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Abstract

This article focuses on the implementation of a lightweight model of a friction pendulum bearing in
the finite-element model of a base-isolated structure. The proposed approach appears as an alternative
to a high-fidelity finite-element model. The model considers the slider moving on the sliding surface
as a material point with three degrees of freedom. The equations of motion for the slider are derived
by leveraging the Lagrangian formalism. The three-degrees-of-freedom model is compared with other
available analytical approaches that can be employed to define the response of friction pendulum
bearings, mainly unidirectional formulations. From the numerical experiments, the dynamic response
of a structure with and without base isolation is obtained using a finite-element analysis. Acceleration
time series, recorded during an earthquake, are employed as an input. The numerical results, in terms
of displacement and acceleration evolutions, demonstrate the positive effect of seismic isolation on
mitigating the risk of failure in the structure.
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AnHOoTa s

Pazpaborana ymportennast Mosies b GPUKITHOHHO-MASITHUKOBOM OIIOPHI, IPUMEHSIEMON ITPYU KOHETHO-
3JIEMEHTHOM pacveTe KOHCTPYKIUU C CeHCMOM30JMPOBAHHBIM (DYHIAMEHTOM. YIIPOIIEHHAS MOJEb
BBICTYTIAET B KAYECTBE AJILTEPHATHUBBI JIETAJTU3NPOBAHHON KOHETHO-3/IEMEHTHOU MOJIEJIN OIIOPBI U OIIU-
CbIBaeT JIBUKEHUE, COBEpIIaeMoe II0JI3YHOM, IPEJICTaBJICHHBIM B BHJIe MaTepHaJbHON TOYKU C Tpe-
Ms CTEIeHSIMU CBOOOIBI, 110 MMOBEPXHOCTU CKOJIbYKEHUS. Y PABHEHUS JBUXKEHUs IMOJI3YHA IOJIYIEHBI
¢ ucnoJsib3oBanueM dopmanuzma Jlarpamxka. IIpoBeneno cpaBHeHue JaHHOW MOJIEIN C U3BECTHBIMU
AHAJIMTUYIECKUMU MOJEISIMU, TPOTHO3UPYIONIUMU IOBE/IeHNe (DPUKITMOHHO-MASITHUKOBBIX OIOP, IIpe-
UMYIIECTBEHHO ONHOHAIIPABJIEHHBIX. JIMHaAMUYeCKOoe TOBeJleHNe CeCMON30IMPOBAHHON KOHCTPYKITIN
U e€ BapuUaHTa IPU OTCYTCTBUU CEHCMOM3OIANNN MU3YyUYE€HO IMOCPEJICTBOM UYHMCJIEHHBIX IKCIEPUMEHTOB
C TIOMOINLIO METOJ[a KOHEYHBIX 3IJIEMEHTOB. B KadecTBE BXOJHBIX JIAHHBIX HCIOJIH30BAJIUCH aKCese-
pOrpaMMBbl, 3allUCAHHBIE BO BPEMsl 3eMJIETPsICeHMs. AHAIN3 UUCJEHHBIX JAHHBIX, XapaKTePU3YOIIIX
aMILIUTY/ly IIepeMeIeHUd U YCKOPEHUsI CefiCMOU30JIMPOBAaHHON KOHCTPYKIUY, [I0Ka3aJj, YTO IIpUMEHe-
HHUE CefICMOU30JIAINN 3HAYNTEIbHO CHUXKAET PUCK ITOBPEXKJICHUS KOHCTPYKIIHIA.

KuaroueBsbie cioBa: crpouTesibHast KOHCTPYKIHS ¢ ceficMon3osidiueil, (hpuKImOHHO-MAITHUKOBAS
OIIOpa, aHAJIUTUYIECCKas MOJE/b, KOHCYHO-3JIEMEHTHOE MOJICJIMPOBAHNE, aHAJINS IIEPEXOAHBIX IIPOIECCOB

Hns murupoBanusi: Zhelyazov T. Numerical analysis of the dynamic response of a structure equipped
with friction pendulum bearings // Yuen. 3an. Kazan. yu-ra. Cep. @us.-marem. mayku. 2025. T. 167,
kH. 4. C. 675-688. https://doi.org/10.26907/2541-7746.2025.4.675-688.

