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ABSTRACT 

DETERMINATION OF CURVED SURFACE SLIDER BEHAVIOR UNDER 

DIFFERENT LOADING CONDITIONS 

 

Esengül ÇAVDAR 

Department of Civil Engineering 

Programme in Mechanical 

Eskişehir Technical University, Institute of Graduate Programs, April 2025 

Supervisor: Prof. Dr. Gökhan ÖZDEMIR 

This study systematically investigates the variations in friction coefficient of both 

full-scale double-curved surface sliders and small-scale slider material under different 

loading conditions. First, wear tests were performed, and the corresponding friction 

coefficients obtained from full- and small-scale tests were compared. Second, full- and 

small-scale test results were used to assess the variations in static and dynamic friction 

coefficients under cyclic motions performed at both room- and low-temperature 

conditions. In the experimental program, not only the temperature and exposure time but 

also the normal stress level and the loading velocity were selected as parameters. Finally, 

a unified model was proposed to estimate the friction coefficient of full-scale isolator by 

means of small-scale test results. The key findings are as follows: (i) After 1000 m 

wearing tests, it seen that the hysteretic behavior of full-scale isolator remains unchanged. 

(ii) In low-temperature tests, due to formation of an ice layer at the sliding interface, 

which behaves like a lubricant, friction coefficients of both the isolator and the slider 

reduces substantially compared to ones obtained from room-temperature tests. (iii) 

Friction coefficients obtained from full- and small-scale tests (either wear or cyclic 

motion tests) results are very close to each other at room-temperature but not at low-

temperature cases. (iv) The proposed formulation, which is calibrated based on small-

scale test results, is accurate enough to estimate friction coefficients of full-scale isolator 

at room-temperature for a wide range of loading combinations. 

Keywords: Curved surface slider, Friction coefficient, Wear tests, Low-temperature 

effects, Scale effects.  
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ÖZET 

FARKLI YÜKLEME KOŞULLARI ALTINDA SÜRTÜNMELİ SARKAÇ TİPİ 
SİSMİK İZOLATÖR DAVRANIŞININ BELİRLENMESİ  

 

Esengül ÇAVDAR 

İnşaat Mühendisliği Anabilim Dalı 

Mekanik Bilim Dalı 

Eskişehir Teknik Üniversitesi, Lisansüstü Eğitim Enstitüsü, Nisan 2025 

Danışman: Prof. Dr. Gökhan ÖZDEMIR 

Bu çalışmada, farklı yükleme koşulları altında hem çift sürtünme yüzeyli kayıcı 

izolatörlerin hem de küçük ölçekli kayıcı malzemenin sürtünme katsayısındaki değişimler 

sistematik olarak incelenmiştir. İlk olarak, gerçekleştirilen aşınma testleri sonrasında 

izolatör testlerinden ve küçük ölçekli malzeme testlerinden elde edilen sürtünme 

katsayıları karşılaştırılmıştır. Daha sonra, izolatör ve küçük ölçekli malzeme test 

sonuçları, hem oda hem de düşük sıcaklık koşullarında gerçekleştirilen döngüsel 

hareketler altında statik ve dinamik sürtünme katsayılarındaki değişimleri belirlemek için 

kullanılmıştır. Gerçekleştirilen deneysel çalışmada, yalnızca sıcaklık ve maruz kalma 

süresi değil, aynı zamanda normal gerilme seviyesi ve yükleme hızı da birer parametre 

olarak seçilmiştir. Son olarak, küçük ölçekli malzeme test sonuçları vasıtasıyla sismik 

izolatöre ait sürtünme katsayısını tahmin edebilmek için bir model geliştirilmiştir. Bu 

çalışmadan elde edilen başlıca sonuçlar şu şekildedir: (i) 1000 m aşınma testlerinden 

sonra, sismik izolatörün histeretik davranışında bir değişiklik olmadığı görülmüştür. (ii) 

Düşük sıcaklık testlerinde, kayma arayüzünde oluşan buz tabakasının bir kayganlaştırıcı 

gibi davranması nedeniyle, hem izolatörün hem de küçük ölçekli malzemenin sürtünme 

katsayıları, oda sıcaklığında elde edilenlere kıyasla önemli ölçüde azalır. (iii) İzolatör ve 

küçük ölçekli malzeme testlerinden (aşınma veya döngüsel hareket testleri) elde edilen 

sürtünme katsayıları, oda sıcaklığında birbirine çok yakındır, ancak düşük sıcaklıklarda 

farklılık göstermektedirler. (iv) Küçük ölçekli test sonuçları kullanılarak kalibre edilen ve 

oda sıcaklığında izolatöre ait sürtünme katsayılarını tahmin etmek için önerilen 

formülasyon, geniş bir aralıktaki yükleme kombinasyonları için oldukça başarılı 

olmuştur. 

Anahtar Sözcükler: Eğri yüzeyli kayıcı izolatör, Sürtünme katsayısı, Aşınma testleri, 
Düşük sıcaklık etkisi, Boyut etkisi.  
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1. INTRODUCTION 

1.1. Seismic Isolation 

Seismic isolation systems are among the most effective methods for protecting 

structural and non-structural components, as well as equipment housed within buildings, 

from potential earthquake-induced motions (Constantinou 1994; Naim and Kelly 1999; 

Ozdemir and Constantinou 2010; Calvi et al. 2017; Quaglini et al. 2019). The basic 

concept behind seismic isolation involves a system that mitigates the effects of ground 

acceleration by using low horizontal stiffness devices placed between the superstructure 

and its foundation. This application results in the isolated structure effectively shifting 

the fundamental period away from the dominant periods of the ground motions (see 

Figure 1.1), thereby significantly minimizing the floor accelerations, interstory drifts and 

seismic forces. The reduced seismic forces result in a superior performance of the 

superstructure during a seismic action compared to its fixed-base counterpart. 

 

Figure 1.1. Basic concept of seismic isolation: a) shifting the fundamental period of the structure to a 

longer period range, b) controlling excessive displacement through increased damping 

(adapted from Skinner et al. 1993) 

 

The primary design consideration in structures with a seismic isolation system is 

the maximum displacement that will occur at the isolation level. This displacement value 

is crucial for determining the shear force transferred from the superstructure, the 

necessary seismic gap around the structure to allow free movement, and the geometric 

properties of the isolators to be used. An increase in the period and the corresponding 

increase in flexibility result in larger displacements at the isolation level. However, as 

shown in Figure 1.1, increasing the damping ratio helps to mitigate excessive horizontal 

movements.  

  
a) b) 
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Seismic protection techniques date back to early historical periods, with the first 

recorded applications found in Ancient Greece around 440 BC. Over time, advancements 

in construction and material technologies have evolved the concept of seismic protection. 

Initially focused solely on protecting structural members, the modern approach has 

expanded to encompass the protection of non-structural components as well. New 

construction techniques, such as seismic isolation, now integrate both structural and non-

structural protection into the design phase. 

Today, one of the most widely utilized types of isolation devices is elastomeric 

bearings, which may or may not include a lead core (Pavese et al. 2019; Ponzo et al. 2021; 

Yaşar et al. 2023a; Yasar et al. 2023b). In addition to elastomeric bearings, sliding 

bearings with curved surfaces have become increasingly popular (Calvi and Calvi, 2018; 

Barone et al., 2019). Among these isolation devices, the Curved Surface Slider (CSS) 

stands out due to its simplicity and widespread use. 

 

1.2. Curved Surface Slider 

The Curved Surface Slider (CSS), first introduced in the 1980s in North America 

as the Friction Pendulum System® (FPS) by Victor Zayas (Zayas et al. 1987a), represents 

a significant advancement in seismic isolation technology. A patent application was 

submitted on December 12, 1985, and granted on February 24, 1987 (Zayas et al. 1987b). 

Zayas clarified the operational principles, design methodology, modeling techniques, and 

testing procedures for this system in a comprehensive report and article (Zayas et al., 

1987a; Zayas et al 1990). 

In its basic form, the CSS comprises an articulated slider and two concave plates 

that create two sliding surfaces. The primary surface handles horizontal displacements, 

while the secondary surface accommodates rotational movements (Figure 1.2). A self-

lubricating thermoplastic material (filled Polytetrafluorethane-PTFE) lines the slider's 

contact area with the primary surface, facilitating energy dissipation during sliding. Due 

to the sliding taking place on a single surface (the primary surface), this type of isolation 

unit is referred to as a Single CSS. Furthermore, the patent proposed by Zayas involves 

the use of filled Polytetrafluorethane (PTFE with reinforcing fiber and lead-filled porous 

bronze) (Evans and Senior 1982) for the isolation device. Such material was chosen for 

its high load bearing capacity and energy dissipation capacity, while providing a low 

friction coefficient. A number of self-lubricating materials with enhanced sliding 
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properties have been later proposed, like, e.g. Ultra-high-molecular-weight polyethylene 

(UHMWPE), polyethylene (PE) and polyamide (PA) (Calvi and Calvi 2018; Barone et 

al. 2019). Details on self-lubricating materials, specifically, are provided in subsequent 

sections. 

CSSs are designed to integrate four essential functions of an isolation system within 

a compact design: supporting vertical loads from the superstructure, accommodating 

lateral displacements, dissipating seismic energy, and enabling re-centering capability. 

Advanced versions of CSSs, such as the Double CSS (Fenz and Constantinou 2006; Bao 

et al 2017), which doubles the displacement capacity of the single-surface version, and 

the Triple CSS (Becker and Mahir 2012; Sarlis, et al. 2013; Becker et al 2017), featuring 

adaptive stiffness and damping based on excitation intensity, follow the same 

fundamental mechanical principles despite their enhanced features. 

 

 

Figure 1.2. Structure of a Single CSS 

 

The design of a CSS is relatively simple, based on two key parameters: the radius 

of the concave plate and the friction coefficient at the sliding interface. The radius of the 

concave plate defines the isolation period of the system, while the friction coefficient 

governs the energy dissipation of the isolation unit. Consequently, the hysteretic behavior 

of CSSs is primarily influenced by any parameter that changes the friction properties at 

the sliding interface of the isolation unit. Key factors include axial pressure, sliding 

velocity, temperature, environmental effects, wear, and contamination (Campbell et al. 

1993; Constantinou et al. 1999; Dolce et al. 2005; Quaglini et al. 2009; Quaglini et al. 

2012; Quaglini et al. 2014; Furinghetti et al. 2019; De Domenico et al. 2019). To 

accurately predict the hysteretic behavior of CSSs, it is essential to conduct tests under 

representative load and displacement conditions that align with the isolator’s intended 

purpose and design.  

The practical implementation of single CSS systems exhibits limitations in specific 

areas or ground motion scenarios (Pranesh and Sinha 2000; Shakib and Fuladgar 2003; 

Fenz and Constantinou 2008). These limitations are primarily related to the system's 
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displacement capacity and energy dissipation effectiveness under various seismic 

conditions. As a result, there has been a need for more effective and adaptable isolation 

units that can perform better across a wider range of ground motions. 

To address these limitations, researchers have developed isolators featuring 

multiple sliding surfaces, such as the Double Curved Surface Slider (DCSS). This system 

is designed to increase the displacement capacity and improve the energy dissipation 

capabilities compared to the single CSS. The Triple Curved Surface Slider (TCSS), which 

includes three sliding surfaces, also follows similar principles but is not the primary focus 

of this study.  

The DCSS, with its double concave friction surfaces, provides a more effective 

solution to the limitations of single CSS units. The following subsection provides a 

comprehensive analysis of the DCSS system, highlighting its mechanical principles, 

advantages, and performance. 

