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Abstract: This study deals with the modeling of sliding friction seismic 
isolation devices. Recent large-scale experimental tests confirmed the 
need for accurate models to account for the friction performance in the 
ranges of loads, velocity and displacement expected during a seismic 
excitation. An existing experimental model previously validated for 
single concave isolators is here extended to double concave sliding 

isolators. Full-scale mono-directional tests on a set of double concave 
friction bearings in are used to validate and calibrate the model. The 
friction model includes three independent functions to account for the 
effects of applied vertical load, velocity, and cycling effects associated to 
heating. The applicability of the model to the double concave isolators is 
discussed, in comparison with earlier results of single concave isolators.
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Экспериментальная модель подшипников 
скольжения с двойной кривизной поверхности 
скольжения
Аннотация: Данное исследование посвящено моделированию 
сейсмоизолирующих устройств с трением скольжения. Недавние 
крупномасштабные экспериментальные исследования подтвер-
дили потребность в точных моделях для возможности учета ха-
рактеристик трения в диапазонах нагрузок, скоростей и смеще-

ний, ожидаемых при сейсмическом воздействии. Существующая 
экспериментальная модель, ранее проверенная для изоляторов с 
поверхностью скольжения изогнутой в одном направлении, здесь 
расширена до изоляторов с двойной кривизной поверхности 
скольжения. Полномасштабные однонаправленные испытания 
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Figure 1  — Heat flux comparison between single and double concave sliding systems

1. Introduction
In recent decades, there has been an increase in the use of base 
isolators for seismic protection of critical structures throughout 
the world (Kelly 1994; Warn and Ryan 2012; Buckle 2000). 
Applications include Stravos Niarchos Foundation Cultural 
Center in Athens, the Louvre Museum in Abu Dhabi, Los Angeles 
City Hall, and a number of bridges with Japan and China leading 
in the number of seismically isolated structures. Succeeding the 
original model of a two-story frame structure (Zayas et al. 1987), 
a variety of experimental and numerical studies have been 
conducted to evaluate the performance of sliding isolators 
with a single sliding surface, or single concave isolators (Zayas 
et al. 1990; Chang et al. 1990; Mokha et al. 1991a; Tsopelas et al. 
1996; Dolce et al. 2005; Matsagar and Jangid 2008). Later studies 
primarily focused on analyzing and improving the originally 
proposed simplified models (Bondonet and Filiatrault 1997; 
Almazán et al. 1998; Deb and Paul 2000; Almazan and De La Llera 
2002; Mosqueda et al. 2004; Chang and Spencer 2010). Studies 
that analyzed sliders lined with fluoropolymers such as the PTFE 
also reported dependency of friction on contact pressure and 
sliding velocity (Constantinou et al. 1990; Chang et al. 1990). 
Benzoni et at. (2011) presented comparable dependency of 
friction coefficient on variations of the vertical loads and peak 
velocity when using single concave isolators with hydrocarbon 
high-strength polymer sliding surfaces. A model described by 
Lomiento et al. (2013) based on a large set of experimental data 
was able to evaluate the influence of several main effects on the 
coefficient of friction (µ). The model includes four main effects:

•	 “Breakaway effect”, i.e. the sudden increase of µ at the 
beginning of each motion and at each direction reversal;

•	 “Load effect”, i.e. the reduction of µ for increasing contact 
pressure; 

•	 “Cycling effect”, i.e. the continued reduction of µ with the 
fast repetition of cycles due to the increasing temperature 
of the sliding interface produced by frictional heating;

•	 “Velocity effect”, i.e. the gradual increase of µ with the 
increasing sliding velocity.

Sliding isolators with two concave sliding surfaces, 
or double concave isolators, were later introduced and 
investigated by several authors (Fenz and Constantinou 2006; 
Tsai et al. 2008; Morgan and Mahin 2010; Lu, Wang, and Hsu 
2006). When compared to single concave isolators, the double 
concave isolators provide larger displacement capacity for 
the same in-plane dimensions. The theoretical lateral force-
displacement loop of a double concave isolator is equivalent to 
the one of a single concave sliding system with same coefficient 
of friction and an effective radius of curvature equal to the sum 
of the effective radii of the top and bottom sliding surfaces. 
However, it is important to note that the geometric and 
kinematic differences between the single and double sliding 
bearings significantly affect the variability of the coefficient 
of friction, mostly due to the velocity and cycling effects. As a 
consequence, a double concave isolator has a difference friction 
performance with respect to a theoretically equivalent single 
concave isolator, with the main differences arising from the 
following:

