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a b s t r a c t

Recently, a type of simple and cost effective sliding isolator, namely the uplifting sliding bearing (UPSS),
had been developed for ensuring the seismic performance of multi-span continuous bridges. The objec-
tive is to control the large horizontal displacement of the conventional rubber bearings using this new
sliding device which has a high potential in reducing the horizontal displacement due to the uniqueness
of its geometrical configuration. The UPSS device consists of multiple sliding surfaces connected together,
based on the PTFE and SUS interface; one horizontal and two inclined surfaces. This paper aims to
investigate the efficiency of using the multiple-slider bearing based on the concept of UPSS to isolate
multi-story shear type structures. The principles of operation and force displacement relationship for
the isolator are introduced. The seismic behavior of the base isolated building by the multiple-slider bear-
ing subjected to seismic excitation is investigated, comparing with conventional rubber bearing and pure
friction slider isolating systems. Moreover, extensive parametric investigations are performed in order to
achieve an optimum performance of the isolator with respect to three main properties which define the
device: clearance length, the inclination angle and the friction coefficient. The results show the effective-
ness of the multiple-slider bearing in minimizing the damage from earthquakes. The multiple-slider
bearing proves to have a high potential in minimizing the effect of the ground displacement pulses
through its operation mechanism and its unique feature that permits the use of different set of friction
coefficients on each sliding surface. In addition, a principle to define the optimum value of the friction
coefficient is developed.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Seismic isolation has been proven to be an efficient approach to
earthquake resistant-design of structures based on the concept of
reducing the seismic demand rather than increasing the seismic
resistance capacity of the structure, and is one of the preferable
alternatives in seismic retrofitting of historic structures without
impairing their architectural characteristics.

In the wake of the Great Hanshin-Awaji Earthquake of 1995
(Kobe, Japan), the effectiveness of seismic isolation structures has
been demonstrated and verified. As a result, the number of projects
on seismic isolation buildings has been remarkably increased. Seis-
mic isolation has been actively adopted and recognized as a viable
technique in construction of bridges, buildings and other struc-
tures. Since then, researchers and engineers in this field have been
working to develop seismic isolation devices as a part of their ef-
forts to offer earthquake resistant structures and many developed
ll rights reserved.
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systems have successfully been put forward into practice.
Extensive reviews on different types of isolation devices and their
applications to structures have been provided by many researches
[1–6]. Based on the mechanical characteristics, seismic isolators
can be classified as elastomeric or sliding bearings.

Sliding bearings have found more and more applications in re-
cent years over rubber bearing for economic reasons as well as
its durability and stability characteristics. Tests of full size sliding
bearings show that these isolators retain their full strength and
stability throughout their displacement range with high strength
factor of safety and with no degradation of hysteretic loop under
repeated cyclic loading [7]. The main advantage of sliding isolators
over rubber bearings is that the former never resonates to any type
of excitation, because sliding mechanisms has no natural period by
itself unless extremely strong restoring force overwhelming the
friction is applied [8]. Sliding isolators have also been proven to
be cost effective and efficient devices on numerous projects to
date. In addition, their outstanding performance in cold tempera-
ture testing has proven their efficacy in cold weather regions [9].
A considerable amount of theoretical analysis as well as experi-
mental works has been done on isolated structures by pure friction
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isolators (PF) systems subjected to harmonic and earthquake exci-
tations [10–15].

Generally speaking, sliding isolators alone are impractical due
to lack of restoring capability. The practical effectiveness of sliding
isolators can be enhanced by adding restoring force mechanism to
reduce the residual displacements in a level that can be incorpo-
rated in structural design requirements. Various sliding isolators
including a restoring force mechanism capability have been
proposed and studied. Representative examples are: the resilient-
friction base isolator (R-FBI) [16], the sliding resilient friction base
isolator (SR-F) [17], the TASS system [8], the friction pendulum sys-
tem (FPS) [18] and the variable frequency pendulum isolator (VFPI)
[19].

Recently, a type of isolators with multiple plane sliding sur-
faces, which is referred to as the uplifting slide bearing [20–23]
is developed primarily to be used for upgrading the seismic perfor-
mance of multi-span continuous bridges. The uplifting slide bear-
ing utilizes a simple sliding mechanism making the use of three
PTFE and highly polished stainless steel interface set in series
where two of them are made inclined, and is installed on the top
of the middle piers and rubber bearings (RB) at the two abutment
ends. The main purpose to develop such a device was to fulfill the
need for a seismic isolation device that is simple, and effective in
reducing the horizontal displacement with a low cost in order to
be implemented in multi-span continuous bridges. It was set for-
ward in competence with the laminated rubber bearings which
tend to respond with a large horizontal displacement values during
earthquake excitations, which in turn leads to a larger expansion
joint and an increase in the maintenance cost.