Introduction

Seismic isolation decouples the structure from the ground by providing lateral
flexibility, while ensuring sufficient rigidity to withstand vertical loads transmitted from
the superstructure [1,2]. Base isolation serves as an efficient method to reduce displacements
in the superstructure during a strong ground motion by dissipating the energy from seismic
waves. This goal is achieved by adding friction or flexibility. The most common examples of
dissipative devices are friction pendulum systems [3], high damping rubber bearings, and lead
core rubber bearings (LRB) [4].
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Typically, a friction pendulum isolator consists of top and bottom steel plates and a steel
slider. The bottom steel plate is machined to form a concave sliding surface on which the slider
moves. The surfaces of the slider, which are in contact with other elements of the bearing, may
be covered with a composite material liner to obtain some desired characteristics of the sliding
behavior (Fig. 1).

A 4

_Top steel plate

-: _Housing forth]

R _Composite material liner

slider

Sliding/’ surface R

" Bottom steel plate

Fig. 1. Friction pendulum isolator

The sliding surface is characterized by little resistance to lateral movement due to the low
coefficient of friction. Therefore, the device has a large capacity for movement, which is limited
only by its geometric dimensions in the plane.

Friction isolators have garnered substantial research interest [5-8]. The period of oscillation
of a structure equipped with friction pendulums depends mainly on the radius of curvature of
the concave sliding surface rather than on the supported mass [7]. Friction isolators are generally
compact, making them an attractive option for retrofitting existing buildings [8]. They have
proven effective for seismic isolation of certain types of structures [9,10] and bridges [11] as well.

Some technological demands, such as the need to limit displacement of the sliding isolator
during a strong ground motion, have led to the development of triple [12,13| and quintuple [14]
friction isolators that accommodate more sliding surfaces and provide multiple regimes of
response during a seismic excitation. Furthermore, friction pendulum bearings with variable
curvature were proposed and studied [15-19|. The variable curvature of the sliding surface
theoretically enables an adaptive frequency conversion, thus minimizing the likelihood of
undesired effects associated with resonance. In contrast, classical friction pendulum bearings
provide a constant isolation frequency, which is associated with a higher risk for resonance
occurrence. Apart from being an option for base isolation, friction pendulum bearings emerge
as a solution for inter-story seismic isolation. High-rise buildings equipped with inter-story
isolation reportedly demonstrate a better response compared to those with base isolation [20].

Dynamic structural behavior analysis has always been a challenge, given that no
straightforward recipe exists. Finite-element analysis of a base-isolated structure can provide
some insight into the response during an earthquake without restriction regarding possible
irregular geometry. In terms of seismic isolation modeling, several approaches are possible.
One solution is to develop a high-fidelity finite-element model of the bearing, which will
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add a considerable number of degrees of freedom to the finite-element model of the base-
isolated structure that might be comparable to the degrees of freedom of the structure. This
approach will clearly result in an increased overhead in terms of computational resources and
time for analysis. The question arises of how to implement less demanding models to reduce
the computational load in the transient finite-element analysis of the entire structure.

Existing analytical models have evolved from single-degree-of-freedom (SDOF)
approximations, capable of capturing the response of friction seismic isolators with acceptable
accuracy, to a vector superposition of two, inherently SDOF responses, along two orthogonal
directions assumed independent of each other [21,22].

The need to go beyond SDOF approaches and take into account the multiaxial response of
friction pendulum bearings was suggested by indicating that the bearing response depends on
the supported vertical load [23,24]. In more recent studies [25], it was argued that models rooted
in SDOF approximations neglect some phenomenological aspects of the friction pendulum
response, which might be important in the case of near-fault ground motions characterized
by a better pronounced vertical component. In one of the proposed models, the motion of the
slider on the spherical concave surface is considered as the motion of a particle with three
degrees of freedom.