1) the sliding motion in a double concave isolator occurs 
simultaneously on two surfaces, so the sliding velocity at the 
contact interfaces is lower than the one in a single concave 
bearing (theoretically, for a same level of displacement and 
velocity of the isolators and assuming the exact same sliding 
velocity on both sliding surfaces, the sliding velocity of a double 
concave isolator is half the sliding velocity of its equivalent 
single concave isolator);

2) the sliding motion at each sliding surface of the double 
concave isolator generates less heat than the one of a single 
concave isolator going through the same lateral deformations. 
This is due to the velocity of the slider being lower and the travel 
path being shorter in comparison with an equivalent single 
concave device with same effective mechanical properties;

набора подшипников трения с двойной кривизной внутри исполь-
зованы для апробации и подбора оптимальных геометрических 
характеристик модели. Модель трения включает в себя три 
независимые функции для учета влияния приложенной верти-

кальной нагрузки, скорости и циклических эффектов, связанных 
с нагревом. Обсуждается применимость модели изоляторов с 
двойной кривизной поверхности скольжения по сравнению с более 
ранними моделями скользящих подшипников.
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3) the average temperature rise of the sliding surfaces of 
a double concave isolator is higher than the temperature rise 
in a single concave isolator going through the same lateral 
deformations. This is because the heat is distributed on a smaller 
sliding surface, which could be as small as half in radius with 
respect to the single concave isolator in order to have the same 
displacement capacity. 

The model presented in (Lomiento et al. 2013) shows that 
the coefficient of friction decreases due to the temperature 
rise of the sliding surfaces. This is accounted for by considering 
the cumulative heat flux, uniformly distributed over the sliding 
surface. The uniformly distributed heat flux for two theoretically 
equivalent single and double concave isolator is schematically 
shown in Figure 1. If the two isolators undergo the same 
deformations, the double concave isolator has a different 
uniformly distributed heat flux due to a different sliding 
velocity, travel path, and surface area that can cause different 
degradation rate of the coefficient of friction.

2. Objective
The purpose of this paper is to investigate the validity of a 
friction model originally proposed for single concave isolators 
to double concave isolators. Experimental data from large-
scale test on double concave isolators are first used to verify 
the applicability of the model. A unified model capturing the 

frictional performance of both single and double concave 
isolators is then proposed, based on the comparison between 
experimental evidence for such devices. The model can be 
used to capture the difference in performance of theoretically 
equivalent devices, by applying appropriate corrective factors 
to account for the effects of the different kinematics on the 
coefficient of friction.

3. Data processing and observed behavior
Experimental data from past mono-directional tests of a series 
of single concave isolators was available. Seven double concave 
isolators utilizing same sliding material as the previously 
analyzed single bearings were tested with various levels of 
displacement, isolator velocity and vertical load using the 
procedures of ASCE 7 (2010). Each double concave isolator 
test included two prototype isolators, to ensure consistent 
performance, and 10-12 identical test runs were performed 
on each prototype. Both single and double concave isolators 
utilized same sliding material, Table 1 presents a test summary 
of a single bearing with typical values of lateral displacement, 
frequency, isolator velocity, vertical load, and the number of 
cycles. The geometry of the tested devices is summarized in 
Table 2.

The raw data was provided by the experimental equipment. 
External sensors recorded the values of time, displacement, 