 

1.2.1. Double curved surface slider (DCSS) 

Over a century ago, seismic isolators featuring double curved surface sliders were 

conceived and patented in the United States (Touaillon 1870; Bechtold 1907) and Europe 

(Barucci 1990). Nevertheless, the contemporary DCSS required substantial time for 

development, implementation, and testing. The initial DCSS was created, evaluated, and 

successfully employed in a Japanese building in 2001 (Hyakuda et al 2001). The primary 

goal in developing the DCSS was to achieve almost double the sliding capacity of 

traditional CSSs. To achieve this, Hyakuda et al (2001) designed a non-articulated slider 

with concave sliding surfaces possessing identical radii and friction coefficients, 

effectively attaining the desired high displacement capacity. However, it is to be noted 

that when friction coefficients at two sliding interfaces of the DCSS, the articulation 

becomes essential (Zhang and Ali 2021). An articulated slider facilitates the 

synchronization of upper and lower isolator component rotations, preventing excessive 

wear by evenly distributing forces across the surfaces. Similarly, Tsai et al (2003; 2006) 

conducted additional experimental and numerical investigations of the same isolation 

concept, though these studies were limited to isolators with equal friction coefficients and 

radii. Fenz et al. (2008) conducted a more extensive investigation that focused on the 

cyclic behavior of DCSSs, considering various factors that influence the force-

displacement relations of isolators. Their study encompassed the effects of varying radii 
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of curvature, unequal friction coefficients on the contact surface, the height of the 

articulated slider, and the impact of the articulated slider's friction coefficient. The 

primary advantage of DCSS systems over their CSS counterparts is the cost reduction 

resulting from their more compact size, as smaller bearings directly translate to lower 

expenses. Figure 1.3 shows modern DCSS isolators and their key components currently 

employed in engineering practices. 

 

 

 

Figure 1.3. DCSS and its basic components (http-1, http-2) 

 

1.2.1.1. Hysteretic behavior of DCSS 

This section presents the hysteretic behavior of double curved surface slider, 

which is the primary focus of the experimental studies in this PhD thesis. The 

mathematical formulations presented here are adaptable to other CSSs. 

Double curved surface slider, as shown in Figure 1.3, consist of two concave 

stainless-steel surfaces and a slider. The radius of curvature of the concave surfaces are 

R1 and R2, whereas the friction coefficients at the contact interfaces with the sliding 

surface are μ1 and μ2, which can be either identical or different. Figure 1.4 illustrates 

cross-sections corresponding to various displacement regimes of a DCSS. Specifically, 

Figure 1.4.a shows the cross-section of the isolator in its initial position (zero 

displacement), while Figure 1.4.b depicts the isolator at its maximum displacement. Here, 

d represents the maximum displacement capacity of a single concave surface, and the 

total displacement of both top and bottom surface is calculated as 2d. To derive the force-

displacement relationship for a DCSS, free-body diagram of top and bottom concave 

plates is analyzed separately. Then, the overall relationship for the isolator is established 

based on equilibrium and compatibility conditions. Figure 1.5 presents a free-body 
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diagram of the slider considering the displaced position of top concave plate. In Figure 

1.5, forces acting on the slider include the vertical load W, acting on the center of the 

slider, the horizontal force F1, the friction force at the contact surface Ff1, and the vertical 

force component of the axial pressure S1. 

 

a) 

 
 

b) 

 

Figure 1.4. Theoretical relationship for double curved surface slider 

 

Considering the force equilibriums in both horizontal ( ∑ 𝐹𝑥 = 0 ) and vertical 

( ∑ 𝐹𝑦 = 0 ) directions yields the following mathematical expressions: 

 𝐹1 − 𝑆1 sin 𝜃1 − 𝐹𝑓1 cos 𝜃1 = 0 (1.1) 

 𝑊 − 𝑆1 cos 𝜃1 + 𝐹𝑓1 sin 𝜃1 = 0 (1.2) 

 

As a consequence of geometric compatibility, the slider's movement on the top 

plate: 

 𝑢1 = (𝑅1 − ℎ1) sin 𝜃1 (1.3) 

 

In Eqn. (1.3), R1-h1 represents the distance between the center of the concave 

surface and the center of the slider. 

h1

h2

d d

R1

R2

1

2

u= u1+ u2=2d

u2 u1

1

2
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Figure 1.5. Free body diagram of the top plate of a double curved surface slider 

 

The force-displacement relationship for the top plate is derived by combining Eqns. 

(1.1), (1.2), and (1.3). Following a similar process for the bottom plate, Eqns. (1.4) and 

(1.5) are established for the entire double curved surface slider. 

 𝐹1 = 𝑊𝑅1 − ℎ1 𝑢1 + 𝐹𝑓1 
(1.4) 

 𝐹2 = 𝑊𝑅2 − ℎ2 𝑢2 + 𝐹𝑓2 
(1.5) 

 

Since the total displacement, 𝑢, of the isolator is equal to sum of the displacements 

of both top and bottom plates:  

 𝑢 = 𝑢1 + 𝑢2 (1.6) 

 

where 𝑢1 = (𝐹 − 𝐹𝑓1𝑊 ) (𝑅1 − ℎ1) 
(1.7) 

  𝑢2 = (𝐹 − 𝐹𝑓2𝑊 ) (𝑅2 − ℎ2) 
(1.8) 
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The friction coefficient at each contact surface is calculated by dividing the friction 

force by the vertical load.; 𝜇1 = 𝐹𝑓1/𝑊 and 𝜇2 = 𝐹𝑓2/𝑊. On the other hand, considering 

the equilibrium of the forces (𝐹 = 𝐹1 = 𝐹2) acting on the slider in the horizontal direction, 

the force-displacement relation for the entire isolator will be as follows:  

 𝐹 = ( 𝑊𝑅1 + 𝑅2 − ℎ1 − ℎ2) 𝑢 + (𝐹𝑓1(𝑅1 − ℎ1) + 𝐹𝑓2(𝑅2 − ℎ2)𝑅1 + 𝑅2 − ℎ1 − ℎ2 ) 
(1.9) 

 

In the above equation, the term (𝑅1 + 𝑅2 − ℎ1 − ℎ2) is defined as the effective 

radius of curvature Reff of the sliding surfaces. The second part of Equation 1.9, divided 

by the vertical load, W, gives the effective coefficient of friction (μeff) of the isolator. 

 𝜇𝑒𝑓𝑓 = 𝜇1𝑅1 + 𝜇2𝑅2𝑅1 + 𝑅2 − ℎ1 − ℎ2 
(1.10) 

 

Equation 1.11 provides the terms that define the force-displacement relation of the 

isolator unit. In Eqn. (1.11), the first term represents the restoring force (Fr) provided by 

the concave surface based on the pendulum mechanism, and the second term denotes the 

frictional force (Ff) activated at the sliding interface.  

 𝐹 = 𝐹𝑟 + 𝐹𝑓 = 𝑊𝑅𝑒𝑓𝑓 𝑢 + 𝜇𝑒𝑓𝑓𝑊 ∙ 𝑠𝑔𝑛 (𝑣) 
(1.11) 

 

where 𝑣 and sgn(∙) are velocity of the slider and the signum function, respectively. 

In Eqn. (1.11), W/Reff is equal to the horizontal stiffness (keff) of the isolation system. 

Thus, period of the isolated structure will be 𝑇𝑖𝑠𝑜 = 2𝜋√𝑅𝑒𝑓𝑓𝑔 . Figure 1.6 illustrates the 

correspondence of the terms defined in Eqn. (1.11) on the force-displacement relationship 

of a DCSS. 
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Figure 1.6. Representative bi-linear force-displacement curve of DCSS 

 

1.2.2. Self-lubricating thermoplastic materials used in CSSs 

Friction represents a nonconservative force that dissipates energy in various forms. 

This energy dissipation can occur through mechanisms such as heat generation, material 

wear, and molecular interactions, which are influenced by factors including the 

coefficient of friction and loading conditions. To address this issue, researchers have 

developed self-lubricating polymeric materials that prevent wear-related failures caused 

by insufficient lubrication, enhance wear resistance, reduce friction, and adapt to extreme 

conditions, thereby improving overall performance (Ozdemir et al 2024). These materials 

are developed by incorporating solid lubricants into various matrices, including metal, 

polymer, and ceramic, for applications that require lubrication (Evans and Seniro 1982). 

The solid lubricant component in these materials forms a lubricating layer through tribo-

chemical reactions, ensuring a constant supply of lubricant at the interface (John and 

Menezes 2021). Self-lubricating materials not only offer superior lubrication properties 

but are also characterized by their ability to withstand potential damage, such as cold 

welding, scratching, and adhesion, which may occur during friction between two surfaces 

without lubrication. Furthermore, these materials exhibit excellent tribological properties 

under extreme conditions, including high speeds, high temperatures, and heavy loads 

(Kasar et al 2024). 

Polytetrafluoroethylene (PTFE) is a well-known self-lubricated material used to 

provide low friction at the sliding interfaces of CSSs. It is made up of carbon and fluorine 

atoms. PTFE is preferred because of its low friction coefficient, low surface tension and 

the absence of stick-slip motion (Evans and Senior 1982). Practical application 

temperatures range from -100°C to 250°C. However, unfilled PTFE does not have a 

F
o
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e
  

Displacement 

keff = W/Reff 

µeffW

2µeffW
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higher load-bearing capacity or durability compared to other alternatives, and it wears out 

quickly under dry conditions. Low thermal conductivity of unfilled PTFE prevents heat 

dissipation, potentially leading to premature failure due to melting (Menezes et al 2018). 

As a result, its use is limited to low-velocity sliding applications. On the other hand, by 

adding various filler materials, mechanical properties (such as load-bearing capacity, 

wear rate, etc.) can be improved without compromising its friction characteristics. This is 

the reason behind the use of filled PTFE in curved surface sliders, rather than unfilled 

PTFE. 

Polyethylene (PE), a type of plastic, comprises a mixture of similar polymers of 

ethylene (Whiteley et al 2000). The mechanical properties and strength of polyethylene 

are associated with its molecular weight, the type of bonding of atoms and the presence 

of long chain molecular structures (Kaiser 2023). It is available in various forms: Low-

Density Polyethylene (LDPE), Medium-Density Polyethylene (MDPE), and High-

Density Polyethylene (HDPE). Each type exhibits different melting points (LDPE 105°C, 

MDPE 120°C, HDPE 130°C) and mechanical properties. Consequently, the selection of 

an appropriate type of PE is crucial, depending on its intended application. Ultra-High-

Molecular-Weight Polyethylene (UHMWPE) is a variant of polyethylene with a 

molecular weight ranging from 3.5 to 7.5 million atomic mass units (amu) (Kurtz 2015). 

Due to its high molecular weight, it is characterized as an exceptionally durable material. 

As a result, its properties, such as resistance to cutting, wear, and chemicals, make it 

suitable for CSS applications. 

Polyamides (PA) represent an additional category of plastics utilized for sliding 

surfaces in CSS. These materials exhibit superior characteristics, including high tensile 

strength, hardness, high melting points, and resistance to chemicals, which make them 

adaptable for numerous applications (Palmer 2001). Similar to other thermoplastics, the 

properties of PA can fluctuate based on several factors, such as molecular weight, 

moisture content, temperature, and the incorporation of additives (Kang and Park 2010; 

Touris et al 2020). 

The fundamental properties of these thermoplastic materials are provided in Table 

1.1 (Calvi and Calvi 2018). However, even though some of them proved to be operational 

under extreme conditions (Calvi and Calvi 2018), the selection of viable sliding material 

is still a critical task. The sliding material for CSSs shall fit different requirements related 

to both service and seismic conditions. It shall provide low sliding resistance combined 
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with high wear endurance at low velocities in order to accommodate service movements. 

Furthermore, it shall ensure a stable coefficient of friction at high velocities necessary to 

provide the required level of damping (Quaglini et al. 2017a; Quaglini, et al. 2012a). 