Machine learning algorithms also find application in analyzing the dynamic response of
structures, as well as in reproducing the behavior of seismic isolation. The relative displacement
of stories was investigated in [26]. A hybrid analysis comprising modeling of the superstructure
using linear frame models and ANN implementation for the force-displacement relationship
of the seismic isolators was presented in [27] and validated in [28] via a comparison with
conventional time history analysis and test data. It should be noted that this analysis was
conducted for another type of isolator, not for friction pendulum bearings.

The scope of the contribution is confined to the application of approaches rooted in analytical
mechanics combined with time-history analysis using finite-element models for structures with
base isolation in classical friction-pendulum bearings (Fig. 1).

The article is organized as follows. The SDOF model application is illustrated through
the numerical simulation of a friction pendulum bearing characterization test. The force-
displacement relationships in two orthogonal directions are numerically obtained. The analytical
approach in which the motion of the slider is considered a motion of a material point with three
degrees of freedom is then introduced. Finally, the behavior of a base-isolated structure, in
which the three-degrees-of-freedom model of the device is implemented, during an earthquake
is analyzed using a transient finite-element analysis. The response of the structure is obtained
in terms of displacements and accelerations. To underscore the effect of the seismic isolation,
the responses of two identical structures with and without base isolation are compared.

1. Combination of One-Dimensional Models in Two Orthogonal Directions

In this section, an approach assuming a combination of two SDOF models in two orthogonal
directions is considered. The analytical model is implemented to numerically evaluate the
behavior of a friction pendulum bearing subjected to in-plane excitation and a vertical load.
In the sequel, the numerically obtained relationships are referred to as U-F relationships.

(7)) =7 () = ey (i) 0
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where N is the vertical load transferred from the superstructure, r is the effective radius of the
1 T NS
sliding surface u = (ug,u,)" , 0 = (U, u,) , and T denotes a transpose.
The model defined by equation (1) can be implemented in the characterization test shown in
Fig. 2. The bottom plate of the isolator is kept fixed, whereas prescribed in-plane displacements
are applied to the top surface according to the planned testing protocol.

-

U
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Fig. 2. Scheme of the characterization test

The numerical results describing the interface response in terms of the force-displacement
relationships (or U-F relationships) obtained using the testing protocol depicted in Fig. 3, for
two orthogonal directions, denoted as X- and Y-, are shown in Fig. 4 and Fig. 5, respectively.
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Fig. 3. Testing protocol for displacements

2. Seismic Isolator Considered as a Mechanical System with Three Degrees
of Freedom

The slider, taken as a material point, has three degrees of freedom (r,6, ). The equations
of motion are derived by using the Lagrangian formalism as follows:

d (0L oL
%(3(]}) —aqi_Qi, L=FE,—-FE,. (2)

In equation (2), ¢; denote the generalized velocities, ¢; correspond to the generalized
coordinates, and (); represent the generalized forces (i = 1,...,3), while Ej and E, stand
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for the kinetic and potential energy, respectively. In the expanded form, a system of three
equations is obtained:
—mr(0? + ¢*sin®(A)) — N cos(6) = Q.
mr26 — mr2¢? sin() cos(0) + Nrsin() = Qy, (3)
mr? (@ sin?(0) + 2p0sin(6) cos(0)) = Q..
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Fig. 4. Force-displacement relationship in the X-direction: U, — Fy
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Fig. 5. Force-displacement relationship in the Y-direction: U, — F,

The generalized forces on the right-hand sides of the equations in the system of equations (3)
are obtained by summing the inertia force components with the normal reaction R, (for the first
equation) and the friction forces Ry and R, (for the second and third equations, respectively),
as shown in Fig.6:

—mr(0? + @*sin®(A)) — N cos(0) = —ma, — Ry,
mr2f — mr?p? sin() cos(0) + Nrsin(6) = r(—mag + Ry), (4)
mr? (@ sin?(0) + 2¢0sin(6) cos(0)) = rsin(h)(—ma, + R,).
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Fig. 6. Generalized coordinates, normal reaction, and friction forces acting on the slider

