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Table 1. Properties of near-fault ground motions used in NLTHA 
NGA  

seq. No. Event Year Station ܯ௪ ܴ௨ 
(km) 

Site  
class 

PGA (g) 
Normal Parallel 

180 Imperial Valley-06 1979 El Centro Array #5 6.5 4 D 0.375 0.527 
182 Imperial Valley-06 1979 El Centro Array #7 6.5 0.6 D 0.462 0.335 
879 Landers 1992 Lucerne 7.3 2.2 C 0.717 0.797 
1004 Northridge-01 1994 LA - Sepulveda VA 6.7 8.4 C 0.731 0.707 

1063 Northridge-01 1994 Rinaldi Receiving 
Station 6.7 6.5 D 0.870 0.424 

1085 Northridge-01 1994 Sylmar, Converter 
Sta. East 6.7 5.2 C 0.839 0.495 

Table 2. Properties of stiff single-story building supported on TFPB [1, 15] 
Section 
property 

Area 
(mm2) 

Moment of 
inertia (mm4) 

Torsion 
constant (mm4) 

Shear Area 
(mm2) 

Mass 
(kg) 

Weight 
(kN) 

Column (C) 5.0 × 106 6.851 × 107 1.0 × 108 5.0 × 106 0 0 
Beam (B) 5.0 × 106 1.0 × 1011 1.0 × 108 5.0 × 106 0 0 

 
Fig. 4. Properties of stiff single-story building supported on TFPB [1, 15] 

To consider the effect of bearing flexibility, the responses for three different geometrical 
configurations (effective radius and displacement capacity) are investigated (Table 3). Based on 
this, GC3 exhibits a comparatively stiff isolator with small displacement capacity, GC5 exhibits a 
comparatively soft isolator with large displacement capacity and specification of GC4 is 
somewhat placed between the GC3 and GC5. In all NLTHA to eliminate the effect of impact to 
final restrainer, the displacement capacity of inner sliding surfaces assumed to be infinite. 

Table 3. Geometry configuration of bearings used 

Designation 
Displacement capacities (mm) Effective radius (mm) ݀ଶ = ݀ଷ ݀ଵ = ݀ସ  ்݀ை் ܴଶ = ܴଷ ܴଵ = ܴସ 

GC3 90 300 780 NL 450 2250 
GC4 120 400 1040 NL 600 3000 
GC5 150 500 1300 NL 750 3750 

Also, the effect of isolator damping ratio is studied by considering four different sets of friction 
coefficients used for each geometrical configuration, which in the case of TFPB is shown in 
Table 4. In the case of TVFPB, the initial value of friction coefficient, ߤ, is considered as the 
maximum value of 0.01 and ߤ௦ 2⁄ , and the maximum value of friction coefficient, ߤ௫ , is 
considered as tree times the friction coefficient of TFPB, i.e. ߤ௫ =  . ௦ߤ3

Moreover, to evaluate the effect of initial stiffness of TVFPB, the value of index displacement, ݑ௫, of each sliding surface is considered to be equal to 25 %, 75 % and 100 % of displacement 
capacity of the surface in each case of analysis. 

The equations of motion of system is derived based on Section 4, and these 22 first order 
ordinary differential equations are solved simultaneously by using the ode15s solver in MATLAB. 
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The ode15s solver is a variable order, multi-step algorithm which is quite effective for solving the 
systems of stiff differential equations [16]. 