 

Table 1.1. Properties of thermoplastic materials utilized for CSS (adapted from Calvi and Calvi 2018) 

 PTFE PE UHMWPE PA 

Unit mass (kg/mm3) 2200 900 950 1100 

Melting Temperature (°C) 335 120 130-136 200-350 

Unconfined compression strength (MPa) 25 12-33 38-50 55-220 

Friction coefficient on polished steel (%) 5-10 15 5-10 10-20 

 

1.3. Friction Phenomena 

Friction is a force defined as the resistance experienced when one object moves 

across another. This comprehensive explanation covers two primary categories of relative 

motion: sliding and rolling. Although it is beneficial to differentiate between sliding and 

rolling friction, these two phenomena are not entirely separate, and even seemingly 'pure' 

rolling generally involves an element of sliding. As depicted in Figure 1.7, both ideal 

rolling and sliding scenarios require a tangential force F to move the upper body over the 

fixed surface. The coefficient of friction, typically denoted by μ, is defined as the ratio 

between this frictional force and the normal load W: 

 𝜇 = 𝐹𝑊 
(1.12) 

 

The coefficient of friction is used to quantify the strength of frictional forces. This 

value can range significantly, from as low as 0.001% in a lightly loaded rolling bearing 

to exceeding 10% for identical clean metal surfaces sliding in a vacuum. However, for 

most common materials sliding in air without lubrication, the coefficient of friction 

typically falls between 0.1 and 1% (Hutching and Shipway 2017). 
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Figure 1.7. Force, F, needed to overcome friction and start motion by a) rolling or b) sliding adapted from 

(Hutching and Shipway 2017) 

 

1.3.1. Dry friction: A basic overview 

The earliest documented investigations on friction are credited to Leonardo da 

Vinci (1452-1519). These initial observations were later expanded upon by Amontons 

(1663-1706) (Amontons 1699). Then, Coulomb subsequently contributed that friction 

force remains unaffected by any change in velocity and provided theoretical models for 

friction (Dowson 1979). These fundamental observations, as documented by Amontons 

and Coulomb, can be summarized as follows: 

• Frictional force is directly proportional to the normal force applied,  

• The magnitude of friction is not influenced by the size of the contact area 

between surfaces,  

• Friction force remains constant regardless of velocity (known as Coulomb 

friction). 

However, friction is influenced by various parameters, including lubrication, elastic 

deformation, velocity, material heterogeneity, and contact area (Archard 1957; 

Hornbogen 1986; Narisawa 1993; Otsuki and Matsukawa 2012; Tiwari et al. 2018; Bai 

et al. 2021; Mirzaev et al. 2024). The general findings of these experimental studies 

indicate that Amontons’ laws are valid under specific conditions, including dry friction, 

absence of elastic deformation, low-speed motions, homogeneous surfaces with ideal 

roughness, and macroscopic-scale contact (Gao et al. 2004). Because, real systems differ 

from Amontons’ ideal conditions, indicating that ideal friction laws are only applicable 

under specific circumstances (Apostoli et al 2017). On the other hand, the third law of 

friction is less well-founded than the first two laws, and many studies have obtained 

results that contradict this law (discussed in the next section). Common observations 

demonstrate that the friction force needed to start sliding typically greater than the friction 
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force required to continue sliding (Hutching and Shipway 2017). Consequently, friction 

is understood to have two distinct phases: static friction (μst) and dynamic friction (μdyn). 

In the context of CSSs, static friction (μst) is defined as the friction at the initiation 

of motion, or at any instant when a temporary stop of sliding occurs (such as at motion 

reversal), while dynamic friction (μdyn) is activated during continuous sliding. Static 

friction is caused by the chemical bonds that form between the mating surfaces that stick 

to each other, in absence of relative motion. Since the number and strength of these bonds 

increase with the duration of sticking, the static friction coefficient (μst) at the breakaway 

is generally larger than the ones at motion reversal (Gandelli and Quaglini 2018). For 

CSSs at the motion reversal point, where the sliding velocity V ≈ 0, the frictional force 

reaches its maximum value, causing the contacting surfaces to temporarily adhere to each 

other. Following this, at V = 0, there is an instant stop, and as the frictional force changes 

direction, the surfaces continue to slide over each other. This phenomenon, where the 

sliding interface alternate between sticking and slipping, is referred to as stick-slip 

behavior in the literature. 

While the static friction governs the transition from sticking to sliding at the 

breakaway, the operational performance of CSSs is determined by dynamic friction. 

Sliding is triggered when the horizontal force due to seismic action overcomes the 

resistance provided by the static friction; as long as the ground-motion acceleration is not 

able to overcome this resistance (as it may occur in case of low or mild intensity 

earthquakes, or high values of μst), the isolator remains in the sticking phase and the 

superstructure behaves like a fixed base structure (Gandelli and Quaglini 2018; Gandelli 

et al 2019; Gandelli et al 2020). Static and dynamic frictions are clearly shown on the 

isolator force-displacement curve in Figure 1.8, where HV and LV represent the value of 

the dynamic friction coefficient (μdyn) in the high and low velocity region respectively. 

 

 

Figure 1.8. Typical frictional behaviour of a CSS during cyclic motion 
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1.3.2. The role of different parameters in friction coefficient – Previous research 

The coefficient of friction at the interface between the slider and the mating concave 

surface controls the energy dissipation and affects the recentering capability of CSSs 

(Quaglini et al. 2017a; Quaglini et al. 2017b; Quaglini et al. 2019) and this phenomena is 

sensitive to a number of factors including axial pressure, sliding velocity, contact surface 

temperature, cycling, wear, low air temperature (Campbell et al 1993; Constantinou et al. 

1999; Dolce et al 2005; Quaglini et al. 2009; Quaglini et al 2012a; Quaglini et al 2014; 

Furinghetti 2019; De Domenico 2019). This section provides a comprehensive 

examination of how these parameters affect the coefficient of friction, with a thorough 

review of previous studies conducted in this field under each topic. 

 

1.3.2.1. Effect of axial pressure 

Research studies on isolators with different sliding interface combinations have 

demonstrated that the dynamic coefficient of friction (μdyn) tends to decrease as axial 

pressure increases. This behavior can be explained by several interconnected mechanisms 

that affect material interactions at the contact surface. As pressure rises, changes in the 

real contact area and material properties contribute to a reduction in friction. Specifically, 

greater axial pressure increases the actual contact area between surfaces, enabling a more 

uniform load distribution and minimizing localized stress concentrations (Białas et al., 

2021). Additionally, the deformation of surface asperities under higher pressures results 

in a smoother contact interface, further lowering friction (Białas et al., 2021). The role of 

lubricants is also significant; their performance often improves under increased pressure, 

leading to enhanced lubrication and a corresponding decrease in friction (Workel et al., 

2000; Bijelić et al., 2017). Experimental investigations have provided valuable insights 

into these mechanisms, confirming the pressure-dependent variation in the coefficient of 

friction and highlighting the complex interplay of surface, material, and lubrication 

factors. Specifically, Tyler (1977) conducted experiments on small-scale PTFE and steel 

specimens under simulated earthquake conditions to evaluate the frictional properties of 

PTFE materials. Tests were performed at temperatures of 0°C and 20°C and pressures 

ranging from 15 to 31 MPa. The results showed that as normal pressure increases, the 

coefficient of friction decreases. 

Another study conducted by Constantinou (1994) has examined the friction 

characteristics of PTFE and PTFE-based composites when in contact with polished 
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stainless steel. The investigation differentiates between static (breakaway) and sliding 

friction coefficients, exploring their relationship with variables such as pressure, surface 

roughness, and temperature. The findings indicate that the friction coefficient decreases 

as bearing pressure increases across all sliding velocities. 

Mokha et al. (1990) analyzed the friction properties of Teflon-steel interfaces in 

sliding bearings for base isolation systems. Their study focused on the effects of sliding 

velocity, bearing pressure, and Teflon type on friction. Laboratory tests conducted at 

pressures ranging from 6.9 to 44.8 MPa and sliding velocities between 2.54 and 500 mm/s 

demonstrated that friction decreases with increasing pressure. The unfilled Teflon 

exhibited lower friction than glass-filled Teflon, although this difference became less 

significant at higher pressures. The breakaway coefficient of friction was notably higher 

than the sliding coefficient. 

Barone et al. (2019) performed over 1000 dynamic tests on 60 types of spherical 

friction-based isolation devices at the EUCENTRE laboratory, using polyamide (PA) and 

polyethylene (PE) materials. The study analyzed the impact of sliding velocity and 

contact pressure on the dynamic friction coefficient. Findings showed that normal force 

influences the friction coefficient by changing the contact pressure, especially during the 

transition from static to dynamic friction. Additionally, the breakaway friction 

coefficient, affected by normal force, plays a crucial role in the first loading cycle. 

Lin et al. (2020) introduced a novel base isolation system, the bidirectional variable 

curvature friction pendulum bearing (BD-VCFPB), for large structures. Through dynamic 

cyclic testing, they investigated the performance of the sliding interface and the forces on 

the PTFE component. Their findings led to the development of a hysteretic model, which 

showed a strong correlation with both unidirectional and bidirectional experimental data. 

The study revealed that the friction coefficient of the curved surface slider is greatly 

influenced by the applied normal force and the contact pressure on the PTFE surface. 

Pigouni et al. (2020) examined the friction behavior of full-scale DCSS isolators 

following the CEN 2009 standards. According to the author's results, the normal force 

(vertical load) applied has a substantial impact on the friction coefficient of curved surface 

sliders. The study found that vertical load has a more significant influence on the friction 

coefficient than sliding velocity, emphasizing the need to understand the interaction 

between the friction coefficient and vertical load for accurate performance evaluation of 

friction pendulum systems. 
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Furinghetti et al. (2021) focused on the behavior of CSSs under seismic activity, 

particularly when displacement demands exceed their maximum geometric capabilities. 

The study investigated the performance of CSS devices using PTFE-based materials with 

varying friction coefficients (5%, 3%, 1%) during cyclical testing. The research also 

developed computational models to simulate extra-stroke displacement characteristics, 

enhancing the understanding of CSSs' dynamic behavior. Findings showed that increased 

axial pressure reduces the friction coefficient by smoothing the polymeric surface, which 

affects the force-displacement behavior during seismic events. 

Cavdar et al. (2022) focused on the effect of vertical force on the frictional 

properties of DCSS through displacement-controlled dynamic tests. The tests, simulating 

seismic conditions, assessed the friction coefficient degradation over three loading cycles, 

with varying vertical forces and loading velocities. The results revealed that vertical force 

significantly influences frictional heating, which in turn affects the overall hysteresis 

behavior of the isolator. 

 

1.3.2.2. Effect of sliding velocity 

Experimental studies highlighted that current sliding materials do not follow the 

classic Coulomb’s law (i.e., constant friction) but are characterized by a more complex 

behavior (Constantinou et al. 1990; Berto et al. 2013; Quaglini et al. 2019). According to 

experimental research, the friction coefficient increases with increasing sliding velocities 

up to a certain threshold, beyond which it remains almost constant (Mokha 1990; Dolce 

2005; Quaglini et al 2012). In terms of tribology, the increase in the friction coefficient 

of sliding materials with increasing velocity can be explained by various interrelated 

factors, such as the material's response to stress, thermal influences, and tribochemical 

reactions. As PTFE is subjected to increased velocities, it undergoes substantial 

deformation, causing larger polymer particles to be transferred between the sliding 

surfaces in contact (Makinson and Tabor, 1964). Moreover, the viscoelastic properties of 

PTFE result in increased viscous forces at higher speeds. These forces can exceed the 

strength of crystalline boundaries, leading to increased friction (Makinson and Tabor 

1964; Steijn, 1968). Furthermore, an increase in sliding velocity often raises the 

temperature, which usually decreases friction; the accelerated motion amplifies the shear 

forces on the material, counteracting this effect and causing the friction coefficient to rise 

(Makinson and Tabor 1964; Guaii et al. 2021). 
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Numerous studies in literature have examined the effect of sliding velocity on the 

friction coefficient between Teflon and steel contact surfaces. Mokha et al. (1991a) 

examined the friction characteristics of Teflon-steel interfaces in sliding bearings, 

emphasizing the advantageous low friction coefficients for seismic base isolation 

systems. The authors observed that the sliding coefficient of friction increases with 

velocity but typically stays under 0.05, which is considered low and beneficial for base 

isolation. Additionally, the study investigated how prior high-velocity motion affects 

friction values, indicating that repeated tests may result in higher friction due to heat 

generated by friction and variations in the surface characteristics of Teflon. 

Research conducted by Bondonet and Filiatrault (1997) has focused on the friction 

properties of PTFE sliding bearings at frequencies above 1 Hz. Their study focused on 

the dynamic behavior of PTFE-steel interfaces under varying frequencies and axial 

pressures, emphasizing the high-frequency seismic responses of PTFE bearings in bridge 

structures. The frictional properties were found to be influenced by the interaction of 

frequency, displacement amplitude, and axial pressure, with velocity-related changes in 

friction due to factors like heat, material deformation, and interface interactions. 