Table 1 — Summary of prototype tests

Test # Description Disp (mm) Freq (Hz) Velocity (mm/s) Vert Load (kN) Cycles

1 Test #1 6 0.004 0.1 5643 1

2

Test #2

119 0.567 423 6800 3

3 238 0.283 423 6800 3

4 356 0.189 423 6800 3

5 460 0.146 423 6800 3

6

Test #3

119 0.567 423 6800 3

7 238 0.283 423 6800 3

8 356 0.189 423 6800 3

9 460 0.146 423 6800 3

10 Test #4 460 0.146 423 5125 1

11 Test #5 460 0.146 423 7356 1

Table 2 — Geometry of tested isolators

Parameter brg16 brg17 brg18 brg19 brg20 brg21 brg22

R (mm) 5000 5000 5000 5000 3400 3400 3400

a (mm) 323.1 423.4 323.1 423.4 518.7 423.9 328.4

A (mm) 802.4 974.4 802.4 974.4 1020.7 907.6 774.8

where R is an effective radius of curvature of the sliding surface, a is the in-plane radius of the slider,  
and A is an in-plane radius of the sliding surface
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main objective of the data reduction process is to remove, from 
measured forces the components that are not directly applied to 
the test specimen; specifically, the inertial and machine friction 
forces. This procedure required a theoretical and experimental 
phase of machine characterization and shakedown, mainly 
oriented to the assessment of the frictional and inertial 
characteristics of the system. Recorded forces are corrected 

velocity, vertical and lateral forces in binary format. The data for 
each test was then stored on a computer hard drive. 

The users were allowed to determine the data storage 
location, output frequency, and starting delay. After extracting 
the raw output data from the setup equipment, the data was 
corrected to account for the shake table forces during the tests. 
As a general procedure adopted by the SRMD laboratory, the 

Figure 2  — Typical test data

Figure 3  — Typical plots obtained during the analysis
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where fw is a function representing load effect, fw represents the 
cycling effect, and fv captures the velocity effect, respectively. 
The model was originally calibrated and verified against 
experimental data on single concave isolators.

This study is based on several assumptions first proposed by 
Lomiento et al. (2013) during the calibration of a single concave 
sliding system’s model:

1) The functions of vertical load effect fw(P), velocity effect 
fv(v), and cycling effect fc(c) were derived for single concave 
isolators and were never verified for a double concave isolator.

2) All of the aforementioned effects, namely fw(P), fv(v), fc(c) 
are independent from each other. While the assumption cannot 
be experimentally verified to be correct at this stage, models 
based on it have shown agreement with experimental results.

3) The cycling variable assumes that the heat is associated to 
the velocity of the device, and is distributed on a single surface. 
This is a simplified approach, as more complex systems, such 
as double concave isolators, have heat distribution on multiple 
surfaces.

In the following, the model is applied to double concave 
isolators, to verify its applicability on such devices based on 
experimental evidence.

4.1 Vertical Load Effect
Experiments have indicated the degradation of frictional 
properties of an isolator with the increase of the applied vertical 
load. When the vertical load W is increased, the coefficient of 
friction µ decreases; however, the friction force

(4) 
increases due to the fact that the increase in W has a greater 
effect than the decrease in µ. This overall increase in the friction 
force f corresponds to a greater amount of energy dissipated 
by the isolator per one cycle of motion (EDC). The increase 
in EDC can be represented as the increase in the area inside 
the hysteresis diagram with the increase in vertical load W 
(Figure 4). To account for the variations in friction coefficient µ, 
an exponential function characterizing vertical load effect (fw)

(5)

based on the idealized horizontal equilibrium equation of the 
system:

Force readouts = Shear across specimen +  
Inertial forces + Machine friction + Error (1)

where the Error term considers all the uncertainties related  
to the readout and correction process.

Sample experimental displacement, velocity, vertical force, 
and lateral force data are presented in Figures 2(a), 2(b), 2(c), 2(d). 
It can be seen that for the same levels of longitudinal velocity, 
displacement and vertical load, the longitudinal force acting on 
the slider decreases with time, which indicates degradation of 
frictional properties. In addition, values of lateral (longitudinal) 
force were plotted against time and displacement (Figure 
2(e), 2(f )). The reduction of area inside the force-displacement 
(hysteresis) loops correlates to the reduction of Energy Dissipated 
per Cycle (EDC), i.e. the amount of energy the system is able to 
dissipate per one cycle of motion. After processing the recorded 
data, it was possible to determine the experimental values of 
friction coefficient µ and plot them against time (Figures 3a, 3b) 
and displacement (Figure 3c). The values of friction coefficient 
were computed by normalizing longitudinal force to vertical 
loading and subtracting a ratio of longitudinal displacement and 
the radius of curvature of the sliding surface:

