inner slider so that the bearing can accommodate the
increasing horizontal force. The upper articulated slider

has not yet reached the limit and there is no relative sliding
between the inner slider and the upper articulated slider.
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Figure 3. Five stages of TFPB sliding

Stage 5: At this stage, the upper articulated slider reaches
its displacement limit and cannot go further on the upper
concave plate. As a result, the inner slider is forced to slide
on the upper articulated slider to provide the increasing
inclination to support the increasing horizontal force.
When the inner slider contacts the displacement
restraining rings of the articulated sliders, the bearing
reaches its displacement limit and cannot go further.
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Figure 4 shows a simplified representation of series single
friction pendulum (SFP) elements used to model the five-
stage behavior of a TFPB [10]. Each element in the series
model is composed of a parallel arrangement of a linear
spring with stiffness equal to 1/Refi, a velocity-dependent
perfectly plastic friction element represented by the
modified Bouc-Wen model with the coefficient of friction
equal to Wi, and a gap element with displacement capacity
of di. Therefore, the force produced by the i isolator
element in the x direction is given by [18]:

F = %ui + uWiZ; + ki (Jug| — dp)sign(u)H (Ju;| — d;)
(5)

where W; is the mass supported by each isolator, u; is the
relative displacement of SFP element in the x direction,
k.; is the stiffness after gap closing, which should be
assigned a large value, H denotes the Heaviside function
and Z; denotes a dimensionless variable of i element
along the x direction.
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Figure 4. Spring friction pendulum elements in series to model a TFPB

The spring element stands for the restoring force due the
curvature of the spherical surfaces. A gap element is used
to restrict displacement capacity of each sliding surface
This serially connected spring element is now available for
general use in OpenSees program to model TFPB isolators
[19]. This series spring element is used in this study to
obtain the behaviors of different TFPB models described
below.

There are 10 models that have been analyzed in order to
investigate the effects of friction coefficients and sliding
surface radii on the behavior of TFPB with a
superstructure weight of W=100 kN. There are two

Table 1. Model Parameters

different friction coefficient compositions (p1: po: Ys3) used
in this analysis, the first and second compositions are
denoted by Ul and U2 in the names of the models,
respectively. The first composition (U1) of the friction
coefficients is 0.02: 0.04: 0.06, and the second
composition (U2) is 0.02: 0.06: 0.12. The radii of the top
and bottom plates are assumed to be the same and larger
than the radius of the articulated slider which is 400 mm.
The radii of the top and bottom plates are altered as given
in Table 1 and the radius value is given in the names of the
models in meter. The details of the models can be seen in
Table 1.

Model Reff1 Refi2 Reffs s 2 " di d2 ds
(mm) (mm) (mm) (mm) (mm) (mm)

R1.34_U1 1340 1340

R1.84_U1l 1840 1840

R2.34_U1 400 2340 2340 0.02 004 006 40 265 265

R2.84_U1 2840 2840

R3.34_U1 3340 3340

R1.34_U2 1340 1340

R1.84_U2 1840 1840

R2.34_U2 400 2340 2340 0.02 006 0.12 40 265 265

R2.84_U2 2840 2840

R3.34_U2 3340 3340

The two ground motions which are Imperial Valley-02,
5/19/1940 at El Centro Array #9 station with a magnitude
of 6.95 and Kobe Japan, 1/16/1995, at Abeno station with

a magnitude of 6.90 were selected from the PEER Strong
Motion Database [20]. The time-acceleration records of
the earthquakes are shown in Figure 5. It can be seen from
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the graphs that the Kobe and Imparial Valley earthquakes
have near-fault and far-fault ground motion
characteristics, respectively, even they have close peak
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ground accelerations. Thus, the effects of ground motions
with different frequency profile on the dynamic behavior
of the bearing can also be investigated.
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Figure 5. Acceleration records for (a) Kobe and (b) Imperial Valley earthquakes

3. Results and Discussions

The maximum displacements and base shear forces
obtained from the TFPB analyses performed for Kobe
earthquake are shown in Figure 6. It can be seen from the
results that when the friction coefficients of the top and
bottom plates are increased it causes larger displacements.
The percentage increase in maximum displacements under
Kobe earthquake excitation as the friction coefficient is
changed from U1(0.02: 0.04: 0.06) to U2(0.02: 0.06: 0.12)
are 0.44%, 1.67%, 2.39%, 3.91% and 4.83% for effective

sliding surface radius R1.34, R1.84, R2.34, R2.84 and
R3.34, respectively. Thus, it can be stated that a change in
friction coefficients has a vital effect when the sliding
surface radius is larger. Figure 6 also shows that increasing
the effective surface radius results in smaller maximum
displacement and maximum base shear for the first
composition of friction coefficients (U1) under the Kobe
earthquake excitation. However, while an increase in the
effective sliding surface radius reduces the maximum base
shear it increases the maximum displacement for the
second composition of friction coefficients (U2).
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Figure 6. Seismic responses as maximum (a) displacement and (b) base shear for Kobe earthquake