Research conducted by Tsai et al. (2006) examined the efficiency of the multiple 

friction pendulum system (MFPS) as an advanced seismic protection method. Their study 

utilized full-scale component testing and shaking table experiments to evaluate the 

MFPS's performance in mitigating earthquake-induced effects. The study emphasizes that 

the friction coefficient of the lubricant material, particularly the Teflon composite applied 

to the sliding surface, varies based on the sliding velocity, with values ranging from 0.03 

to 0.12. Results from the component testing reveal that the sliding interface maintains its 

durability even after 2000 cycles of sliding movements, suggesting the MFPS isolator's 

long-term reliability. 

A novel seismic isolation bearing that combines a Teflon sliding mechanism with 

helical springs has been introduced by Xue et al. (2009). The authors highlighted that 

sliding velocity, vertical pressure, and seismic excitation characteristics significantly 

affect the friction coefficients between the Teflon and stainless-steel plate. The research 

findings indicate that these factors are essential in determining the hysteresis behavior of 

bearing when subjected to dynamic pressure. 

Research conducted by Zeng et al. (2013) examined the factors affecting the friction 

coefficient between stainless-steel and PTFE in sliding isolation bearings (SIB), with a 
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specific focus on the velocity of sliding. The research findings indicate that the dynamic 

friction coefficient is proportional to the sliding velocity up to 150 mm/s. After this point, 

the friction coefficient remains constant regardless of further increases in velocity. The 

results suggest that controlling the velocity of sliding is essential for reducing the 

coefficient of friction and improving SIB efficiency. 

A model addressing the deterioration of friction properties in friction-based devices 

during seismic events has been developed by Lomiento et al. (2013). Their research 

specifically examines how velocity impacts the coefficient of friction in these scenarios. 

They reported that as the sliding distance increases, particularly during complete motion 

reversals, the friction coefficient gradually decreases. This observation suggests a notable 

connection between velocity and frictional performance. The model includes a term for 

load impact and highlights that cycling and velocity effects can modify frictional 

characteristics, especially at increased velocities. 

A study by Messina and Miranda (2022) studied the friction characteristics of eight 

different polymers sliding against galvanized steel surfaces, examining the friction 

performance at velocities up to 350 mm/s. The research explores the relationship between 

velocity and the friction coefficient at steel-polymer interfaces, providing insights for 

seismic isolation systems. In a later study (2024), they introduced a model for the friction 

coefficient in steel-PTFE interfaces used in seismic isolation bearings. The model 

accounts for factors like sliding velocity, normal force, stick-slip behavior, and heat 

generation. It successfully replicates experimental results, highlighting its effectiveness 

in modeling complex friction dynamics in these interfaces. 

 

1.3.2.3. Effect of contact surface temperature 

The relative motion of sliding surfaces generates frictional heat, causing an increase 

in temperature at the sliding interface. Several studies have shown that this temperature 

increase can lead to a decrease in the friction coefficient (Mokha et al. 1991b; Quaglini 

et al. 2012a; Trovato 2013; Kumar et al. 2015; De Domenico et al, 2019; Gandelli et al. 

2021; Keikha and Amiri 2021). From a tribological perspective, this phenomenon can be 

explained by considering three main factors: i) viscosity of lubricant: As lubricants lose 

their viscosity due to increased temperatures, they allow for smoother sliding and reduced 

friction coefficients (Smith 1962), ii) material properties: The high contact temperature 

can alter the mechanical characteristics of the utilized polymeric material, potentially 
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leading to a decrease in the effective contact area and friction (Sakurai et al. 1971), and 

iii) the surface interactions: As materials heat up and expand, their contact geometry can 

be changed, which in turn affects their frictional properties (Bhushan 1971). 

Several studies have explored the impact of frictional heating on the performance 

of seismic isolation systems. Al-Hussaini et al. (1994) examined spherical sliding 

isolation systems in multi-story frame structures, focusing on the effects of heating on the 

friction coefficient. They emphasized that the heating effect can significantly influence 

the performance of isolation systems during seismic events, highlighting the importance 

of including this factor in isolator design and analysis. In a similar context, Mosqueda, et 

al. (2004) investigated the effects of frictional heating in PTFE/steel interface isolators. 

They observed a 20% reduction in the friction coefficient after three cycles of loading at 

peak velocities greater than 127 mm/s, attributing this change to the heating of the sliding 

surfaces. 

Constantinou et al. (2007) conducted an experimental study on the heating effects 

in sliding bearings used for seismic isolation and damping systems. They demonstrated 

that frictional heating can significantly change the friction coefficient, which affects the 

performance of these bearings under seismic conditions, highlighting the need to account 

for thermal effects in the design of isolation systems. 

The impact of temperature on friction coefficients was further explored by Quaglini 

et al. (2014). Their research revealed that the friction coefficient decreases exponentially 

with increasing temperature, stressing the importance of understanding the thermal 

stability of bearing materials to improve seismic response predictions. They also 

developed a numerical model to assess the temperature rise at the sliding interface, 

providing valuable insights into the design properties affected by heating. 

Kikuchi and Ishii (2018) focused on the thermal-mechanical coupled behavior of 

sliding bearings under long-duration ground motions. They observed that cyclic 

deformations in the bearings led to an increase in contact surface temperature, which 

reduces the friction coefficient, highlighting the necessity of considering thermal effects 

when analyzing the seismic response of isolation bearings. 

De Domenico et al. (2018) investigated the thermo-mechanical response of friction 

concave isolators, particularly the degradation of the friction coefficient due to heating 

during seismic events. Their study revealed that the variability in the friction coefficient 

is influenced by factors such as contact pressure, sliding velocity, and temperature rise, 
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which can lead to unconservative estimations of displacements and energy dissipation. 

They proposed a finite element model to predict the minimum expected friction 

coefficient under seismic conditions. 

In the study by Furinghetti et al. (2019), the researchers examined the frictional 

response of CSS devices, focusing on the heating effects during both unidirectional and 

bidirectional motions. They found that bidirectional motion typically results in a higher 

friction coefficient at low vertical loads, while at high loads, the friction behavior 

becomes similar for both motion types due to the energy dissipation and heating at the 

sliding interface. The authors proposed that the degradation of the friction coefficient 

could be more accurately modeled as a function of dissipated energy rather than 

temperature. 

Gandelli et al. (2019) developed a mathematical formulation for the friction 

behavior of curved surface sliding bearings, which accounts for the heating effects 

associated with energy dissipation at the sliding surface. This model allows for parameter 

estimation from mechanical quantities, avoiding the need for temperature measurements. 

They demonstrated that the model improves the predictive capability of the bearings' 

behavior, particularly in estimating the increase in displacement demand due to friction 

coefficient degradation during sustained motion. 

Finally, Cavdar et al. (2022) explored the effects of normal stress and sliding 

velocity on the reduction of the friction coefficient in CSSs with a PTFE/steel interface. 

They found that the friction coefficient could be reduced by up to 30% depending on the 

normal stress and sliding velocity, emphasizing the importance of considering these 

factors in the design and analysis of friction-based isolation systems. 

 

1.3.2.4. Effect of cycling 

The impact of cycling on the friction coefficient of sliding isolators is influenced 

by factors such as temperature, accumulated sliding distance, and mechanical variables 

(Lomiento et al. 2013; Domenico et al., 2018). Full motion reversal results in a gradual 

reduction of the friction coefficient for PTFE-steel sliding interfaces (Mokha et al. 1991b, 

Chang et al. 1990). Considering thermodynamic principles, frictional heating from a 

moving heat source creates a sharp temperature gradient in the depth of the sliding 

surfaces (Jaeger 1942). Nakahara (2005) demonstrated that this temperature distribution 

leads to a sharp decrease in hardness near the surface due to material softening. This 
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significant reduction in hardness is reported as the source of a thin, soft layer on the 

surface that functions as a solid lubricant. Sextro (2002) proposed a simplified theory of 

this phenomenon, assuming a linear correlation between surface material shear strength 

and temperature. Blok (1963), and Carlsaw and Jaeger (1959) primarily provided the 

foundation for the theoretical examination of temperature rise at mating surfaces. The 

equations developed by these researchers have been extensively examined and 

implemented in studying friction-induced temperature rises by Archard (1959) and 

Rabinowicz (1995). The theoretical analysis of temperature increase at contact surfaces 

generally builds upon the work of Blok (1963) and Carlsaw and Jaeger (1959). Archard 

(1959) and Rabinowicz (1995) have discussed and applied the relationships derived by 

these authors to friction-induced temperature rise problems. These theories were applied 

by Constantinou et al. (2007) to PTFE sliding isolators for calculating the temperature 

rise at the sliding interface, resulting in a strong agreement between experimental results 

and theoretical predictions. Through these studies, the increase in temperature is 

associated with the heat flux produced by friction, which is equivalent to the power 

dissipated per unit area. For sliding isolators, the source of heat is the interface between 

the slider and the concave sliding surface, with the heat flux (ꝗ) expressed as: 

 

ꝗ = µ · W · ǀνǀπ · α2  
(1.13) 

 

Here, µ is the friction coefficient, W is the vertical force, ν is the sliding velocity 

and α is the radius of the slider (Constantinou et al. 2007). The generated heat flux is 

assumed to be equally transferred and distributed to the stainless steel of DCSS. 

Therefore, it is expected to have an amplification in temperature rise proportional to axial 

load level. However, in accordance with the concept of thermal control of friction, the 

corresponding temperature rise is not scaled proportionally with the heat flux (Ettless 

1986). Another observation regarding the contact surface temperature is that, during 

cyclic motion, there is a fluctuation in the temperature rise rather than a steady increase. 

This behavior is identified as flash temperature by Stachowiak and Batchelor (2005). 
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1.3.2.5. Effect of wear 

The results of wear tests on sliding materials of isolators reported in the literature 

are very few. Long-term sliding tests are expensive and are usually carried out by 

manufacturers specifically for qualification purposes. The findings of these tests are 

proprietary and kept confidential. Among the few papers on this subject, Quaglini et al. 

(2012a) and Quaglini (2012b) disclosed the results of a wear test conducted on a PTFE 

matrix with metal filler over a total sliding distance of approximately 2400 m. The test 

was performed at a sliding velocity of 2 mm/s and a temperature of 20°C. During the 

wear test, the coefficient of friction of the sliding material decreased from 7.8% 

(measured on the virgin specimen), to about 6% after 1200 mm and then held substantially 

stable, showing a value of 6.5% at 2400 m. At the end of the test a film made of large 

flakes of PTFE adherent to the mating steel surface was noticed. This transfer film was 

suggested to be the main reason for the decrease in friction during the test. The 

dependency of the friction coefficient temperature was also assessed in their study. The 

test revealed a decrease in the friction coefficient at low temperatures (from 0°C to 

−20°C) between 0 and 1600 m, and the return to the initial values after 2400 m. In 

contrast, at ambient temperature and at very low temperature (−35°C), the coefficient of 

friction remained constant regardless of the accumulated distance. 

 

1.3.2.6. Effect of low temperature 

The behavior of the friction coefficient at low temperatures and its fundamental 

tribological causes is highly influenced by factors such as hardness, young's modulus, and 

viscoelasticity. As temperature decreases, materials typically experience an increase in 

stiffness, which can result in higher friction coefficients (McCook et al., 2005; Buckle, et 

al. 2006). These changes lead to enhanced resistance of polymers to deformation under 

load (Opałka et al. 2020; McCook et al. 2005) and not to slide as easily against steel 

surfaces (Ptak and Kowalewski 2018). To illustrate this behavior, Figure 1.9, adapted 

from (Buckle et al. 2006), shows the variation of the friction coefficient at low 

temperatures. 