In this study, the efficiency of using isolator with multiple plane
sliding surfaces in mitigating the risk of earthquake and preserving
multi-story structures, including buildings from damage is investi-
gated. This study also intends to establish the underlying principles
of operation in a simplified analytical model through the develop-
ment of the force–displacement constitutive relationship. In addi-
tion, the behavior of isolated multistory buildings using the
multiple slider bearing is examined in comparison with the RB
and PF isolating systems. Comprehensive parametric studies on
the effect of isolator friction coefficients, inclination angle, and
the clearance length on the structure response under harmonic
excitation are also presented. One of these parametric studies fo-
cuses on a unique feature of the multiple-slider bearing which per-
mits the variation of friction coefficient achieved by using different
friction coefficient values for each plane sliding surface.
2. Isolator with multiple plane sliding surfaces

The concept and principle of operation of the isolator with mul-
tiple plane surfaces is adopted to isolate multi-story structures
mainly to control the maximum top floor horizontal displacement.
The need for controlling displacement to a minimum level is a vital
issue especially in big and crowded cities where building are often
built closely to each other because of the limited availability and
high cost of the land, possibly causing pounding of adjacent build-
ings due to the insufficient or inadequate separation and can be a
serious hazard in seismically active area [42,43]. Therefore, the
geometry of this device was chosen to help in mitigating such a
problem by preventing the motion to be fully activated in the hor-
izontal direction, and allowing part of the earthquake transmitted
energy to be transferred into a gravitational potential energy
through the diagonal sliding. The unique feature of the device
mechanism depends essentially on the geometrical configuration
of the isolator which consists of one horizontal and two inclined
plane sliding surfaces at both ends. These three surfaces based
on PTFE slider and stainless steel (SUS) plate interface. During nor-
mal or low intensity earthquakes, the isolator behaves as a pure
friction isolator with sliding only in horizontal direction. However,
during a severe earthquake, sliding will occur on the inclined sur-
face producing displacements in both horizontal and vertical direc-
tions, as shown in Fig. 1.

Besides the economical reason and the ease of manufacturing,
the hysteretic behavior of this device provides more freedom in
the process of design which requires the determination of three
parameters: clearance length (L) i.e. the specified distance prior
to the diagonal sliding, the inclination angle (h) and the friction
coefficient (l) for the three surfaces in contact. The configuration
of the device as discussed later has the potential of using different
frictional bearing in each plane surface which has been found to
add more reduction to the horizontal displacement response. It is
worth pointing out that the isolator provides an architecturally
flexible solution in terms of integration into the structural system
for cases in which space consideration is an important factor, ren-
dering the conventional rubber bearing under walls problematic.
3. Simplified mathematical model

In sliding devices, two phases can be assumed as sliding and
non-sliding phases. In the non-sliding phase, the shear force at
the interface is smaller than the resistance friction force and the
structure can be treated as a fixed base system. Once the lateral
shear force exceeds the friction force, the structure will start to
slide. The horizontal friction force at the sliding interface offers
resistance to motion and help in dissipating the energy of struc-
tural response.

The free body diagram for the multiple sliding bearing in quasi-
static equilibrium can be simplified as shown in Fig. 2. While the
horizontal displacement does not exceed L, the structure behaves
in the same manner as of a structure isolated by pure friction iso-
lators. Another advantage of the use of the clearance is that it may
help in providing a force-soft mechanism that may delay uplift
mechanism allowing reduction in restoring force.

The friction force (fr) in the sliding phase can be expressed by:

fr ¼ lNsgnð _xbÞ ð1Þ

where l is the friction coefficient; N is the normal force; _xb is the
relative velocity of the bearing slider along the sliding surface,
and sgn() is the signum function.

When the displacement exceeds L, the structure starts to slide
on the inclined surface. The derivation for the horizontal force
(fh) and its relation with the vertical force (fv) can be described as:

fh ¼ fr cos h� N sin h ð2Þ
fh

fv
¼ �l cos h� sin h
�l sin h� cos h

ð3Þ

The sign of each term depends on the direction and the side of
motion. The ratio between the horizontal and vertical reaction de-
pends essentially on two important parameters which define the
multiple slider bearing i.e. l and h. The quasi-static hysteretic
behavior can be idealized as shown in Fig. 3.