Table 4. Friction coefficient values of surfaces in the case of TFPB 
Designation ߤଶ = ଷߤ ସߤ ଵߤ :ଶߤ :ଵߤ ସߤ

LF1 0.01 0.02 0.03 1:2:3 
LF2 0.01 0.03 0.06 1:3:6 
HF1 0.02 0.04 0.06 1:2:3 
HF2 0.02 0.04 0.08 1:2:4 

The responses of GC4-LF1 and GC5-HF2 for 1979 Imperial Valley-06 (El Centro Array #5) 
are shown in Fig. 5. The hysteresis loop of conventional TFPB (with constant friction coefficient: 
CteMu) with the response of TVFPB (with variable friction coefficient: VarMu) in three cases of 
index displacement, ݑ௫, and time histories of superstructure acceleration for ݔ-direction of 
structure under normal component of near-fault excitations are shown in this figure. 

 
a) 

 
b) 

Fig. 5. Response of system under IVA5: 
a) hysteresis loop of isolators, b) variation of superstructure acceleration 

The figure depicts that because of the type of friction coefficient of TVFPB, the area of 
hysteresis loop of TVFPB in smaller displacement is equal to the area of hysteresis loop of 
conventional TFPB. Also the maximum bearing displacement in the case of TVFPB is about 30 % 
smaller than TFPB displacement. 

Moreover, it is concluded that when bearings are working at their final stage, e.g. GC4-LF1, 
the utilization of VFS is effective in reducing superstructure demand. However, when bearings 
are working at their soft or semi-stiff stage, e.g. GC5-HF2, by using VFS the demand of structure 
will increase slightly. 
To study the overall response of the TVFPB and TFPB, the average of peak seismic demands are 
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evaluated. The seismic demands considered in this study are: (a) peak orthogonal isolator 
displacement, (b) base shear of structure, (c) maximum inter-story drift of the superstructure, and 
(d) superstructure acceleration. To illustrate the variation of superstructure demands, a 
Superstructure Demand Function (SDF) based on the Eq. (6) is defined.  

 
a) GC3 

 
b) GC4 

 
c) GC5 

 
Fig. 6. Variation of bearing displacement and SDF against index displacement under near-fault motions 

According to this Eq. (6), the lower the value of SDF, the better performance of the bearing 
on the structural response: 

,ܿܿܣܵ)ܨܦܵ ,ܦܫܯ ܸ) = ܽଵ (ܿܿܣܵ)minܿܿܣܵ + ܽଶ (ܦܫܯ)minܦܫܯ + ܽଷ ܸmin(ܸ), (6)

where ܵܿܿܣ is the top floor absolute acceleration of the structure, ܦܫܯ is the maximum inter-story 
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drift of the superstructure, ܸ is the base shear of structure, min(݂) is the minimum value of variable ݂ from the analyses, ݅ is an index to indentify the ݅th TFPB configuration, and ܽ  denotes the 
weight of each single objective function that indicates the importance factor of each single 
function; the summation of ܽ values should be equal to unity (∑ ܽ = 1.0ଷୀଵ ). The importance 
factor of each single objective function is considered equal, thus ܽଵ = ܽଶ = ܽଷ = 1 3⁄ . 

The averages of the bearing displacement and SDF from near-fault records against index 
displacement, ݑ௫ , are shown in Fig. 6. According to bearing displacement results, by 
increasing the flexibility of bearing, the effect of VFS on eliminating bearing displacement is 
reduced. Based on the results it can be conclude that the average of bearing displacement for GC3, 
GC4 and GC5 in the case of TVFPB is about 0.72, 0.75 and 0.78 of TFPB, respectively. 

Moreover, for bearings with small friction coefficient, LF1 and LF2, by increasing the value 
of ݑ௫, bearing displacement first decreases and then increases with further increase of ݑ௫. 
On the contrary, for bearings with larger friction coefficient, HF1 and HF2, decreasing the initial 
stiffness of isolator (increasing ݑ௫) up to a certain value will reduce bearing displacement, 
and after that it does not affect it anymore. 

Based on SDF results it can be concluded that for stiff isolators with relative small 
displacement capacity, e.g. GC3, the value of SDF is reduced by using VFS. However, by 
increasing the flexibility and displacement capacity of bearing, GC5, the value of SDF is increased 
with utilization of VFS. 

Also, for TVFPB increasing the value of friction coefficient will increase the SDF, which is 
not observed in conventional TFPB. Moreover, by increasing the value of ݑ௫, the value of 
SDF first increased and then a little decreased with further increase of ݑ௫. 