According to Figure 1.9, the coefficient of friction tends to increase significantly as 

the temperature decreases. Specifically, at temperatures below 0°C, the friction 

coefficient for sliding bearings shows a marked increase. 
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Figure 1.9. Temperature-dependent frictional properties of PTFE-steel interfaces adapted from (Buckle, 

et al. 2006) 

 

There are very few studies that examine the effects of low ambient temperatures on 

PTFE-steel interfaces for sliding bearings. One of these studies in this regard is the 

experimental research conducted by Dolce et al. (2005), which investigates the variation 

of the coefficient of friction between small-scale PTFE and steel interfaces. The 

experimental parameters included several normal stress levels (9.4, 18.7, and 28.1 MPa), 

displacement amplitudes (10, 25, and 50 mm), and loading velocities (0.05, 0.2, 0.5, and 

1 Hz, with a maximum speed of 314 mm/s). A key novelty of the study conducted by 

Dolce et al. (2005), compared to previous works, is the integration of the effect of ambient 

temperature as a parameter. Specifically, tests were conducted under varying ambient 

temperatures of -10, 20 and 50°C. Dolce et al. (2005) reported that at lower temperatures, 

particularly at -10°C, the friction coefficient is significantly higher than the ones at higher 

temperatures, indicating a greater resistance to sliding. This finding highlights the 

importance of considering the effect of low temperature in the design and performance 

evaluation of steel-PTFE sliding bearings for seismic isolation applications. In addition, 

another study conducted by Dolce et al. (2007) investigating the seismic isolation of 

bridges using steel-PTFE sliding bearings revealed that low ambient temperature has a 

considerable impact on the mechanical behavior of isolation systems. Specifically, 

approximately 10% increase in force was observed for every 10°C decrease in 

temperature. Moreover, the equivalent damping of the isolation system was found to 

decrease by about 13% for every 10°C drop in temperature. These findings showed that 
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low ambient temperature can significantly rise friction coefficients, potentially affecting 

the performance of isolation systems during seismic events. 

Another study in this field, performed by Quaglini et al. (2012a), investigates the 

effect of low air temperature on the friction coefficient of self-lubricating materials used 

in seismic isolation systems. Using 75 mm diameter specimens and normal stress values 

of 20 MPa and 40 MPa, the experiments were conducted at temperatures ranging from -

35°C to 35°C to examine how the coefficient of friction is affected by ambient 

temperature. The study concluded that low temperature significantly increases both the 

static and dynamic coefficients of frictions for self-lubricating materials, which can 

impact their performance in seismic isolation systems. This information is crucial for the 

design and performance assessment of materials in seismic isolation applications, 

especially in colder climates. 

 

1.4. Research Motivation 

The reviewed literature reveals that numerous investigations have concentrated on 

the variables influencing the friction coefficient between PTFE and stainless-steel 

surfaces in CSSs. Among these studies, normal stress and sliding velocity are the most 

frequently emphasized factors. Additionally, researchers have examined other 

parameters, including the temperature rise on the mating surface and the effects of low 

ambient temperature. Based on the reviewed studies, the key findings and limitations can 

be summarized as follows: 

• The majority of previous research outputs depend on experimental data using 

small-scale samples. This approach is primarily due to constraints in loading 

capabilities of test setups. However, these studies are in lack of presenting the 

correlation between the small- and full-scale behaviors of the tested materials. 

Thus, there is a need to investigate the efficacy of using small-scale test results 

to represent the behavior of full-scale specimen. 

• The normal stress levels considered in previous experiments range from 20 MPa 

to 45 MPa. On the other hand, in most of the seismic isolation applications, 

these values are very low and do not represent the typical range of normal 

stresses acting on CSSs. Isolation units are generally designed to operate under 

normal stresses significantly higher than these values. Thus, the existing 

experimental data is in lack of representing the behavior of CSSs.  
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• The previous research studies that focused on the effect of loading velocity on 

friction coefficient at the sliding interface have typically considered maximum 

loading velocities up to 50 mm/s. This is basically due to inability to perform 

tests at higher velocities in the experimental program. Nevertheless, due to 

extreme seismic events, the sliding may take place at higher velocities up to 500 

mm/s or even beyond. The existing data also represents combinations of normal 

stresses and loading velocities which are unrealistically low considering the 

existing seismic isolation applications.  

• In literature, the effect of low ambient temperature on friction coefficient of 

CSSs has been examined by only a limited number of studies. These 

investigations primarily focused on temperatures at or above 0oC. And, none of 

these studies were conducted with full-scale specimens. Moreover, in studies 

that investigated the effect of temperature below 0oC, either the normal stress 

level or the sliding velocity was considerably low. 

• None of the studies that focused on the effect of low temperature (temperatures 

below 0oC) did not consider the duration of exposure to low temperature as a 

parameter in the experimental program. The lack of experimental data that can 

be used to show the compatibility between small- and full-scale test results is 

even more pronounced for parameters such as low temperature and exposure 

time. 

Thus, there is a need to conduct a systematic research program to assess the effect 

of different loading conditions on hysteretic properties of CSSs. This dissertation 

investigates the variation in frictional properties of CSSs due to wear of the sliding 

material by means of accumulated sliding distance, change in normal stress level and 

sliding velocity for different low temperatures and exposure times. This thesis also 

includes a comprehensive investigation to demonstrate the success of using the data 

obtained from small-scale tests to determine sliding properties of a full-scale CSS 

behavior. 

 

1.5. Scope and Objectives of the Research 

In design of seismic base-isolated structures, the primary consideration is the 

displacement value at the isolation level. This value is crucial for dimensioning both the 

superstructure and the isolators. Consequently, accurately determining the maximum 



 

26 

 

isolator displacements during the design phase is essential for the proper design of all 

components of a seismically isolated structure. However, in the boundary analysis 

method, which is predicated on several assumptions and defined in the earthquake 

specification, the variables whose effects on isolator displacements are indirectly 

considered include the climatic conditions, aging, and temperature effects in the 

geographical location where the structure will be constructed. To reflect how these factors 

affect the mechanical properties of the seismic isolator in the design phase, the lower and 

upper bound modification coefficients defined by the specifications are utilized. This 

approach aims to determine the most unfavorable seismic demands that will affect the 

seismic isolator and the structure. However, the coefficients suggested by the 

specifications are obtained either by considering unrealistic climatic conditions (e.g., -

35oC and 24 hours exposure time) or from specimens tested under displacements that are 

inconsistent with the design. Therefore, it is necessary to critically evaluate the efficiency 

of these coefficients in reflecting the observed change in curved surface sliders properties 

under repeated cyclic motions, particularly at low ambient temperatures. 

The first objective of this study is to investigate the response modification of a CSS 

due to accumulated service movements that may occur during the working life of the 

device, through complementary investigations performed on both a small-scale specimen 

of the slider and the double curved surface slider (DCSS) system. In these tests, both 

small-scale specimen of the slider and full-scale DCSS were tested over a 1000 m 

accumulated sliding distance. Comparison of friction properties obtained from small-

scale slider and full-scale DCSS tests is presented and discussed in order to substantiate 

the use of small-scale results to estimate the characteristics of the full-scale sliding 

isolation system. Eventually, the observed changes in friction coefficient due to 

temperature and cumulative sliding distance are compared to the relevant λ factors 

suggested in the European codes (CEN 2005, CEN 2009). 

The second objective of this study is to provide an insight into the static friction 

coefficient of CSSs in icing conditions, considering a full-scale sliding isolator exposed 

to low temperature, and subjected to the formation of ice on the sliding surface. Cyclic 

displacement-controlled tests were performed on the DCSS after exposure to 

temperatures of 20, 0, and -20°C for periods of 3, 12, and 24 hours. The experiments were 

conducted under varying conditions, including normal stresses of 40, 60, and 80 MPa and 

maximum sliding velocities of 250, 500, and 750 mm/s, to assess their influence on the 
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static friction coefficient. The force-displacement curves generated from these tests were 

analyzed to determine the static friction coefficients, clarifying the effect of ice formation 

on the sliding interface. 

The third objective of this study is to examine the influence of ice on the dynamic 

friction coefficient of CSSs. Additionally, the effect of exposure time to low temperatures 

on the dynamic friction coefficient of a full-scale CSS was investigated for the first time 

in the literature. In the experimental program conducted within the scope of this study, a 

double CSS was subjected to various levels of normal stresses (40, 60, 80 MPa) and 

loading velocities (50, 250, 500, and 750 mm/s) after being conditioned at different low 

temperatures (20, 0, and -20°C) and exposure times (3, 12, 24). During the tests, a CSS 

was subjected to displacement-controlled cyclic motions, and the corresponding dynamic 

friction coefficients were presented comparatively. 

The fourth objective of this study is to evaluate whether small-scale test results can 

accurately reflect the frictional characteristics of a full-scale CSS at room temperature. 

Initially, the sliding material's frictional properties were assessed using small-scale tests 

conducted at room temperatures (20°C), under varying normal stresses (20, 40, and 60 

MPa) and sliding velocities (5, 25, 50, 100, 200, and 250 mm/s). Following these tests, a 

unified model was developed to characterize the material's friction coefficient. Finally, to 

determine the reliability of small-scale tests in predicting the performance of the isolator, 

the estimated friction values from small-scale tests were compared with the effective 

friction coefficient of a full-scale isolator that incorporates the same material. 

Finally, the fifth objective of this study is to evaluate the ability of small-scale test 

results to represent the frictional properties of a full-scale CSS under icing conditions. 

For this purpose, the frictional properties of the sliding material were initially investigated 

through small-scale tests conducted at low ambient temperatures (0°C and -20°C) for 3, 

and 24 hours, applying various normal stresses (20, 40, and 60 MPa) and sliding velocities 

(50, 100, 200, and 250 mm/s). The results of these small-scale tests were then compared 

with the friction coefficients calculated for a full-scale CSS, assessing the effectiveness 

of small-scale tests in representing the behavior of full-scale CSS. 
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1.6. Organization of the Dissertation 

This dissertation comprises of six chapters with the following brief summaries: 

 

Chapter 1: A general overview of Curved Surface Sliders and basic principles of 

friction phenomena, along with a review of previous studies that investigate the response 

of sliding materials under different loading conditions.  

 

Chapter 2: An experimental program and corresponding test results aimed at the 

investigation of wear effects on the friction coefficient of a curved surface slider and the 

comparison of small- and full-scale test results. 

 

Chapter 3: An investigation on the static friction coefficient of Curved Surface 

Sliders in icing conditions. For different levels of low temperatures and exposure times, 

an ice layer forms at the sliding interface.   

 

Chapter 4: A detailed discussion on the dynamic friction coefficient of Curved 

Surface Sliders subjected to different loading conditions with an emphasis on prolonged 

exposure at temperatures below 0ºC. 

 

Chapter 5: Proposing a unified model to estimate the friction coefficient of the 

sliding material under different loading conditions and assessing the success of the 

estimated values by comparing with the effective friction coefficient of a full-scale CSS. 

 

Chapter 6: An assessment on the accuracy of using frictional properties obtained 

from small-scale tests to determine frictional properties of a full-scale Curved Surface 

Slider, especially in case of low temperature exposure. 

 

Chapter 7: A concise summary and conclusions are presented. 
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2. EXPERIMENTAL INVESTIGATION OF WEAR EFFECTS ON THE 

FRICTION COEFFICIENT OF A CURVED SURFACE SLIDER: COMPARISON 

OF SMALL- AND FULL-SCALE TESTS 

2.1. Introduction 

Current codes prescribe to test isolation systems to assess the reference properties 

to be used in design, and to check, in quality control testing, the actual properties of 

manufactured devices. For sliding isolators, the standards (ASCE/SEI 7 2016; AASHTO 

2014; CEN 2009) recommend to test full-scale prototypes under displacement-controlled 

dynamic motions to assess the friction behavior during earthquakes. The number of cycles 

in these tests is generally three for most of the loading conditions representative of seismic 

situations. On the other hand, the friction coefficient in service conditions, characterized 

by frequent but small amplitude motions, is assessed by performing cyclic tests on small-

scale samples of the slider (not the isolator) considering very large accumulated sliding 

distances such as 1000 m for use in buildings, and 10,000 m for use in bridges (CEN 

2009). In these tests, effect of change in environmental temperature is also considered. 