There are differences in the force–displacement relationship for
the case considering dynamic response of the structure and that for
the quasi-static equilibrium, including the impact forces generated
due to the transition from horizontal to the inclined surfaces, and
vice versa [20–23]. However, for simplicity of the analysis, the
force–displacement relationship shown in Fig. 3 is regarded as a
good approximation that covers the essential characteristics of
the device, and is used in the response analysis of the system in
this study.



Fig. 1. Schematic diagram of the isolator with multiple plane sliding surfaces.

Fig. 2. Mechanical model of the isolator with multiple plane sliding surfaces.

Fig. 3. Idealized force–displacement relationship of multiple-slider bearing for a
quasi-static cycle.

Fig. 4. Lower component of the test specimen with PTFE pads.
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4. Coefficient of friction (l)

One of the most important parameter that controls the dynamic
characteristics of sliding isolators is the coefficient of friction. The
most popular and well known sliding material is the polytetrafluo-
roethylene (PTFE) or its DuPont brand name ‘Teflon’. It is greatly
non-reactive, partly because of the strength of carbon–fluorine
bond and it is also a high corrosion resistance material [24]. Due
to its low friction of coefficient, with minimum values varies be-
tween 0.03 and 0.06 [25], it has been used for several years to
accommodate the movement of deck due to thermal variation,
creep and shrinkage movement. The friction force which is mobi-
lized at the sliding interface depends on the normal force, bearing
pressure, the direction and value of sliding velocity and composi-
tion of the sliding interface [26]. Several models have been pro-
posed to model the dynamic friction, including the one
expressing the dependency of friction coefficient on the sliding
velocity and the bearing pressure by the following expression [27]:

l ¼ lmax � ðlmax � lminÞe�aj _xb j ð4Þ

where the parameters lmin, lmax and a are functions of bearing
pressure, surface roughness of stainless steel and composition of
Teflon.
The simplest model is the Coulomb type which will be used in
this study for simplicity in common with most of the researches
which were carried out in recent years [3,10–16,23,28,29,45].
5. Model validation by experimental data

In order to show the validity of the model of the bearing pre-
sented above, behavior of the assumed numerical model is com-
pared with past experiments on set of sliders and sliding plates
with configuration similar to the multiple-slider bearing [21,30],
except that the location of the PTFE sliders and stainless steel slid-
ing plates are inverted Fig. 4.

The tests apparatus for the tests is shown in Fig. 5. A weight of
18 kN is installed on the top of the upper component. The PTFE
dimensions used are 100 � 100 mm and 50 � 200 mm for the hor-
izontal and inclined surfaces, respectively, and the clearance of
180 mm is used for all cases. Sinusoidal displacements of ampli-
tude 250 mm with various velocity rates are applied to the lower
component of the specimen.

Fig. 6 shows the hysteresis behavior of the specimen with incli-
nation angle h = 30� at velocity rate of 1.6 cm/s. It is obvious that
the hysteresis behavior resembles the simplified proposed model
in Fig. 3. Applying Eq. (3) with l about 0.14, the lower and upper
bound of the horizontal forces generated at the inclined surfaces
i.e. 14 kN and 7 kN are found similar to the force level shown by
the dashed lines and these confirm the right formulation of the dis-
placement–force relationship.

The effect of excitation at higher velocity is illustrated in Fig. 7
for h = 15�. It can be concluded from Fig. 7 that there are some dif-
ferences especially in cases where excitation velocity is high due to
impact forces that are generated at the transition point between
sliding surfaces. The test results indicate that higher h generates
higher impact force. As mentioned earlier, the hysteresis curve
shown in Fig. 3 is still regarded as a good approximation that cov-
ers the essential characteristics of the device, and is used in the re-



Fig. 5. Details of test experiment.

Fig. 6. Hysteresis behavior of bearing with h = 30�.

Fig. 7. Hysteresis behavior of bearing with h = 15� at different velocity rate.

Fig. 8. Four-story shear-building isolated by multiple-slider bearings.
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sponse analysis of the system in this study to simplicity of the
analysis.
6. Numerical example: four-story shear-type building

The dynamic response of a flexible superstructure supported on
the multiple-slider bearing system under earthquake motion is
investigated and compared with the rubber bearing isolation sys-
tem as well as pure friction sliders. The sliding devices are repeat-
edly subjected to transition phases between stick and slip modes,
which introduces discontinuity and high nonlinearity. One of the
most efficient methods which have been proposed for solving the
discontinuities occurring in analysis of sliding structure is the fic-
titious spring approach [13]. By this method, a fictitious spring is
introduced between the base mat and the ground to represent
the mechanism of friction. The fictitious spring stiffness (kf) is ta-
ken as zero for the sliding phase and as sufficiently large number
for the non-sliding phase. This assumption is suitable with the
mechanism of the sliding device, since Teflon-steel interfaces un-
dergo some very small elastic displacement before sliding, partly
due to small elastic shear deformation of the Teflon material [27].