(2)

where Flat is lateral force, W is vertical load, Dlat is lateral 
displacement, and R is the effective radius of curvature of 
the isolator. This allowed to visually verify the behavior of the 
double concave isolators. The coefficient of friction drops by 
about 50% its original value at the beginning of the test, due to 
the temperature rise associated to the cycling effect.
4. Experimental model 
The experimental model of the coefficient of friction accounts 
for the vertical load, velocity, and cycling effects. The model 
expresses the coefficient of friction µ as a product of three 
independent functions, each one associated with one of the 
described effects:

(3)

Figure 4  — Hysteresis plots for bearing 16 isolator under different vertical loads
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where µs0 represents the theoretical slow-motion coefficient 
of friction under no vertical load, P is the applied vertical 
pressure, and Pref is a pressure reference value, was proposed. 
The exponential format of the load effect function was selected 
based on the experimental evidence from the single friction 
isolator (Lomiento et al. 2013). After performing the analysis, 
the coefficients µs0 and Pref were determined to be 0.06 and 2 
MPa, respectively.

4.2 Velocity Effect
The increase of the friction coefficient µ with increasing 
velocity is well-known and discussed extensively in literature 
(Constantinou et al. 1990; Mokha et al. 1991; Bondonet 
and Filiatrault 1997; Dolce et al. 2005). These experimental 
studies, however, rarely extend to high velocity levels and, 
more importantly, can be further expanded to include double 
concave isolators. Lomiento et al. (2013) presented a model 
that included the relationship between the friction coefficient 
µ and sliding velocity for single concave sliding isolators. Dolce 
et al. (2005) reported on variations of friction coefficient with 
sliding velocity for cases with different pressure and ambient 
temperature. The study indicated that the coefficient of friction 
increased rapidly with velocity up to a velocity value of 150 
mm/s, and then approached a constant value. This behavior was 
consistent regardless of ambient air temperature and bearing 
pressure on the slider. Similar dependency was observed during 
the testing of double concave sliding isolators. The sudden 
increase of friction coefficient at the regions of zero velocity is 
due to breakaway effect occurring at each reversal of motion.

In order to describe the relationship between the friction 
coefficient µ and device velocity, a function

(6)

where v is the isolator velocity, vref is a reference velocity that 
characterizes the variation rate, and γ ≥ 1 is the ratio between 
the fast-motion and the slow-motion coefficient of friction, 
was used. This function was previously used to describe the 
behavior of single sliding isolators and proved a satisfactory 
agreement with the experimental data (Lomiento et al. 2013). To 
accurately predict the behavior of the double concave isolators, 

constant coefficients γ and vref had to be determined. The 
analysis indicated values of γ and vref to be 1.8 and 25 mm/s, 
respectively.

4.3 Cycling Effect
Degradation of frictional material properties due to heating 
effects is well-known and has been extensively investigated. 
Previously proposed models mainly focused on the effects of 
ambient temperature on the behavior of sliding friction isolators. 
A study by Mokha et al. (1991) reported a decrease in kinetic 
coefficient of friction for PTFE-steel devices, but have not further 
investigated the phenomenon. According to thermodynamic 
principles, the degradation of frictional characteristics occurs 
due to reduction in hardness of the thin surface layer due to 
frictional heating (Lomiento et al. 2013). Chang et al. (1990) 
proposed a model for PTFE sliding isolators that included 
temperature variations at the sliding interface. Lomiento et al. 
(2013) explained the mechanism and distribution of heat over 
the sliding surface and developed a model for a single FPS. The 
cycling effect function was based on a single concave isolator 
and was presented in the following format:

(7)

where

(8)

cref represents the degradation rate of the friction coefficient with 
the cycling variable (smaller cref means faster degradation), the 
exponent β controls the shape of the function, a is the radius of 
the slider projection over the horizontal plane, A – radius of the 
projection of the sliding surface over the horizontal plane, W – 
vertical load, v – instant sliding velocity, and t0 and t represent the 
beginning and end of the time interval under consideration. The 
function c(t) represents the temperature effects over the sliding 
surface and implies the hypothesis of uniform distribution of 
the heat flux on the sliding surfaces (Lomiento et al. 2013). This 
assumption disregards the existence of higher heat fluxes in the 
areas interested by more frequent sliding activity. 