Finally, to compare the overall response of the TVFPB and TFPB, a Performance Function 
(PF) that considers all the seismic responses simultaneously, are evaluated based on Eq. (7): 

,ܨܦܵ)ܨܲ (ݑ = ܽଵ (ܨܦܵ)minܨܦܵ + ܽଶ ݑ min(ݑ), (7)

where ܲܨܦܵ)ܨ,   under near-fault motions and theݑ  is the isolator displacement. Because of the importance ofݑ ,min, ܽ, ݅ have been defined previously ,ܨܦܵ ,) is the performance functionݑ
aim of using base isolation in eliminating superstructure demands, the importance factor of SDF 
is considered to be equal to that of the isolator displacement and so ܽଵ = ܽଶ = 1 2⁄ . 

The variation of average value of the PF against index displacement, ݑ௫ , is shown in  
Fig. 7. From this figure, it can be concluded that by using VFS the value of PF is reduced and so 
the performance of bearing is improved. This improvement is reduced by decreasing the stiffness 
and increasing the displacement capacity of bearing. 

Moreover, for isolators with low friction coefficient, e.g. LF1 and LF2, by increasing the value 
of ݑ௫, the value of PF first decreased and then increased with further increase of ݑ௫. 
However, for isolators with high friction coefficient, e.g. HF1 and HF2, decreasing the initial 
stiffness of isolator (increasing ݑ௫) will reduce PF and so the performance of TVFPB is 
improved. Therefore, the optimum value of ݑ௫ , is equal to the half of the displacement 
capacity of sliding surfaces. 

Based on the results, it can be concluded that the usage of VFS is quiet effective in reducing 
the displacement of TFPB isolation system. Moreover, by comparing the superstructure demands, 
it is observed that for stiff bearings with smaller displacement capacity, the incorporation of VFS 
will result in lower superstructure demands, whereas for flexible bearings with larger displacement 
capacity, superstructure demands are increased. Therefore, the VFS is quite effective for 
improving the seismic performance of isolated structures supported on TFPB under near-fault 
ground motions. 
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Fig. 7. Variation of performance function against index displacement under near-fault motions 

5. Conclusions 

The analytical seismic response of Triple Variable Friction Pendulum Bearing (TVFPB) is 
investigated under normal and parallel components of near-fault ground motions. The variation of 
the frictional force on sliding surfaces of TVFPB is such that up to a certain value of displacement, 
the friction coefficient increases and then decreases with further increase in displacement. 

In order to verify the effectiveness of Variable Friction System (VFS), the analytical seismic 
responses are compared with the response of the same system supported on conventional Triple 
Friction Pendulum Bearing (TFPB). The criterion selected for verifying the effectiveness is based 
on minimizing both the bearing displacement and Superstructure Demand Function (SDF) 
simultaneously, which is defined as Performance Function (PF). The results of the study can be 
summarized as follows: 

1) With supporting building by TVFPB, the demands of superstructure and isolator 
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displacement during near-fault ground motions can be controlled within a desirable range without 
much alteration to top floor absolute acceleration. 

2) By using VFS the displacement TFPB can be reduced up to 30 %, which is quite effective 
in reducing the cost of project. 

3) For stiff TFPB with small displacement capacity, the usage of VFS will decrease SDF, 
however SDF is increased for flexible TFPB with larger displacement capacity. 

4) By using VFS the value of PF is reduced which results in improvement of the performance 
of bearing. This improvement is reduced by decreasing the stiffness and increasing the 
displacement capacity of bearing. 

5) The optimum value of index displacement, the displacement which the value of friction 
coefficient is maximized, to optimize the total performance of TVFPB is equal to the half 
displacement capacity of sliding surfaces. 

6) With the usage of VFS, the lateral seismic force required to fully activate the isolation 
system is reduced so the design codes’ limit on minimum design shear force of building is reduced 
which results in a more cost effective building. 
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