For the purpose of illustration, four-story shear-type building as
shown in Fig. 8 will be studied.

The properties of the model are chosen to be identical to a mod-
el described in reference [13]. It is assumed that story masses are
equal so that m = 350.2 kg and the mass of the foundation
mf = 4m/3 and stiffness for all stories are set equal to k = 573.6,
103 N/m. Rayleigh damping is used to formulate the damping ma-
trix. It has been assumed that the damping ratios f for the first two
modes of vibration equal to 5%. The fundamental period of the



Fig. 9. Comparison of non-isolated and isolated buildings.

Fig. 10. Comparison of top floor displacements with RB, PF and multiple-slider
bearings.
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fixed base building T1 is 0.447 s. The multiple-slider bearing prop-
erties have been chosen with L = 45 mm and h = 10�. The RB has
chosen to give a period of isolation Tb of 3.0 s and the effective
damping ratio fb equal to 10%. The RB is a mean of providing a dis-
placement restrain. Therefore, the total stiffness of RB is assigned
as kb = 8320 N/m to achieve the desired isolation period. The dom-
inant property of RB is the parallel action of linear stiffness and
damping.

The restoring force (Fb) of RB has been modeled with a linear
force–displacement relationship with viscous damping and can
be expressed as follows:

Fb ¼ kbxb þ cb _xb ð5Þ

and

cb ¼ fb � ð2xbmtÞ ð6Þ

where cb is the effective viscous damping coefficient of RB; mt is the
total mass of the superstructure including the foundation; xb is the
angular isolation frequency i.e.

ffiffiffiffi
kb
mt

q
.

The friction coefficient of the multiple-slider bearing for all the
three sliding surfaces l is assumed to be 0.05. The superstructure is
assumed to behave elastically linear which is compatible with the
main purpose of base isolation and the overturning or tilting effect
of the structure during sliding has been neglected.

7. Simulation results

To verify the effectiveness of the isolator as a new promising
alternative for seismic isolation sliding devices, reduction of two
main response quantities, namely, the isolator displacement xb

and the top absolute floor acceleration €xa, is the main concern. In
order to clarify the advantage of the proposed device, the compar-
ison with responses of the isolated building by RB and PF are also
considered.

The structure is subjected to harmonic sinusoidal excitation
with intensity taken as 0.50 g high enough to insure sliding and
uplift mechanism in the multiple-slider bearing and the period of
excitation Tg taken as 0.6 s; a typical value sufficient smaller than
Tb. Only unidirectional excitation is considered.

The simulation results shown in Fig. 9 demonstrate the effi-
ciency of the multiple-slider bearing in comparison with the
non-isolated building. The maximum absolute top floor accelera-
tion has been reduced significantly from 1.81 g to 0.77 g, which
means a reduction of about 60%, as shown in Fig. 9b. The small
peaks seen in the acceleration time history are generated by the
slip–stick action due to the sudden changes in the friction force va-
lue in the transition sliding phases which exerts shock impulses on
the support. It is clearly indicated in Fig. 9c and d that multiple-sli-
der bearing efficiently suppresses load transmitted into the super-
structure, as well as the total base shear and strain energy.

From the comparison with RB and PF isolation systems shown
in Fig. 10, the maximum top floor displacement for the multiple-
slider bearing case has been found to be less than that for both
RB and PF systems. This shows the effectiveness of this device in
controlling the peak displacement values to acceptable limits,



Fig. 11. Hysteresis loop for the multiple-slider bearing.

Fig. 12. Maximum base shear to total weight ratio and the variation in the inclination angle for l = 0.05.
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being one of the most important reasons to consider the bearing as
a good alternative to solve the problem of large displacement of
the RB and the residual displacement of the PF isolation system.
The maximum displacement of the multiple-slider bearing isolator
can be further reduced by a better selection of the three main
parameters that define the device L, h and l as indicated by sensi-
tivity analysis for these three parameters and their effect on the
dynamic behavior described in the next section of this paper.