To obtain constant coefficients cref and β presented in 
the Equation 7 a regression analysis was performed. Figure 5 

Figure 5  — Bearing 16 run 9 test plots
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(Figure 6(a)) – an important parameter in determining energy 
dissipation characteristics of a system under cyclic loading. The 
proposed model results in R2 values of approximately 0.7 when 
validated on double concave isolators. The accuracy is improved 
when only large displacement tests are considered.

Comparison of the behavior of single and double concave 
isolators indicated that influence of vertical load effect is similar 
between the two systems, and constant coefficients µs,0, Pref, γ for 
a single sliding concave isolator model presented by Lomiento 
et al. (2013) are comparable to those discovered by this study 
(Table 3). However, a significant difference was noted during 
the comparison of velocity and cycling effects between two 
systems. Both coefficients cref and β, responsible for the rate 
of degradation of frictional properties of the material and 
the shape of the function’s curve respectively, are different 
between the single and double concave systems. For instance, 
typical value of cref for a single concave isolator is 2-7 kN/mms, 
while values for a double concave isolator range between 5 
and 20 kN/mms. A possible explanation is the different heat 
distribution in the double concave friction isolator with respect 
to the one in a single concave isolator (Figure 1). Lower cref in 
single concave isolator corresponds to a faster degradation rate 
of frictional properties. This can be caused by the distribution 
of heat over the two sliding surfaces, top and bottom, instead 
of just one surface, resulting in a lower temperature rise and 

represents decrease in fc during the duration of a single test run 
to a value less than 35% of the initial. To calibrate the cycling 
effect the data for all bearings were combined into one model 
and parameters of cref and β were modified to obtain the lowest 
norm of error value as well as a satisfactory agreement between 
the experimental data and the proposed model. The obtained 
results indicated the coefficient of degradation rate cref being 
a value significantly lower than expected in comparison to 
the results obtained from single concave sliding system tests 
discussed in Lomiento et al. (2013) (1.9 kN/mms for single 
bearings and 8 kN/mms for double). The β parameter was set to 
be 0.21 comparing to 0.5 value used for a single isolator system.

5. RESULTS AND DISCUSSION
The obtained results indicate that the proposed model is 
capable of capturing the behavior of the double concave sliding 
isolators influenced by vertical load, velocity and cycling effects 
for mono-directional tests. The sudden increase of friction at 
each reversal of the direction of motion (i.e. breakaway effect) 
is well-depicted on Figures 2(f ), 3(b), 4, and 5(b). Capturing this 
phenomenon remained outside of the scope of this study due 
to bidirectional nature of seismic excitations and the absence 
of motion reversals.

The significance of this study is the ability of the model to 
closely simulate the experimental force-displacement plots 

Figure 6  — Model verification plots

Table 3 — Comparison of results for large- and small-displacement tests

Parameter D < 350 mm D > 350 mm Combined

μs,0 0.06 0.06 0.06

Pref (MPa) 2 2 2

γ 1.8 1.8 1.8

Vref (mm/s) 10 28 25

cref (kN/mms) 6 10 8

β 0.2 0.24 0.21
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slower degradation of the frictional property at the sliding 
surfaces. The presence of the slider between the two surfaces 
also affects the heat distribution as some heat can be dissipated 
through the slider itself.

Another behavioral aspect that is unique to double concave 
isolators and was not present in a single concave isolator is a drop 
in the magnitude of the friction coefficient µ when the slider 
passes over the center of the sliding surface. This phenomenon is 
a result of the isolator’s design: to account for rotation of the slider 
during the motion, and to keep the top and bottom surfaces of 
the device parallel, the slider has an adjustment mechanism – a 
sliding joint that allows a certain degree of rotation of the top 
slider’s surface relatively to its bottom surface. 

The combined model presented in this paper includes all 
three frictional, making it difficult to estimate the contribution 
of each single effect separately. An ultimate test for the model 
is whether it can estimate the response of an isolator that was 
not included in the original calibration. Figures 6(a) and 6(b) 
presents model verification plots of the large-displacement 
tests for such case. 

Furthermore, the difference between large (>350mm) and 
small (<350mm) displacement tests for double concave isolators 
was investigated. Comparison to a combined model revealed that 
constant values for a combined model fall between the values for 
large- and small-displacement tests as expected. The values of 
µs,0, Pref, and γ remained constant for both levels of displacement, 
while Vref, cref, and β for the combined model fell between the 
results of the large- and small-displacement tests (Table 3).