However, two issues that are still unsettled among both the researchers and the 

manufacturers, and in standardization committees as well, concern (i) the viability of the 

small-scale tests to estimate the sliding behavior of a full-scale sliding system during 

service movements and (ii) the possible change in the “seismic” coefficient of friction 

(i.e. the high-speed coefficient of friction) of the CSS due to wear occurred in service 

situations. In conventional tribotesting, small-scale tests performed on unidirectional 

rotating pin-on-disc, block-on-ring or reciprocating cylinder-on-plate test rigs are mainly 

used because of their cost- and time-effectiveness and ease of handling small samples 

(Samyn et al. 2006). Several studies (Cardone et al. 2022; O’reilly et al. 2022; Quaglini 

et al. 2022; Quaglini et al. 2012a) support the claim that small-scale procedures can 

estimate the coefficient of friction of isolators with an accuracy of ±20% (and in most 

cases better than ±10%) at sliding velocities higher than 100 mm/s and normal stresses 

between 30 and 60 MPa, which represent practical design applications for sliding 

isolation bearings. However, test conditions can strongly differ from real application; for 

example, the duration of the motion is an important parameter for the establishment of 

kinematic similarity between small-scale and full-scale tests, because of the temperature 

rise during the thermal transient (Quaglini et al. 2022). 
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In addition, prototype tests are generally performed on virgin devices. In such a 

case the possible influence of wear on the high-speed coefficient of friction, in the event 

that the earthquake hits the isolated structure after several years of service of the isolators, 

is disregarded. To the best of the authors’ knowledge, the effect of wear on the seismic 

performance of sliding isolators has never been investigated in detail. To consider any 

probable changes in the friction coefficient due to wearing of the sliding surfaces, 

especially pronounced for large sliding distances, European (CEN 2005, 2009) and North 

American (AASHTO 2014) codes suggest the use of property modification factors (λ 

factors) for upper and lower bound values. For unlubricated PTFE/steel interfaces, the 

coefficient of friction is assumed to remain unchanged (λmax = 1) for cumulative sliding 

distances less than 1.0 km. On the other hand, for sliding distances between 1.0 and 2.0 

km, a 20% increase in the coefficient of friction is assumed (λmax = 1.2). In the case of 

lubricated interfaces, the coefficient of friction is assumed to remain unchanged for 

cumulative distances up to 2000 m. For distances longer than 2000 m, for both 

unlubricated and lubricated PTFE interfaces, the codes recommend to establish the actual 

variation in the coefficient of friction by test. However, it has to be noted that such λmax 

values are mainly empirical and are available only for PTFE. It is also interesting to 

observe that the influence of wear on the friction coefficient is overlooked in the recent 

version of ASCE/SEI 7 (2022). 

This study aims at investigating the response modification of a CSS due to the 

accrual of service movements that may occur during the working life of the devices, 

through complementary investigations performed on both a scaled specimen of the slider 

and the double curved surface slider (DCSS) system. The experimental program was 

carried out by joint efforts of two research facilities established in Politecnico di Milano 

and Eskişehir Technical University. The small-scale tests were performed at the Material 

Testing Laboratory of Politecnico di Milano according to the procedure established in the 

European standard EN 15129 (CEN 2009) for assessing the coefficient of friction at low 

velocity, as due to service movements of the superstructure. In these tests, a small-scale 

specimen of the slider was tested over a 1000 m accumulated sliding distance. During the 

tests, the effects of normal stress and ambient temperature on the friction properties of 

the slider material were investigated too. Full-scale DCSS tests were performed at the 

Seismic Isolator Test Laboratory of Eskişehir Technical University. The investigated 

DCSS was subjected to cyclic motion where the total sliding distance is 1000 m. 
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Comparison of friction properties obtained from small-scale slider and full-scale DCSS 

tests is presented and discussed in order to substantiate the use of small-scale results to 

estimate the characteristics of the full-scale sliding isolation system. Moreover, the 

change in hysteretic properties of the DCSS at different cumulative sliding distances was 

also assessed experimentally under the effect of ground motion excitations representative 

of different levels of seismicity. Eventually, the observed changes in friction coefficient 

due to temperature and cumulative sliding distance are compared to the relevant λ factors 

suggested in the European codes (CEN 2005, 2009). 

 

2.2 Test Program 

2.2.1. Small-scale slider test 

2.2.1.1. Specimen 

The slider specimen consists of a circular pad made of a proprietary sliding material 

(TIS Technological Isolation Systems SA, Ankara, TR) consisting of filled PTFE (Fig. 

2.1a); the composition of the material is confidential. The pad has a diameter of 75 mm 

and a thickness of 7 mm, and is recessed by 4.5 mm into a steel plate, leaving a sliding 

gap of 2.5 mm. The specimen is combined with a stainless-steel mating surface mirror 

finished to Ra ≤0.2 μm and Rz ≤1 μm roughness, in order to replicate the same sliding 

interface of the full-scale isolator. 

 

2.2.1.2. Test setup 

The scaled model of slider is placed in the testing machine at Politecnico di Milano 

(Quaglini et al. 2012a). The machine consists of a four-column steel frame equipped with 

two servo-hydraulic jacks aligned at 90 degrees to each other (Fig. 2.2) and driven in 

closed-loop by servovalves to ensure accurate control of load and velocity. The vertical 

jack (item A in Fig. 2.2a), rated 300 kN, imposes a compression force to the specimen. 

The horizontal jack (item B in Fig. 2.2a), rated 50 kN, drives a sledge (item C) that carries 

the pad of sliding material. The stainless-steel mating plate is fixed to the rod of the 

vertical jack (item A). Load cells and inductive displacement transducers are used to 

measure the loads and the movements applied to the slider.  

A thermal chamber (item D) operating between −70°C and 90°C encloses the 

specimen. The temperature within the chamber is adjusted within a tolerance of ± 1°C by 

a digital controller coupled with a thermal sensor embedded in the stainless-steel plate. 



 

32 

 

 

 

Figure 2.1. Small-scale slider specimen and stainless-steel mating plate: before the test (a), and after the 

travelled distance of 1000 m (b). 

 

 

Figure 2.2. Sketch of the testing apparatus for small-scale slider test (a), and the apparatus at the Materials 

Testing Laboratory of Politecnico di Milano (b) (Quaglini et al. 2012a) 
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2.2.1.3. Loading protocol 

The tests are performed in accordance with the “Long Term Friction Test” 

procedure prescribed in the European Standard on Anti-Seismic Devices EN 15129 (CEN 

2009), adapted to include temperatures up to +70°C.  

The slider specimen is subjected to the concurrent application of an axial load 

reproducing the design normal stress acting on the sliding interface of the full-scale 

isolation system, and a concurrent back-and-forth sliding motion in lateral direction.  

The test program consists of four variable-temperature phases complemented with 

one constant-temperature phase, in accordance with Table 2.1. In variable-temperature 

phase 1, the static and dynamic coefficients of friction are measured at different 

temperatures between −35°C and+70°C for a sliding velocity of 0.4 mm/s. The constant-

temperature phase is then performed at 2 mm/s and 21°C over a total sliding distance of 

1000 m, with the aim of promoting the wear of the sliding materials (slider and mating 

stainless steel). After the wear phase, the coefficient of friction is evaluated again in a 

variable-temperature test program (phases 3, 4, and 5) performed at 45, 30, and 15 MPa, 

respectively, to account for the effect of the normal stress. Test parameters are given in 

Table 2.2, while the temperature profile of the variable-temperature program is shown in 

Fig. 2.3. 

 

Table 2.1. Long term friction test program 

Phase Number 1 2 3 4 5 

normal stress on  

the slider 
45 MPa 45 MPa 45 MPa 30 MPa 15 MPa 

Distance 22 m St = 1000 m 22 m 22 m 22 m 
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Table 2.2. Long term friction test parameters in accordance with Figure 2.3 

Variable-Temperature program  (phases 1, 3, 4 and D) 

Normal stress on the slider p 

Type A:    45 MPa  0
  +3 

Type C:-    30 MPa  0
  +3 

Type D:    15 MPa  0
  +3 

MPa 

Temperature T 0/-10/-20/-35/+35/+48/+70/+21 (±1) °C 

Temperature gradient  0,5 ± 1,0 °C/min 

Preload time tpl 1 h 

Sliding distance (per stroke) sA 10  0
  +0.5 mm 

Dwell time at the end of the strokes t0 12±1 s 

Number of cycles (two strokes) n 1500  

Sliding distance (per phase) SA 30 m 

Sliding speed (constant) v 0.4 MPa  0
  +0.5 mm/s 

Dwell between phases t0 1 h 

Constant-temperature program (phase 2) 

Normal stress on the slider p 45 MPa  0
  +3 MPa 

Temperature T 21 ± 1 °C 

Temperature gradient  0,5 ± 1,0 °C/min 

Sliding distance (per stroke) sB 8  0
  +0.5 mm 

Number of cycles (two strokes) n 62500  

Sliding distance (per phase) SB 1000 m 

Sliding speed (constant) v 2 (± 0,1) mm/s 

 

 

Figure 2.3. Temperature profile vs. number of cycles and sliding distance of the variable-temperature 

program (phases 1, 3, 4 and 5) 
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2.2.2. Curved surface slider test 

2.2.2.1. Specimen 

The tested seismic isolator is a DCSS consisting of two concave plates and a slider 

with a convex sliding pad (sketched in red in Fig. 2.4b) made of a proprietary filled PTFE 

(section 2.2.1) at either interface. The energy dissipation capacity of the isolation system 

is proportional to the friction coefficient triggered between the slider and the mating 

stainless-steel surfaces during the movement of top and bottom plates with respect to each 

other (Fig. 2.4b). The DCSS tested in this study was used in seismic protection of Bitlis 

Viaduct in Turkey as shown in Fig. 2.5. The Bitlis Viaduct has 12 piers, and its total 

length is 900 m. At each pier, there are four DCSSs manufactured by Technological 

Isolation Systems (TIS). The DCSSs are 700 mm in diameter and the radii of curvature 

of both top and bottom concave surfaces are identical and equal to 1800 mm; the diameter 

of the two sliding pads is 280 mm. The design displacement of the DCSS is 300 mm. 

 

  

a) b) 

Figure 2.4. Picture of the tested DCSS (a), and main geometrical properties (b). 

 

  

a) b) 

Figure 2.5. View from the construction site of Bitlis Viaduct (a), and installation of a friction pendulum on 

top of the pier (b) 
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2.2.2.2. Test setup 

To determine the change in friction coefficient of the DCSS due to the accumulated 

sliding distance, different loading cases were applied to the specimen at the Seismic 

Isolator Test Laboratory of Eskişehir Technical University. The test setup shown in Fig. 

2.6 can apply force and displacement-controlled dynamic motions in both horizontal and 

vertical directions. The maximum loading capacities are 2000 kN and 20,000 kN in 

horizontal and vertical directions, respectively. In the horizontal direction, the maximum 

stroke is ±600 mm and the maximum velocity is 1000 mm/s. 

 

  

a) b) 

Figure 2.6. Seismic isolator test set-up (a), and accumulator sets used in Seismic Isolator Test Laboratory 

of Eskişehir Technical University (b). 
 

2.2.2.3. Loading protocol 

The loading protocol was established based on the design properties of the DCSS 

under investigation. The amplitude of the motion of the isolation system due to service 

movements was assumed to be 70 mm during the design of Bitlis Viaduct. Thus, the 

amplitude of the cyclic motion imposed to the DCSS specimen was chosen as 70 mm. 

The loading velocity was 5 mm/s and the accumulated sliding distance applied to the 

DCSS through the cyclic motion was 1000 m. The loading protocol is sketched in Fig. 

2.7, where the triangular waveform was chosen to provide a constant velocity over the 

whole stroke. It is necessary to emphasize that, even though for bridge applications the 

standard (CEN 2009) prescribes to assess the material of the slider over 10,000 m, in the 

current test the sliding path was limited to 1000 m to reduce the experimental costs. The 

test program consisted of 20 blocks of 50 m sliding distance each, with a dwell period of 

not less than 40 min between two consecutive blocks. In accordance with the design loads, 
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the vertical force applied to the DCSS during the cyclic motion was 3500 kN 

corresponding to an average normal stress of 57 MPa on the slider. The ambient 

temperature of the laboratory was 21.3°C at the beginning of first set of cyclic motion 

and ranged between 21.1°C and 27.1°C throughout the whole test. 