The dynamic characteristics of the multiple-slider bearing sys-
tem under seismic excitation are illustrated by the response shown
in Fig. 11. The enclosed area in the hysteretic force–displacement
relationship Fig. 11a represents the portion of the energy dissi-
pated by the friction mechanism. The hysteretic behavior indicates
that after the displacement exceeds the clearance length, the uplift
mechanism is activated to convert some of the kinetic energy to a
potential one and to control the horizontal displacement, as can be
noticed from the trace graph that depicts the relationship between
the horizontal and vertical displacements in Fig. 11b.

Design codes require that the isolation system should be able to
provide restoring forces to bring the isolation device back to its
original position prior to engagement. For example, the 1991
AASHTO Guide Specifications for Seismic Isolation Design [31], re-
quire that the difference between the magnitude of the restoring
force at design displacement and at 50% of the design displacement
is larger than 2.5% of the tributary weight acting on the isolation
bearings. For cases where this criterion is not met, the isolation
system must be capable of accommodating displacements equal
to the greater of three times the displacement calculated by the
single mode analysis method, or 36ASi inches, where A and Si are
the acceleration and site coefficients, respectively. The 1999 AASH-
TO Guide Specifications [32] limit the post-elastic period to a max-
imum of 6 s. In the same manner, ASCE 7-05 [33] and Eurocode 8
[34] states that an isolation unit should be capable of producing
a value 2.5% multiplied by the seismic weight, greater than the lat-
eral force at 50% of the total design displacement, in order to re-
store the isolator to its original intended position.

The unique fundamental dynamic behavior of the multiple-sli-
der bearing is based on the geometry of the bearing that allows
vertical movement through the sliding along the inclined surface.
On the contrary of the friction pendulum system (FPS) which uti-



Fig. 13. Maximum base horizontal displacement verses inclination angle.

Fig. 14. Clearance length vs. peak responses for the shear-type building.
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lizes a spherical sliding surface to develop a restoring force, the
slope angle of the inclined surfaces in the multiple slider bearing
is much larger than the range of the tangential angles of the sliding
surfaces of FPS, so that the vertical component of the structural
motion is explicitly intended and a constant restoring force is gen-
erated due to the component of self-weight tangent to sliding sur-
faces. Fig. 10 affirms the fact that the multiple-slider bearing
inherit a self-centering mechanism in contrast with the pure slider
(PF) which lacks the capability to return to the original position.
However, to insure more safety conventional rubber bearing has
been used in the numerical model as a mean of providing a dis-
placement restrain, see Fig. 8.
8. Parametric study

A properly designed base isolation is accomplished by under-
standing the sensitivity of the device parameter values and their
influence on the structural response. In this section, the character-
istics of the multiple-slider bearing with respect to the maximum
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Fig. 16. Friction coefficient vs. peakresponses.
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horizontal displacement and base shear are examined with the
variation of L, h and l. The identical example model of the four-
story shear-type building under the sinusoidal excitation is used
for the analysis.

8.1. The inclination angle (h) effect

The isolator displacement is the main concern in the analysis
described in this section. The relationship between the maximum
base shear to total weight ratio and the variation in the inclination
angle for l = 0.05 is shown in Fig. 12, which is obtained directly
from Eq. (3) that depends on the inclination angle and the coeffi-
cient of friction. For practical purposes, the maximum angle was
set equal to 45�. The increase in the sliding angle will lead to an in-
crease in the horizontal force as indicated in Fig. 12, resulting in an
increase in the total base shear and the floor acceleration. The ef-
fect of variation of the inclination angle on the base floor horizontal
displacement is shown in Fig. 13. The effect is also examined under
various excitation intensities and periods of excitation. The iso-
lated shear type building was subjected to excitation intensity up
to 0.90 g and period of excitation up to 1.00 s.

For low intensity input up to 0.4 g, changing the angle does not
significantly affect the maximum peak base displacement. How-
ever, for moderate to high intensity earthquakes exceeding 0.5 g,
the increase in the inclination angle is clearly effective in reducing
the displacement demand. It is observed that there is an optimum
angle for each case that gives the least minimum displacement, the
higher the intensity the higher this optimum angle. A small circle is
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added to indicate these optimum values. The effect of the variation
in the excitation frequency is shown in Fig. 13b. For periods of exci-
tation 0.4 s and 0.5 s, a gradual reduction in the peak horizontal
displacement occurs with the increase in the inclination angle.
Nevertheless, for longer periods exceeding 0.6 s, the reduction oc-
curs up to a certain limit then starts increasing. For the periods of
0.9 and 1.0 s, there exists a point where any further increase in the
inclination angle would induce a sudden drop in the peak horizon-
tal displacement and keep its value constant equal to the clearance
length. This turning point, which is marked by a small square, can
be seen as the maximum angle for each period of excitation in
which uplift mechanism cannot be developed further more. It is
obvious that this angle is reached faster for long periods than
shorter periods of excitation.