In equation (4), the acceleration vector is defined in polar coordinates (a,, ag, a,), but the
recorded acceleration contains the Cartesian components of the acceleration vector (ay, a,, a,).
The equation below describes the relationship between the acceleration vector components
expressed in polar and Cartesian coordinate systems:

a, cos(p)sin(0) sin(p)sin(f) — cos(d) ay
ag | = |cos(p)cos(f) sin(p)cos(f) sin(f) | - |as | - (5)
ay —sin(yp) cos(p) 0 a,

Given that the slider is forced to move along the sliding surface, an expression for the normal
reaction can be obtained from the first equation in the system of equations (4):

R, = —mr(6* + $?sin®(#)) — mg cos(#) + m(cos(p) sin(A)a, + sin(y) sin(f)a, — cos(h)a.). (6)

Leveraging the expression for the normal reaction, the friction force components are
expressed as:

Ry = —uR,sgn(0),

» (7)
R, = —pR,sgn(fsin(h)).

Thus, the system of equations (4) reduces to the following two equations:

6 — u6%sgn(6) + [g/r — $* cos(9) + a./r — pp*(sin(B)sgn(6) + (u/r)(cos(p)as+

+ sin(cp)ay)sgn(é)] sin(f) + (1/r)(cos(¢) cos(8)a, + sin(yp) cos(f)a,)— (8)

— (u/r)(g cos(8) + cos(f)a,)sgn(d) = 0,

@ — p*pusin(0)sgn(sin(0)) + 246 tan(8) + (1/rsin())(usin(f)a,sgn(sin(8)@)—
— a,) sin(p) + (1/rsin(0))(cos(p)a, — pu(rf* + gcos(h) — cos(y) sin(6)a,+ (9)
+ cos(f)a, )sgn(sin(f)p) = 0,

which are solved numerically.
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3. Dynamic Response Analysis of a Structure with Seismic Isolation

The general-purpose finite-element code ANSYS Mechanical APDL is employed to build the
finite-element model of a reinforced concrete structure (with elasticity modulus £ = 30 GPa,
Poisson’s ratio v =0.2, and density p = 2500 kg/mg) shown in Fig. 7. Point masses
(m = 2000 kg) are defined at each level, at points E, F, G, H, I, J, K, L, M, N, O, and P.
Two versions of the model are developed: one equipped with base isolation and another
without seismic isolation, for reference. For the reference model (without seismic isolation), the
seismic input is applied to all nodes located at z = 0, whereas, for the model of the seismically
isolated structure, seismic accelerations act at locations where the friction pendulum bearings
are installed (i.e., points A, B, C, and D at z =0, see Fig. 7, b).

1<p 1
M=N P=0 R M=N P=0
"o ° Ll ° °
point » N o ™
mass I= 1=K I= L=K
e o ‘o °
™ ™
E=F o .HEG N~ E=F o .HEG
seismic
«© p z ~ isolators |_ ™
A=B=0 D=C A=B=0_[ # t jDEC
! Tm } L 7 J, 7m J’
a) b)

Fig. 7. Reference structure without seismic isolation (a), structure with base isolation (b)

The generated finite-element mesh (Fig. 7, a) contains 4044 finite elements SHELL181 and
12 finite elements MASS21. SHELL181 is a four-node element with six degrees of freedom per
node (translations in the X-, Y-, and Z-directions and rotations about the X-, Y-, and Z-axes).
MASS21 is a point element with six degrees of freedom (translations in the nodal X-, Y-, and
Z- directions and rotations about the nodal X-, Y-, and Z-axes).

A transient analysis is then carried out using the recorded acceleration time series
(the X-component of the input is displayed in Fig. 8). It should be noted that the employed
input is an excitation with the X-, Y-, and Z- components.

The response of the structure is obtained in terms of displacement evolution (Fig. 9) and
acceleration evolution (Fig. 10) monitored at point P, as shown in Fig. 7.

