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Abstract: - Base isolation systems have become a significant element of a structural system to enhance 
reliability during an earthquake. One type of base isolation system is Friction Pendulum Dampers in 
which the superstructure is isolated from the foundation using specially designed concave surfaces and 
bearings to allow swayunder its own natural period during the seismic events. Friction Pendulum 
Dampers are seismic isolation bearings that have been as a means of bridge, and building  retrofit in 
numerous cases around the world. To assess their impact  on structure  performance, models are needed to 
capture the behavior of these highly nonlinear elements. 
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1. INTRODUCTION 
 
A signi cant amount of the past research in the area 
of base isolation has focused on the use of frictional 
elements to concentrate exibility of the structural 
system and to add damping to the isolated structure. 
The simplest sliding system device is a pure-friction 
system without any restoring force. The system 
supporting a relatively rigid superstructure is very 
effective for a wide range of frequency input and 
transmits a limited earthquake force equal to the 
maximum limiting frictional force. 

Seismic isolation can be an effective tool for the 
earthquake resistant design of structures that can be 
used in both new construction and retrofit. The 
Friction Pendulum Damper  is a seismic isolation 
bearing, with a mechanism based on its concave 
geometry and surface friction properties (Figure 1). 
The supported structure is administered into a 
pendulum motion as the housing plate 
simultaneously glides on the concave dish and 
dissipates hysteretic energy via friction. Seismic 
isolation bearings are structural joints that are 
installed between a structure and its foundation 
support columns. The purpose is to minimize 
damage caused by large lateral displacements 
observed during earthquakes. Friction Pendulum 
Damper (FPD), as shown in Figure 1, are made up 
of a dense chrome over steel concave surface in 
contact with an articulated friction slider and free to 
slide during lateral displacements. 

These devices are specially designed for each 
facility based on the load capacity requirements, 
earthquake displacement capacity, soil conditions, 
and the size of the structure being supported. 

Bearings can be designed to accommodate 
different magnitudes of displacement simply by 
adjusting the curvature and diameter of the bearing 

surface. 
 

 

Figure 1. Cross-section of a friction pendulum bearing 

 
2.CONCEPT OF FRICTION PENDULUM 
BEARINGS 
 

Friction Pendulum Bearings work on the same 
principle as a simple pendulum. When activated 
during an earthquake, the articulated slider moves 
along the concave surface causing the structure to 
move in small simple harmonic motions, as 
illustrated in Figure 2. Similar to a simple pendulum, 
the bearings increase the structures natural period by 
causing the building to slide along the concave inner 
surface of the bearing. The bearings filter out the 
imparting earthquake forces through the frictional 
interface. This frictional interface also generates a 
dynamic friction force that acts as a damping system 
in the event of an earthquake. This lateral 
displacement greatly reduces the forces transmitted 
to the structure even during strong magnitude eight 
earthquakes. This type of system also possesses a re-
centering capability, which allows the structure to 
center itself, if any displacement is occurred during a 
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seismic event due to the concave surface of the 
bearings and gravity. 
 

Figure 2. Concept of sliding pendulum motion 
 

Characteristics of the FPD pertaining to 
durability under severe environmental conditions, 
reduced height, and insensitivity to the frequency 
content of the ground motions, make it a viable 
option for structure seismic isolation. The behavior 
of the FPD is strongly nonlinear and involves the 
coupling of multiple components of the dynamic 
response, posing challenges for those attempting to 
model their response. The main modeling aspects of 
the response of the FPD are:  
- the normal force (N); 
- the coefficient of friction (μ);  
- the in-plane bi-directional sliding interaction 
- large deformation effects (P– ). 
    The two components of the intrinsic forces of the 
FPS consist of the pendulum motion of the mass, fR 
, and the friction between the mass and the sliding 
surface, fμ . Assuming small deformations, the 
unidirectional force–deformation response of the 
FPS is: 

R
NNf sgn

;                                      (1) 