8.2. Clearance length (L) effect

To acquire a better understanding for L length on the structural
response, the same four-story shear-building is used for the
numerical calculation. L is been selected varies up to 20 cm. The
captured response quantities of interest are the maximum top
and base floor displacements and acceleration, as well as the max-
imum horizontal force, as shown in Fig. 14.

It is clearly shown by this graph that the longer the clearance
length, the higher the peak displacement and the lower the abso-
lute peak acceleration. The peak horizontal force is unchangeable
with the change of clearance length since this mechanism of the
multiple-slider bearing depends only on the inclination angle, the
coefficient of friction and the total weight. The sudden drop in
the restoring force indicates that the peak horizontal displacement
is less than the clearance length which means the system truly be-
haves like a pure friction device without the uplift mechanism. It is
Fig. 17. Hysteresis loop for UPSS for two different friction coefficient values.
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obvious that using smaller clearance length may cause large reduc-
tion in the horizontal displacement but in the expense of higher
top absolute acceleration. The designer should choose adequately
what the priority in the design is in term of cost and space
limitations.

For a deeper understanding and clearer representation, Fig. 15 is
established to relate simultaneously both the variation of clearance
length and angle of inclination with two quantities of interest; the
peak base displacement and top absolute peak acceleration. From
Fig. 15, it is recommended to adopt a small angle of inclination
when dealing with a small clearance length to avoid the high accel-
eration of top floor since such configuration may not allow the iso-
lator to absorb the shock efficiently through the plane sliding part.

8.3. Friction coefficient effect

In this section, the effect of the friction coefficient is investi-
gated. As stated before, the multiple-slider bearing possesses a dis-
tinguishing feature that permits the use of variable friction
coefficients. Therefore, the following discussion is divided into
two cases: equal and non-equal friction coefficient cases. Several
different friction coefficients ranging from 0.01 to 0.3 are consid-
ered in each case.

8.3.1. Equal friction (l)
Equal friction implies that the same sliding material is used for

the three sliding surfaces in both the horizontal and inclined
planes. To illustrate the effect of the friction coefficient values,
the peak responses of the isolated superstructure and the isolator
horizontal force vs. the variation of friction coefficient values are
shown in Fig. 16.

It is observed that for smaller l values, reduction in acceleration
is more efficient accompanied with a higher peak displacement. In
order to clearly show the difference in response behavior for differ-
ent friction coefficient values, the hysteretic loops for two l values
of 0.01 and 0.10 are plotted in Fig. 17. It is obvious that the friction
coefficient strongly controls the shape of the hysteretic curve; the
lower the value, the narrower band dissipation system with more
softener mechanism is generated i.e. larger displacement and low-
er force.

The influence of loading characteristics such as the intensity
and period of excitation and its relationship with the friction coef-
ficient on the peak base horizontal displacement and the peak top
floor absolute acceleration is traced and plotted in Figs. 18 and 19.
Both diagrams clearly depict that the friction coefficients in all
cases of excitation are approximately inversely proportional to
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Fig. 20. Locations of frictional bearing material in the multiple-slider bearing.
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the peak horizontal base displacement. On the other hand, the peak
top absolute acceleration tends to increase with the increase of re-
sponse with the increase of the friction coefficient. It is should be
noted that for small friction coefficients, the top acceleration is
not significantly affected by excitation intensity variation.
8.3.2. Non-equal friction (l1 and l2)
The geometry of multiple-slider bearing inherits a distinctive

advantage that offers the ability to use different friction coeffi-
cients for each sliding surface, as seen in Fig. 20. The use of such
non-equal friction coefficients is expected to be helpful to control
the isolator displacement.

Some researchers have investigated theoretically the effective-
ness of varying the friction coefficient within the FPS by gradually
Fig. 21. 1995 Hanshin Kobe earthqu
varying the roughness of the spherical surface [35]. Such variation
is selected with the criterion that the isolator displacement and
building base shear decrease significantly without much alteration
to superstructure acceleration. In this section, an investigation of
using different sets of friction coefficient for each sliding surface
is performed. The plane sliding surface is assumed to have a fric-
tion coefficient (l1) and the two inclined surfaces are assumed to
have the same friction coefficient (l2) for symmetry and practical
purposes.