It is apparent that the implementation of friction pendulum seismic isolators leads to
a significant decrease in the monitored displacement. The decrease in acceleration is not so
well pronounced. In this context, seismic isolation can positively modify the fragility curves
(or surfaces) typically employed in quantitative risk assessment.

A comparison of the dynamic response of the base-isolated structure for various
characteristics of the friction pendulum bearing R and p is given in Fig. 11. An increase
in the equivalent radius of curvature (from 3 m to 4 m) leads to a decrease in the maximum
value of the monitored displacement up to 33 %. On the other hand, an (almost) double increase
in the friction coefficient increases the maximum absolute value of the monitored displacement
by 49 %. It should be noted that choosing the equivalent radius of curvature is much easier to
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control, given that the friction coefficient is strongly material specific. However, an in-depth
understanding of the interface behavior (i.e., the precise assessment of the friction coefficient
degradation) is crucial for accurately predicting the response of the isolator and the base-isolated
structure.

0.20

0.10 H

g
=3
=3

a(m/s?)
S
S

-0.20

-0.30

040 .
Time (s)

Fig. 8. X-component of the input acceleration time series

= Nonisolated

= [solated

0 10 20 30 40 50 60 70
Time (s)

Fig. 9. Comparison of the X-component of the displacement at point P for the nonisolated and isolated
structures

It should be mentioned that the numerical results are obtained by assuming a constant
value for the friction coefficient. As an illustration of a variable friction coefficient, its evolution
(and, more precisely, its decrease in the X-direction), predicted in the context of the
characterization test (Fig. 2), is shown in Fig. 12.

These results are consistent with the data provided in [29], on a decrease in the friction
coefficient from 0.07 to 0.04.

In a comprehensive research with an experimental basis, reported in [6], it was deduced
that the friction coefficient depends on the sliding velocity and the normal pressure
acting on the sliding surface. The behavior illustrated in Fig. 12 has been obtained [30]
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using phenomenological models that postulate a dependence of the friction coefficient on
the sliding velocity, normal pressure, and the rise in temperature during sliding [31, 32].
The temperature rise can be experimentally detected using either thermocouples [33, 34]
or thin-film thermocouples [35]. The accurate assessment of available models reveals
discrepancies between theoretical predictions and experimental data, which can reach up
to 40-50 % for sliding paths longer than 10 m. The above implies that simulation of the
characterization test may and should be included in the design of bearings for a better model
constant identification prior to the time history analysis of the base-isolated structure.

0.3

0.1

-0,4

== Nonisolated

Isolated

Time (s)

Fig. 10. Comparison of the X-component of the acceleration at point P for the nonisolated and isolated

structures
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Fig. 11. Comparison of the X-component of the displacement at point P for various characteristics of
the friction pendulum bearing
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Conclusions

Some theoretical models of friction pendulum seismic isolators, their applications
in the mathematical modeling of experimental characterization of bearings (such as
the U-F relationships), and their implementation in the analysis of the dynamic response
of a structure equipped with friction pendulum isolators were considered. Although SDOF
models possess some drawbacks in predicting the friction pendulum bearing within base-
isolated structures, they should be employed in the model constant identification phase. Models
that consider all degrees of freedom for the isolator provide a more accurate assessment of its
multiaxial response and are better suited for the analysis of the dynamic behavior of the overall
structure. Additionally, lightweight analytical models are clearly more efficient in a transient
finite-element analysis compared to detailed high-fidelity finite-element models of the bearings.

0.10

0.08 1

0.06 1

0.04 1

X- Friction coefficient

0.02 1

0.00 T T T T T

Time (s)

Fig. 12. Change in the friction coefficient, in the X-direction, obtained in a simulation of a friction
pendulum bearing characterization test

The obtained numerical results showcase the favorable effect of seismic isolation on the
dynamic response of a structure during earthquakes. The proposed algorithm can be applied
for the design of seismic isolators, for their placement within the structure, as well as for
optimizing the response of the structure considering a specific seismic hazard. In some cases,
base isolation positively modifies the fragility curves/surfaces of the structure, providing a less
conservative risk assessment for structures in seismic regions.
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