6. CONCLUSIONS
An experimental model addressing the degradation of frictional 
properties in single concave isolators developed by Lomiento et 
al. (2013) was extended to double concave isolators. According 
to the model, the friction coefficient µ is represented as the 
product of three functions representing the vertical load 
effect fW, velocity effect fv, and cycling effect fc addressing the 
dependency of the friction coefficient on the applied vertical 
load, sliding velocity and temperature rise due to the repetition 
of cycles, respectively. Due to the different kinematics of single 
and double concave sliding bearings, adjustments to the 
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model had to be done in order to account for different sliding 
conditions on the surfaces and heating effects.

Full-scale mono-directional tests were performed on seven 
double sliding bearings in accordance with ASCE 7 (2010) 
testing protocols in order to detect variations on the coefficient 
of friction. Breakaway was observed during the tests, however, 
remained outside of the scope of this study. Experimental 
results evidenced a degradation of frictional properties up to 
50% of the original value during a single test. The degradation 
is less than the one observed on single concave isolators with 
similar sliding materials. This can be attributed to (i) a different 
heat distribution, since the heat flux in double devices affects 
two sliding surfaces rather than only one, and (ii) a difference in 
sliding velocity and travel path of the slider, as this is inversely 
proportional to the number of contact surfaces, given the 
deformation of the isolator. Experimental data also revealed a 
drop in the coefficient friction when the slider of the double 
concave isolator passes through the resting position. This drop 
is generally not observed in single concave isolators.

Each of the three independent functions of the model, 
namely vertical load effect, velocity effect, and cycling effect 
was calibrated using the test data. Modifications to the original 
model include: (i) modification of meaning of velocity (i.e. 
focusing on sliding velocity of the slider instead of device 
velocity), and (ii) considering different heat distribution 
between the single and double bearings. Comparison between 
large and small displacement tests for double concave isolators 
revealed that the values responsible for the degradation of 
frictional properties due to increase in vertical pressure, namely 
the theoretical slow-motion coefficient of friction µs,0 and the 
reference pressure Pref, are unaffected by the displacement 
level. Lower cref value represents faster degradation of friction 
for the small displacement tests, as the slider stays closer to the 
center of the sliding surface preventing heat dissipation. the 
ratio between the fast-motion and the slow-motion coefficient 
of friction, γ, also was unaffected by variations in displacement 
and remained at 1.8. The value of the reference velocity Vref is 
significantly lower for small displacement tests (10 vs 28 mm/s) 
indicating the greater decrease in friction for displacements 
under 350 mm.
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С 29 октября  по 1 ноября 2019 года в  Екатеринбурге состоится
VI Международный форум и выставка 
уникального строительства 100+ Forum Russia
Основной темой 100+ Forum Russia станет «Город будущего». Организаторы предложат строительному сообществу дискусси-
онную площадку для обсуждения того, каким должен стать город будущего и готовы ли мы к его строительству. Будут ли это 
цифровые города для пешеходов без углеродных выбросов в атмосферу, зеленые и комфортные, строительство пойдет вверх 
или, возможно, города станут подземными или даже подводными. Основу деловой программы составят секции по проекти-
рованию (20%), архитектуре (20%) и строительству (20%), а также по производству (10%), законодательству (10%), маркетингу 
(10%), комфортной городской среде (10%).  Для проведения 100+ Forum Russia выбрана новая площадка – Конгресс-центр 
МВЦ «Екатеринбург-ЭКСПО». Сейчас завершается строительство этого многофункционального комплекса для проведения 
масштабных мероприятий международного уровня. С учетом этого будет предложена новая концепция выставочной экс-
позиции форума.  ​ 100+ Forum Russia 2019 пройдет при поддержке Правительства Свердловской области и Администрации 
города Екатеринбурга.
В деловой программе Форума утверждена сессия «Сейсмостойкие  конструкции  уникальных и  технически сложных зданий».  
Модератором секции  выступит  заместитель  руководителя ЦИСС ЦНИИСК им. В.А. Кучеренко АО «НИЦ «Строительство» .

http://www.forum-100.ru/novosti/v-2019-godu-na-100-forum-russia-budut-govorit-o-gorodah-budushego/
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