Many researches showed that that isolated structures may be
susceptible to near-fault ground motions such that the demand
imposed by their displacement pulses can exceed the capacity of
the isolators designed to current standards [19,36–38]. These
ground-displacement pulses are associated directly with the
fault-rupture process and can cause considerable damage to flexi-
ble structures. Such ground motions may have one or more dis-
placement pulses ranging from 0.5 m and higher with peak
velocity of 1 m/s or greater. The presence of long-duration pulses
has a large impact on isolated structures which requires a large
displacement to be accommodated by the isolators, which may
be excessively greater than a practically feasible value in engineer-
ing design. Some researchers suggested the use of a passive isola-
tion system combined with a semi-active control device to
ake JMA record NS component.



Fig. 22. Free diagram of bearings: equal and nonequal friction coefficient at L = 45 mm, h = 10�.

Fig. 23. Comparison of responses for equal and nonequal multiple-slider bearing subjected to Kobe earthquake.

Fig. 24. Relationship between l1 and maximum displacement and force under various earthquake ground motion records.
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Fig. 25. Comparison between equal and non-equal friction under various
earthquakes.
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enhance the safety of near fault structures [44]. The most common
solution is the use of supplementary dampers to reduce such effect,
on the expense of increasing the cost, the inter-story drift and floor
superstructure acceleration [35].

The multiple-slider bearing has a high potential in controlling
and minimizing the effect of the ground displacement pulses rep-
resented primarily through its operation mechanism. It will be
shown that varying the friction coefficient also helps to maximize
the efficiency of the bearing by reducing the displacement re-
sponse especially in the cases of strong and near fault motions.
Fig. 26. Displacement and acceleration time histor

Fig. 27. Fourier and spectrum analysis
In order to study the dynamic behavior of the base-isolated
shear type building with non-equal friction, 1995 Hanshin Kobe
earthquake JMA record is used, see Fig. 21. The Kobe earthquake
record has peak ground acceleration of 0.83 g, and duration of
ground motion is considered to be 30 s. The same four-story shear
type-building is used for this purpose, and the results are also com-
pared with the equal friction coefficient bearing case.

Three cases of equal and non-equal friction bearing material,
shown in Fig. 22, are used first to determine whether the larger
friction coefficient value should be placed at the plane surface or
the inclined surface part to achieve a more reduction in horizontal
displacement. The simulation results and the comparison between
equal and non-equal bearings are shown in Fig. 23.

It can be concluded from Fig. 23 that for a better performance,
the friction coefficient of plane surface should be taken larger than
the friction coefficient of the inclined surface as in case (2). Con-
trary to case (3), case (2) can induce noticeable reduction in the
maximum isolator displacement without any change in the maxi-
mum horizontal isolator force. However, this reduction may cause
some increase in the top acceleration response due to the higher
yielding frictional level in the plane surface which leads to a longer
duration in the stick phase. The hysteresis behavior of the bearing
indicates a significant reduction in the isolator peak horizontal dis-
placement. The peak isolator displacement is efficiently reduced by
25% in case (2) using the non-equal friction coefficient.

Further investigation for the effect of varying the plane surface
friction coefficient l1 on the maximum horizontal bearing dis-
placement and horizontal force is carried out using several ground
motion records. The earthquake ground motions considered are:
y (L = 45 mm), h = 10�, lopt
1 ¼ 0:228, l2 = 0.05).

for Kobe and Chichi earthquakes.
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(1) 1995 Hanshin Kobe record (PGA = 0.82 g); (2) 1980 Victoria,
Mexico record (PGA = 0.59 g); (3) 1940 El-Centro record
(PGA = 0.32 g); (4) 1999 Chichi-TCU-068 record (PGA = 0.46 g); (5)
1994 Northridge record (PGA = 0.60 g); (6) 1979 Imperial Valley,
El-Centro Array #7 record (PGA = 0.62 g). The above model is used
with bearing properties of L = 45 mm, h = 10� and l2 = 0.05. The
simulation results are shown in Fig. 24. The trend of horizontal dis-
placement response curves reaffirms the above stated fact that a
higher friction coefficient l1 leads to a higher reduction without
any increase in the horizontal force up to a certain point where
forces start increase. A small circle is added to these points. For
some earthquakes such as Victoria and El-Centro records, although
there is still a displacement reduction, it is observed that the force
pattern is different than that of the rest earthquake record re-
sponses. The reason behind this pattern in the case of Victoria re-
cord is due to earthquake wave characteristics that are not able to
develop the uplift mechanism and all displacement responses are
less than the clearance length for all combinations of l1.