 

 

Figure 2.7. Loading protocol applied to the tested DCSS 

 

To investigate the change in the hysteretic behavior of the DCSS due to wear, after 

accumulated sliding distances of 250, 500, 750, and 1000 m, the DCSS was subjected to 

scaled down displacement histories of the strong motion component of Kocaeli Yarımca 

record. The original ground displacement time history of Kocaeli Yarımca record was 

downloaded from PEER strong motion database (http-3). Then, in order to obtain 

displacement histories with different amplitudes and to mimic the effect of ground motion 

excitations with different seismicity levels, modified versions of Kocaeli Yarımca record 

were considered (Fig. 2.8). Scale factors used to modify the original displacement history 

are 0.2, 0.3, 0.4, and 0.5 which correspond to maximum displacements of 100, 150, 200 

and 250 mm, respectively. The displacement histories were applied to the DCSS in order 

of increasing amplitude with a 15 min dwell period between two tests. 
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Figure 2.8. Displacement histories assumed to mimic the effect of ground motion excitations with different 

seismicity levels 

 

2.3. Results 

2.3.1. Small-scale slider test 

From the values of axial and lateral loads measured during test phases 1, 3, 4, and 

5, the temperature-dependent static coefficient of friction μst(T) and dynamic coefficient 

of friction μdyn(T) at low velocity are calculated at each cycle according to equations 2.1a 

and 2.1b: 

 𝜇𝑠𝑡(𝑇) = 𝐹𝑠𝑡(𝑇)𝑁  
(2.1a) 

 𝜇𝑑𝑦𝑛(𝑇) = 𝐹𝑑𝑦𝑛(𝑇)𝑁  
(2.1b) 

 

where Fst(T) is the lateral force measured at motion reversals (after each stop-and-start), 

Fdyn(T) is the lateral force recorded during sliding, and N is the axial load applied to the 

specimen (Fig. 2.9). 

Fig. 2.10 summarizes the results of the test by reporting the maximum values of 

μst(T) and μdyn(T) assessed at various temperatures, different normal stress levels and 

accumulated sliding distances. By comparing the plots in Fig. 2.10a,b, it is apparent that 

at each temperature, the static and dynamic coefficients of friction are very close to each 

other. This behavior, which is ascribed to the effect of the embedded fillers, represents a 

valuable feature of the sliding material under investigation. In fact, for most of the 

available sliding materials, a substantial difference exists between static and dynamic 
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Figure 2.9. Static and dynamic forces considered for the evaluation of the coefficient of friction. 

 

  

a) b) 

Figure 2.10. Coefficients of friction assessed in small-scale slider test on the virgin specimen (Sx=0m) and 

after the travelled distance of 1000 m (Sx=1000m) at various temperatures and stress levels 

(p): (a) static coefficient of friction, (b) dynamic coefficient of friction. 

 

friction coefficients: depending on the examined material, μst(T) can be 1.5–4.5 times 

larger than μdyn(T) (Mokha, Constantinou, and Reinhorn 1990; Fagà et al. 2015). It is 

indeed noted that in CSSs characterized by a high μst(T)/μdyn(T) ratio sliding is triggered 

only by high-intensity ground motions and that, therefore, such isolators can be not 

effective in case of weak or moderate earthquakes (Gandelli and Quaglini 2018; Gandelli 

et al. 2019, 2020). Another important outcome of the tests is that the accumulated sliding 

distance has a very limited effect on the low-velocity coefficient of friction, which shows 

only a small rise at the end of the 1000 m sliding path in comparison to the values 

computed at the initial loading step of the test (the increase is smaller than 0.5% at every 

temperature considered in the loading protocol but at 0°C where the variation is 

about+1.2%). However, it should be taken into account that, according to the procedure 

recommended in the standard (CEN 2009) and implemented in the present study, 
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invariable-temperature phases the first temperature step is always performed at 0°C; 

therefore, the value of the coefficient of friction assessed at T = 0°C in phase 3 may be 

biased by the sudden switch from the constant-temperature program (phase 2) to the 

variable-temperature program. 

Pictures of the scaled slider and the stainless-steel mating plate are shown in Fig. 

2.1b. The stainless-steel plate was coated by an adherent film made of worn slider 

material that preserved the underlying steel from abrasion during motion. This transfer 

film was indeed similar to that observed for a metal-filled PTFE compound investigated 

by one of the authors (Quaglini et al. 2012a; Quaglini 2012b). After removal of this 

adherent film, it was noticed that the steel surface was free from scratches and signs of 

wear. A few debris of the friction material in the form of flakes also accumulated outside 

the sliding region. Despite these flakes, the wear of the slider was very small and almost 

uniform over its surface. The average change in thickness of the sliding pad at the end of 

the 1000 m path was 0.33 mm only out of the initial value of 7 mm, and was mostly due 

to the lateral deformation of the slider material rather than to loss of material. The 

decrease in thickness was uniform over the whole surface, with no significant differences 

between the edges and the center of the specimen. By referring to the test at p = 45 MPa, 

the low-velocity coefficient of friction of the virgin material (sliding path Sx = 0 m) counts 

about 7% at T = +21°C, and is significantly affected by the change in temperature, rising 

ranging between 2.1% at T = +70°C and about 16% at T = −35°C. In this regard, it is 

worth noting that the rate of increase in friction coefficient vs. temperature has a steep 

change below 0°C, switching from 0.073% (°C−1) between 0°C and+70°C, to 0.287% 

(°C−1) between 0°C and −35°C. To highlight the influence of temperature, Fig. 2.11 

shows the ratios between the static and dynamic friction coefficients at various 

temperatures μst(T) and μdyn(T) and the reference values μst(+21°C) and μdyn(+21°C) determined 

at + 21°C. Both coefficients of friction have a huge variation over the examined 

temperature range, with μst(T)/μst(+21°C) and μdyn(T)/μdyn(+21°C) ratios rising from about 0.5 at 

T = +70°C to more than 2 at T = −35°C (more precisely, the ratio counts 1.7–2.0 at p = 

15 MPa, 2.0–2.1 at p = 30 MPa, and about 3.5 at p = 45 MPa). This behavior is typical of 

available thermoplastic sliding materials, including virgin and filled PTFE (Dolce et al. 

2005; Quaglini et al. 2012a), UHMWPE (Braun and Butz 2010) and PET (polyethylene 

terephthalate) (Quaglini et al. 2012a). 
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a) b) 

Figure 2.11. Variation of friction coefficient with temperature: (a) static coefficient of friction, and (b) 

dynamic coefficient of friction. 

 

The influence of the normal stress p was assessed at the end of the total sliding distance 

of 1000 m (Fig. 2.12). As experimentally observed on current sliding materials 

(Constantinou et al. 2007; Quaglini et al. 2009; Quaglini et al. 2012a; Barone et al. 2019;), 

both μst(T) and μdyn(T) increase as the normal stress p is reduced; in general, the effect is 

more significant at low stress levels (p = 15MPa), while the variation is smaller when p 

increases from 30 to 45 MPa, especially at low temperatures. 

 

  

a) b) 

Figure 2.12. Coefficient of friction vs. normal stress p at different temperatures T: (a) static coefficient of 

friction, and (b) dynamic coefficient of friction. 

 

2.3.2. Curved surface slider test 

The physical conditions of the sliding surfaces of the DCSS after 1000 m 

accumulated distance are shown in Fig. 2.13. The surfaces were cleaned before taking the 

pictures, and the transfer film of sliding material on the steel plate was removed. 

However, some debris of worn sliding material which melted and sticked on the surface 
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of the pad is still visible. Similar to the findings for the small-scale specimen, the wear of 

both surfaces is low. The decrease in thickness of the pad of sliding material is on the 

order of 0.3 mm, and only shallow scratches are noticeable on the steel plate. The friction 

coefficient μ of the tested DCSS based on experimental force–displacement curves is 

computed by Eq. (2.2). The term N of Eq. (2.2) stands for the axial force acting on the 

seismic isolator, EDC is the energy dissipated per cycle (corresponding to the area 

enclosed by the hysteretic force–displacement loop) and Dmax and Dmin represent the 

amplitudes of cyclic motion in positive and negative directions, respectively. 

 

  

Figure 2.13. Sliding surfaces of the DCSS: pad of sliding material (left) and stainless-steel sheet (right) at 

the bottom side of the specimen 

 𝜇 = 𝐸𝐷𝐶2(𝐷𝑚𝑎𝑥 − 𝐷𝑚𝑖𝑛)𝑁 
(2.2) 

 

In Fig. 2.14a-d, force–displacement curves recorded at the first and last cycle 

corresponding to accumulated distances of 0–250, 250–500, 500–750, and 750–1000 m, 

respectively, are presented. As evident from the plots, a reduction in the strength of the 

DCSS occurs during each 250 m path, with a decrease in the maximum force of the DCSS 

between the last and the first cycle of the path. The energy dissipation per cycle (EDC) 

computed for the first and last cycle are 52–40 kNm for the 0–250 m path, 48–37 kNm 

for the 250–500 m path, 48–39 kNm for the 500–750 m path and 48–37 kNm for 750–

1000 m path, respectively. Such decrease in force and ensuing reduction in EDC may be 
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ascribed to the heating of the sliding interface. This behavior is indeed consistent with the 

decreasing trend of friction with temperature observed on the scaled model (Fig. 2.10).  

 

  

(a) (b) 

  

(c) (d) 

Figure 2.14. Force-displacement curves recorded at the first and last cycles of each path of 250 m, sliding 

speed: 5 mm/s. 

 

However, it must be recalled that in the small-scale test, the friction variation was due to 

a controlled change of the environmental temperature within the thermal chamber of the 

testing machine, while in the tests on the DCSS the heating is an effect of the dissipation 

of mechanical energy by friction. Such inference is supported by the plot shown in Fig. 

2.15 where the friction coefficient is reported against the sliding distance accumulated in 

the test. Within each block of 50 m, the coefficient of friction gradually decreases as the 

traveled distance increases, approaching a steady value at the end of the block. On the 

other hand, at the beginning of a new block, a steep increase in μ is observed with respect 

to the value recorded at the end of the previous block, e.g. the friction coefficient is 5.4% 

at the beginning of the 200–250 m block, decreases to 4.0% at the end of the block, and 

rises to 4.9% at the beginning of the next one (see Fig. 2.15). This is due to the dwelling 
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between two consecutive blocks: the temporary stop of the motion allows the cooling 

down of the sliding surface and leads to a recovery in the friction coefficient. 

 

 

Figure 2.15. Variation of friction coefficient with sliding distance. The total sliding path of 1000 m is 

divided into 20 blocks of 50 m each, with a dwell time between any pair of sets. 

 

To further highlight this effect, Fig. 2.16 shows the variation of μ observed from 

200 to 450 m. In the Figure, green and blue dots represent μ values computed at the last 

and first cycle of each block of 50 m, respectively. As illustrated in Fig. 2.7, dwell periods 

were introduced between blocks, and the corresponding durations are reported in Fig. 

2.16. Short dwell periods (<1.5 h) result in a partial recovery of the value of coefficient 

of friction measured at the beginning of the previous block, e.g. with dwell periods of 

either 40 or 50 min the recovery is on the order of 50% (μ increases from 4.1% to 4.8%) 

or 64% (μ increases from 4.0% to 4.9%), respectively. On the other hand, a dwell period 

of 18 h or longer, i.e. 66 h, leads to full recovery of the friction resistance (μ increases 

from 4.0% to 5.4%). Such behaviour supports the assumption that the reduction in μ is 

due to heating at the sliding interface (Cavdar and Ozdemir 2021; Quaglini et al. 2014). 

The correlation between the increase in friction and the dwell period, during which the 

sliding interface cools down, is well evident. As the dwell time increases, the amount of 

recovery increases. However, too long dwell periods do not carry a substantial 

improvement: after 18 h, the sliding interface is likely to have completely cooled down 

to ambient temperature, and there is no further recovery with longer dwells. It is to be 

noted that Fig. 2.16 and the corresponding observations on the effect of dwell time apply 

to the examined DCSS and loading protocol. Larger isolators may need more time to cool 

down, and the same is likely to occur when the isolators are tested at higher speeds or 
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normal stress levels, which entail the introduction of a larger amount of energy that must 

be dissipated by friction (and consequently, a higher temperature rise). 

 

 

Figure 2.16. Effect of dwell time between consecutive loading blocks. 

 

Figure 2.17 presents the force–displacement curves of the DCSS subjected to the 

displacement histories defined in Fig. 2.8 after accumulated distances of 250, 500, 750, 

and 1000 m. In Fig. 2.17a, relevant to an amplification of 0.2 times the displacement 

history of Kocaeli Yarımca record, the hysteresis loops evaluated at different distances 

are almost identical. However, by referring to the test result at 0 m, a slight increase in 

the isolator force is noticed. After 250 m, the amplification in the maximum isolator force 

is 23 kN which corresponds to an increase of +6.8%. Similar comparisons for the data 

presented in Fig. 2.17b-d result in +5.2%, +4.3% and +3.0% increments, respectively. 