Figure 7 depicts the maximum displacements and base
shear forces for the analyses of TFPB subjected to Imperial
Valley -02 earthquake. In Figure 7(a), when the coefficient
of friction is increased from U1 to U2 for effective radius
R1.34, the displacement decreases by 6.66% from 122.55
mm to 114.40 mm. Similarly, for effective radius R1.84,
the displacement decreases by 3.17% from 120.53 mm to
116.71 mm. However, for the next three effective radii,
larger displacements are obtained by increasing the
coefficient of friction. The maximum displacement

differences for Imperial Valley earthquake excitation in
the case that the friction coefficient is altered from U1 to
U2 are -6.66%, -3.17%, 1.49%, 5.07% and 8.16% for each
effective sliding surface radius, respectively. So, it can not
be directly said that an increase in friction coeffcients does
not result in an increase in displacement but it depends on
the earthquake ground motion profile which activates
different stages of bearings for different sliding surface
radius. Figure 7 also shows that while an increase in the
effective surface radius leads to a smaller maximum
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displacement and base shear for the composition U1, it
increases the maximum displacement but reduces the
maximum base shear for the composition U2.
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Figure 7. Seismic responses as maximum (a) displacement and (b) base shear for Imperial Valley earthquake

Figure 8 displays hysteresis loops of the friction pendulum
bearing under Kobe earthquake. Hysteretic loops illustrate
the force-displacement responses of friction pendulum
bearings. Area of hysteresis loop can be used to determine
the energy dissipation per cycle and the effective damping
provided by the bearing. Figure 8 indicates that the TFPB
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with the smallest effective sliding surface radius has a
greater peak isolator displacement than the others, as well
as a larger base shear. Figure 8 also shows that the TFPB
with the smallest effective sliding surface radius has a
slightly larger hysteresis loop (dissipation energy) than the
other TFPBs.
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Figure 8. Hysteresis loops for the (a) first (U1) and (b) second (U2) compositions of friction coefficients due to Kobe earthquake

Similarly, Figure 9 shows the hysteresis loops of the
pendulum bearings under Imperial Valley -02 earthquake.
When compared with the hysteresis loops for the Kobe
earthquake, it can be realized that the effects of the surface
radius on the loops are noticeable due to the larger
accelerations of Imperial Valley earthquake records. Also,
it can be easily realized that the TFPB with the smallest
effective sliding surface radius has a larger peak isolator
displacement than the others, as well as a greater base
shear for the first composition of friction coefficient (U1).

However, Figure 9(b) depicts that the TFPB with the
largest effective sliding surface radius has the largest peak
isolator displacement than the others but the smallest base
shear for the second composition of friction coefficient
(U2). Additionally, it can be stated that the amount of
dissipated energy is greater when the maksimum ground
displacement of the earthquake is larger since such strong
earthquakes activate different stages of the sliding regime
of TFPB which generate additional energy consumption in
the system.
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Figure 9. Hysteresis loops for the (a) first (U1) and (b) second (U2) composition of friction coefficients due to Imperial Valley
earthquake

4. Conclusions

In this study, triple friction pendulum bearing (TFPB)
models with different friction coefficient compositions
(ul: p2: p3) denoted by U1 (0.02: 0.04: 0.06) and U2
(0.02: 0.06: 0.12) and sliding top and bottom plate surface
effective radii altering between 134 mm and 334 mm have
been investigated analitically using time history analysis
for two different earthquakes which are Kobe and Imparial
Valley earthquakes. The TFPB has been modeled as a
special series of single friction pendulum spring finite
elements in OpenSees program.

The numerical analysis results indicate that while an
increase in the effective surface radius generates smaller
maximum base shear and displacement for the first
composition (U1) of friction coefficient it reduces the
maximum base shear but increases the maximum
displacement for the second composition (U2).
Additionaly, when the coefficient of friction is increased
from Ul to U2 the trend of change in the maximum
displacement depends on the effective surface radius as
well as earthquake ground motion considered. That is, the
maximum displacement increases for all surface radii
under Kobe earthquake but decreases for smaller radii
under Imperial Valley earthquake. The results also show
that the area of hysteresis loops (dissipation energy) of the
TFPB with smaller effective sliding surface radius is larger
than those of other TFPBs. As a final remark it can be
stated that the TFPB with larger effective sliding surface
radius and smaller friction coefficients performs better for
different earthquake levels considered in the study.
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