Therefore, the linear increase of the horizontal force shown in
Fig. 24 is due to the frictional force limit in the plane horizontal
surface of the multiple-slider bearing proportioned to l1. As for
El-Centro record, the forces kept constant until l1 reaches about
0.07 in which further increase in l1 prevents the development of
uplift mechanism and the behavior continue similar to Victoria
record.

It is clear that the point marked earlier can be considered as an
optimum point in term of achieving a maximum displacement
reduction without any change in the horizontal force. This point
represents the value of l1 that produces a frictional yielding limit
in the plane surface equal to that developed in the inclined surface.
Based on Eq. (3), the optimum value lopt

1 can be calculated as:

lopt
1 ¼ þl2 cos hþ sin h

�l2 sin hþ cos h

� �
ð7Þ

Applying this formula to our example model the optimum lopt
1

is equal 0.228 which matches with the same value in Fig. 24. Com-
parison of equal friction case (l = 0.05) and non-equal friction case
(lopt

1 ¼ 0:228, l2 = 0.05) under the various earthquake excitations
is plotted in Fig. 25. This plot shows the high efficiency of using
non-equal friction with an optimum value to achieve a large reduc-
tion up to 78% of the equal friction case as in Chichi earthquake.

The remarkable performance in Chichi earthquake case com-
pared with Kobe earthquake as shown in Fig. 26 is the result of
the unique characteristics of each seismic wave. Fig. 27 also shows
the Fourier and spectrum analysis comparison between these two
records. The analysis of these two near fault ground waves indi-
cates that Kobe record exhibits forward directivity effect while Chi-
chi record exhibits fling-step effect. The forward directivity is
characterized by a large pulse occurring at the beginning of the
motion to be oriented in a direction perpendicular to the fault
plane while the fling-step is the outcome of the tectonic perma-
nent deformation oriented parallel to the fault [39–41]. The
destructive potential of the permanent displacements of Chichi
waves caused by the fling-step effect has been successfully ab-
sorbed and cut off through the response mechanism of the non-
equal friction multiple-slider bearing causing such a significant
displacement reduction more obvious than in Kobe earthquake
case.
9. Conclusions

The multiple-slider bearing is introduced to enhance the seis-
mic performance of multi-story structures and to reduce the hori-
zontal displacement with a low cost. The multiple-slider bearing is
composed of three sliding surfaces based on the PTFE and stainless
steel interface; one horizontal and two inclined surfaces. A simpli-
fied mathematical model is used to represent the mechanical
behavior and the underlying principles of operation. The dynamic
response of a flexible superstructure supported on the multiple-sli-
der bearings system under earthquake motion is investigated and
compared with rubber bearing and pure friction slider systems.
Preliminary analysis on the influence of the variation of clearance
length, the inclination angle and the friction coefficient on the re-
sponse of multistory building and the unique feature of the multi-
ple-slider bearing that permits the use of different friction
coefficients is investigated. Based on the presented study, the fol-
lowing conclusions can be drawn:

1. Simulation results indicate that the newly proposed bearing is
more effective in mitigating the risk of earthquake and preserv-
ing multi-story buildings from damage than the conventional
rubber bearing and the pure friction slider in term of peak hor-
izontal displacement.

2. Higher inclination angle is effective in reducing horizontal dis-
placement especially in moderate to high excitation intensities
but on the expense of higher forces. It was observed that there
is an optimum angle that gives a minimum horizontal peak dis-
placement and it depends on the excitation characteristics and
structure properties.

3. The analysis indicates that the longer the clearance, the higher
the peak displacement and the lower the absolute peak
acceleration.

4. The peak horizontal displacement is approximately inversely
proportional to the friction coefficient with all cases of excita-
tion. It is also observed that for small friction coefficients, the
top acceleration is not significantly altered with changing exci-
tation intensity.

5. The geometry of the multiple-slider bearing inherits a distinc-
tive advantage that offers the ability to use different friction
coefficient for each sliding surface. This lead the bearing to pos-
sess a high potential in controlling and minimizing the peak
horizontal displacement in addition to its primary reduction
through the mechanism of uplift.

6. It has also been found that for a better performance of the pro-
posed bearing, the friction coefficient of the horizontal plane
surface should be taken larger than the friction coefficient of
the inclined surface. Besides, there is an optimum friction value
that causes a high displacement reduction without any change
in the horizontal force and the principle to define the optimal
value is developed.
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