R
Nf R

; N=f sgn ;                             (2) 
 
where N is the normal force acting on the sliding 
surface, R is the radius of the concave surface,  is 
the sliding deformation,  is the sliding velocity, 
and sgn( ) is the signum function, i.e., equal to +1, 
or 1 depending on whether  is negative or 
positive, respectively. 
     If the yield displacements of steel–Teflon sliding 
surfaces reported are on the order on 0.06–0.13 cm 
for conditions relevant to the FPD are considered, 
Figure 3 takes up the characteristics of a bilinear 
model. This model is based on the assumptions that: 
(1) N is constant; (2) μ is constant; (3) the response 
is uncoupled in the orthogonal directions; and (4) 
deformations are small and planar. 
 

 
    The normal force, N, acting on the FPD is 
inherent in both resisting force components, fμ and 
fR , of the response. 
Modeling the vertical response of the FPD with a 
gap element allows simultaneously the monitoring 
of the variations in the N and capturing the effects of 
uplift and impact in the FPD. 
    The coefficient of friction, μ, in addition to the 
material properties of the surface, were found to be 
primarily a function of  and N.  
 
3.CONSTRUCTIVE SOLUTIONS FOR 
FRICTION PENDULUM DAMPER 
 
   ALGA S.p.A. has designed single and double 
sliding surfaces devices; the first one for a prototype 
to be tested in the laboratory at the Eucentre in Pavia 
and the second one for the“Golden Ears Bridge” 
project in Canada. 
 
3.1. Friction pendulum theory for single 
sliding surface 
 
   The fundamental parameters for the device design 
are the following: 
-    Isolated structure period 
-    Horizontal stiffness of the device 
-    Transmitted horizontal force 
The structural system isolated period is calculated 
according to the following formula: 
 

                    
g
R=T 2                                  (3) 

with: 
 
T = Isolated structure period in second 
R = sliding surface curvature radius 
g = gravity acceleration 
The theoretical response curve is the following: 
 

Figure 3. Deflections and forces acting on the slider 
surface. 
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Figure 4. Theoretical response curve of the single 
sliding surface pendulum 

 
The significant parameters are:: 
- μ = dynamic friction coefficient; 
-  = horizontal displacement; 
- W = design vertical load; 
- K = device horizontal stiffness; 

                         
R
W=K                                   (4) 

- effK  = effective device horizontal stiffness; 

                R
WHKeff 1

                     (5) 
- H = horizontal load given by the device;  

 
                               H= μ W+ K                                (6) 

 

- effT = effective isolated structure period; 
 

                 
eff

eff Kg
WT 2                       (7) 

 
- eff  = effective damping of the isolation 
system 
               Reff 2               (8) 

 
The single surface pendulum prototype is basically 
composed by the following components: 
-   base plate (see the figure 1), this plate is fixed to 
the structure at one side and has a  concave surface 
on the other side to allow the bearing rotation. The 
concave rotation surface is realized by inserting in 
the base plate a disk of a innovative sliding material, 
called Xlide, patented by ALGA to minimize the 
friction due to the rotation. 
- median plate that at one side is convex and in 
contact with the rotation surface and at the other 
contains the special allow the bearing movement; the 
suitable selection of the radius of the concave 
surface gives the isolation period according to the 
theory previously shown friction material that in 
service allow the slow movements and in case of 

dynamic fast motion due to the earthquake 
dissipated the energy by friction; 
- sliding plate that is concave and allow the bearing 
movement; the suitable selection of the radius of the 
concave surface gives the isolation period according 
to the theory previously shown. 
  
2.2 Sliding Pendulum Theory For Double 
Sliding Surfaces 
 
The double sliding surfaces pendulum consists of a 
combined bearing (see the figure 6 ) where the 
rotation occurs on an internal surfaces while the 
translation happens on two concave surfaces. By a 
suitable combination of the sliding surfaces radius 
and the two sliding materials one can optimize the 
device response curve  by varying the stiffness and 
energy dissipation. In practice the device designer 
can activate firstly one sliding surface and only after 
a certain movement allows the motion on the second 
sliding surfaces obtaining a bilinear response curve. 
In the sliding 
pendulum designed by ALGA S.p.A. for the 
“Golden Ears Bridge” project in Canada the aim is 
to have a device with a response curve equal to the 
one of a single sliding surface by using a double 
sliding surfaces in order to equally distribute the 
movement on the two surfaces minimizing the plan 
dimension of the bearings; being in fact the 
horizontal movement quite large (1.2 meter) the plan 
dimension of a single sliding surface pendulum is 
not compatible with the structure dimension. 
 

 
Figure 6. Open view of the double surface sliding 
pendulum 

 
  With reference to the theory showed in the 
previous section if the motion occurs simultaneously 
on both surfaces the double sliding surfaces 
pendulum acts as a single surface device, this 
condition occurs when: 

-   21  -  the coefficient of friction on the two 
surfaces are equal; 

-   21 RR  - the radius of each sliding surface so it 
is equal for the two surfaces are equal; 
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-    21 hh -  where h  is the distance between the 
sliding surface and the bearing center of rotation, so 
the condition is that the distance for the two sliding 
surfaces is the same  the two previous conditions are 
reached the effective radius of the double surface 
pendulum is: 

                   2211 hRhRRe                       (9) 
 
The double surfaces pendulum prototype is basically 
composed by the following components: 
-   sliding plates that are concave and allow the 
bearing movement; the suitable selection of the 
radius of the concave surfaces give the isolation 
period according to the theory previously shown; 
-   internal median plates, they must transmit the 
vertical load and allow the bearing rotations. In 
order to transmit the vertical load spherical steel 
surfaces are used while the rotation and the internal 
transmission of horizontal loads are given by a 
spherical contact between the two plates one 
embedded into the other 
 
3.SLIDING MATERIAL SELECTION 
 
    In the research activity for the selection of the 
suitable material for the sliding surface, the goal is 
to obtain a material with a controlled and stable 
friction coefficient with high wear resistance and 
stable at the operating temperature when dynamic 
loads with consequent energy dissipation are 
applied. The results of the research projected a set of 
candidate material with a dynamic friction 
coefficient range from 2 to 6 per cent and 
compression resistance above 100 Mpa. The 
dynamic friction coefficient was calculated by a 
special machine constructed at the Politecnico of 
Milano; this tools if the one normally used for the 
test of PTFE material according to the norm 
EN1337-2 and the Politecnico laboratory is a 
European Notified body for PTFE testing. 
 
 4.CONCLUSIONS 
 
The friction systems perform very well under a 
variety of severe earthquake loadings and are quite 
effective in reducing the large levels of the 
superstructure’s acceleration without inducing large 
base displacements. Comparative study of different 
base isolation systems has shown that the response 

of sliding system does not vary with the frequency 
content of earthquake ground motion. 

Friction dampers have high potential and low 
cost. Their main problems deal with friction 
coefficients and normal force: the friction static and 
dynamic coefficients must have values as near as 
possible and they should not depend on velocity, on 
the environment, on the long time periods when the 
two touching surfaces do not move; the normal force 
should not vary in their lifetime. 

Special alloys, such as shape memory alloys, 
have very nice characteristics and intelligent 
behaviour. They can be utilised in both energy 
dissipation and re-centring, exploiting, in this way, 
their superelastic properties and low-fatigue 
resistances. 

In addition, the sliding systems are also less 
sensitive to the effects of torsional coupling in 
asymmetric base-isolated buildings. Among the 
various sliding isolation systems, the FPD is found 
to be more attractive due to its ease in installation 
and simple mechanism of restoring force by gravity 
action. The FPD had been used for practical seismic 
isolation of buildings (i.e. Washington State 
Emergency Operations Center at Camp Murray, the 
US Court of Appeals Building in San Francisco 
etc.), bridges(i.e. Benicia-Martinez Bridge in the San 
Francisco Bay Area, American River Bridge at Lake 
Natoma in Folsom etc.) and storage tanks (i.e. LNG 
storage tanks on Revithoussa island near Athens).  
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