This indicates that as the amplitude of the ground motion excitation increases, the 

amplification of the isolator force decreases and the hysteresis loops get closer to the ones 

obtained in the reference tests. 

Table 2.3 presents the amplifications in maximum isolator force computed for every 

loading condition. It is interesting to observe that the general trend in amplifications is to 

increase up to 500 m and then to decrease as the accumulated sliding distance further 

increases. However, it is necessary to underline that considering a different displacement 

history (i.e. with a considerable number of high amplitude cycles or with a large number 

of small-amplitude cycles prior to large amplitude motion) may lead to different results, 

due to different heating of the sliding interface. In this respect, the current research 

suggests further studies to investigate this behaviour and propose adequate and realistic 

testing protocols. 
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Figure 2.17. Force-displacement curves obtained from ground motion excitations using modified 

displacement histories of Kocaeli Yarımca record by scale factors of (a) 0.2, (b) 0.3, (c) 0.4 
and (d) 0.5. 

 

Table 2.3. Amplification of the maximum isolator force due to accumulated sliding distance (in percent). 

  Scale factor of the input displacement history 

  0.2 0.3 0.4 0.5 

Accumulated sliding distance 250 m 4.2 4.1 3.3 3.4 

500 m 6.8 5.2 4.3 3.0 

750 m 5.1 3.0 1.4 1.9 

1000 m 5.6 2.9 1.4 1.0 
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2.4. Discussion 

Small-scale tests according to EN 15129 (CEN 2009) are aimed at assessing the 

coefficient of friction of sliding surfaces exposed to low-velocity service movements, in 

order to derive design values for non-seismic conditions, accounting also for the effects 

of ambient temperature, normal stress, and accumulated sliding distance. On the other 

hand, the full-scale tests on CSS prototypes recommended in the standards are performed 

to assess the coefficient of friction at high speeds due to seismic actions, in an attempt to 

derive design values in earthquake conditions. In the present study, to the best of the 

authors’ knowledge, full-scale tests are performed for the first time to investigate the 

effect of the accumulated sliding distance on both the low-velocity and the high-velocity 

coefficient of friction of the CSSs, by assessing the relevant changes over a path of 

1000m. 

Figure 2.12 shows that as the normal stress increases, the coefficients of friction 

calculated from small-scale tests tend to level out (a further increase in normal stress level 

does not result in significant change in friction coefficient). Specifically, in Fig. 2.12b, 

friction coefficients determined at 30 and 45 MPa are sufficiently close to suggest that at 

45 MPa a steady value has been achieved for temperatures of 21°C and 48°C. Therefore, 

even though the normal stress applied in small-scale and in DCSS tests is not the same 

(45 vs 57 MPa, respectively), it is believed that such difference has no practical effect on 

the assessed friction coefficients. On the other hand, the test on the DCSS was conducted 

at a speed 2.5 times higher than the test on the scaled model of slider (5 vs. 2 mm/s, 

respectively) in order to reduce the duration of experiment. In this respect, the standard 

EN 15129 (CEN 2009) prescribes only that the speed during the wear phase is not less 

than 2 mm/s. As already shown, at the end of the 1000 m path the sliding surfaces of both 

the small- and the full-scale specimens exhibit very similar conditions in terms of (small) 

decrease in thickness of the sliding material, creation of a transfer film of sliding material, 

and appearance of shallow scratches on the steel surface. Therefore, it is argued that, at 

least for the considered range, the effect of speed is negligible on the wear of the sliding 

surfaces. 

By comparing Figs. 2.10–2.15, a discrete agreement is found between small- and 

full-scale test results. The coefficients of friction at 21°C of the small-scale slider are 

μst(+21°C) = 4.5% and μdyn(+21°C) = 4.4% at the beginning of the long-term friction test, and 

rise to μst(+21°C) = 4.7% and μdyn(+21°C) = 4.6% after 1000 m, respectively. For the DCSS, 
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the friction coefficient determined experimentally at ambient temperature is μ = 4.3% 

after about 20 m (equivalent to the path at which μdyn(+21°C) is assessed during phase 1 of 

the small-scale friction test), and μ = 3.6% after 1000 m. Interestingly, it is observed that 

after 1000 m the friction coefficients of the small-scale slider at + 35°C (μst(+35°C) = 3.7%, 

μdyn(+35°C) = 3.6%) are similar to those of the DCSS. Although the DCSS test was 

performed at ambient temperatures ranging between 21°C and 27°C, the continuous 

cyclic motion leads to an increase in temperature at the sliding interface where the 

instantaneous temperature may be higher than the environmental temperature, and close 

to 35°C. In conclusion, the small-scale slider test seems to provide conservative estimates 

of the low-velocity friction coefficient of a full-scale DCSS, and this may be due to the 

different thermodynamical behavior associated to the size of the pad of sliding material, 

as well as to the thermal capacity of the steel plates of the DCSS. 

Both small- and full-scale DCSS tests show that, for the examined slider material, 

the effect of the accumulated sliding distance on the coefficient of friction at low velocity 

is small (Figs. 2.10–2.15). This is consistent with the limited wear of the sliding surfaces 

occurred during the test (Figs. 2.1, 2.13). On the other hand, test results highlighted a 

gradual reduction in the friction coefficient of the DCSS under the effect of a large 

number of small-amplitude cycles at moderately low speeds. It is found that such 

reduction has nothing to do with wear but instead it is due to the heating of the sliding 

interface. Figure 2.16 clearly supports this deduction by showing the recovery in friction 

coefficient as a result of the dwell period (at which the sliding interface cools down) 

between consecutive sets of cyclic motion. 

The full-scale test demonstrated that the travelled distance has a negligible effect 

also on the coefficient of friction at seismic velocities. The force–displacement curves 

recorded under the effect of displacement histories representative of different seismicity 

levels revealed that the hysteretic response of the DCSS remained almost unchanged, and 

the friction properties of the isolator were just marginally affected when exposed to 

sliding distances up to 1000 m. 

The effect of ambient temperature is typically assessed by means of small-scale 

tests, as technically more feasible and less expensive than controlling the temperature of 

a full-scale isolator embedded in a massive testing equipment. At low temperatures, the 

coefficient of friction can be more than 3 times higher than the value assessed at 21°C 

which is assumed to be the ambient temperature in the test laboratory. Therefore, 
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performing the design of the isolation system based on friction coefficients assessed in 

laboratory conditions on full-scale isolators can lead to underestimate the maximum 

resistance of the isolator for service movements occurring at very low temperatures. It is 

worth recalling that the effect of ambient temperature is relevant mainly to the estimation 

of the forces produced under the effect of non-seismic actions. Indeed, during an 

earthquake, once sliding is triggered, the large amount of energy dissipation occurring at 

high speeds will result in a substantial heating of the sliding interface, leading to a 

temperature at the sliding interface much higher than the ambient temperature. 

It is useful to compare the variations in the coefficient of friction due to temperature 

and travel distance to the relevant λ-factors defined in the codes (AASHTO 2014; CEN 

2005, 2009) for estimation of upper-bound design properties. Tables 2.4 and 2.5 report 

the values of λmax for sliding isolators associated with changes in temperature and 

cumulative travel for unlubricated PTFE, together with the relevant values λmax,exp 

determined in small- and full-scale tests, respectively. 

 

Table 2.4. Property modification factor λmax for changes in friction coefficient of unlubricated PTFE due 

to temperature (CEN 2005; CEN 2009) and values λmax,exp determined in small-scale tests on 

slider specimen at two different sliding distances 

  λmax,exp 

Tmin λmax 0-22 m 1022-1044 m 

20°C 1.0 1.0 1.0 

0°C 1.1 1.9 1.9 

-10°C 1.2 2.6 2.5 

-30°C 1.5 3.2(a) 3.2(a) 

(a) obtained from linear interpolation of values at T = -20°C and T=-30°C 

 

For the investigated sliding material, the low-velocity friction coefficient increases 

1.9 times from 20°C to 0°C, 2.6 times at −20°C, and 3.2 times at −30°C. It is interesting 

to note that the variation is independent of the accumulated sliding distance, i.e. for each 

temperature the same λmax,exp is measured both for the virgin specimen and after 1000 m 

(Table 2.4). However, these figures are largely underestimated by relevant λmax -values 

established in the codes (AASHTO 2014; CEN 2005, 2009). Namely, the difference is 

−42% at 0°C and −53% at −20 and −30°C. 

The effect of the cumulative travel on the coefficient of friction at high velocities is 

summarized in Table 2.5. To be conservative, the maximum force amplification derived 
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from Table 2.3 has been assumed for estimating λmax,exp. The high-velocity coefficient of 

friction seems to be scarcely affected from the accumulated sliding distance, and in line 

with the estimation provided by the λmax- value for unlubricated PTFE established in the 

codes (deviation+7%). As already mentioned, this is ascribed to the small wear of the 

investigated sliding material, and the creation of a transfer film of sliding material on the 

mating steel surface, which reduces wear and promotes a stable friction coefficient 

(Quaglini et al. 2009). The formation of the transfer film is typical of “soft” 

thermoplastics such as PTFE and UHMWPE (Quaglini et al. 2009; Quaglini and Dubini 

2011; Quaglini et al., 2012a; Quaglini 2012b), and further investigation is needed to 

extend the conclusion on the limited effect of the cumulative travel to “hard” 

thermoplastic sliding materials. 

 

Table 2.5. Property modification factor λmax for changes in friction coefficient at high speeds of 

unlubricated PTFE due to cumulative travel defined in codes (CEN 2005; CEN 2009) and 

values λmax,exp determined in large-scale tests on DCSS 

  λmax,exp 

Cumulative travel (km) λmax 0-22 m 

≤ 1.0 1.0 1.07 

1.0 < S ≤ 2.0 1.2 NA 

 

2.5. Conclusion 

Code specifications suggest different methodologies to determine the friction 

properties of Curved Surface Sliders in seismic and non-seismic conditions. Accordingly, 

for seismic situations, full-scale seismic isolators must be tested, whereas small-scale 

slider tests are addressed for service operations. In particular, in order to assess the effects 

of ambient temperature and accumulated sliding distance, performing small-scale tests 

will be the only feasible way. The present study compares the friction coefficients 

evaluated on both a full-scale DCSS and a scaled model of the slider subjected to a long-

term friction over a total path of 1000 m in order to investigate the effect of the 

accumulated distance on the coefficients of friction at both low- and high-velocities. To 

the best of the authors’ knowledge, such a comparison and corresponding discussions are 

presented for the first time in literature. 

The main results of the study can be summarized as follows: 
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• At low velocity, at the very first cycles of the motion, the coefficient of friction 

computed from small-scale tests is slightly lower than that of the full-scale DCSS. 

However, small- and full- scale tests provide almost the same friction coefficients 

at the end of 1000 m accumulated path, with slightly smaller values for the DCSS 

device. This indicates that employing a small-scale test to estimate the coefficient 

of friction of a full-scale specimen is a practical, reliable, and feasible method when 

low-velocity friction is of concern. Small-scale isolator tests can also provide an 

affordable evaluation for the effect of ambient temperature on the coefficient of 

friction. It is therefore apparent that the full-scale tests should be complemented 

with small- scale slider tests to fully understand the behavior of isolators and 

investigate the actual properties to be considered in the design of seismically 

isolated structures; 

• The effect of temperature on the low-velocity coefficient of friction can be huge, 

especially at low temperatures, and can endanger the operation of sliding isolation 

systems during their service operation. In this regard, the study has shown that a 

dedicated experimental investigation is needed to estimate suitable upper-bound 

design properties of the coefficient of friction, while property modification factors 

suggested by the codes (CEN 2005; CEN 2009; AASHTO 2014) can be highly non-

conservative, especially at low temperatures;  

• For the proprietary sliding material consisting of filled PTFE assessed in the study, 

the accumulated sliding distance has a not substantial effect on the coefficient of 

friction at high velocity to be considered in the seismic design. This result is in line 

with the relevant property modification factor established in the codes (CEN 2005; 

CEN 2009; AASHTO 2014). However, while it could be interpreted as a safety 

achievement, this outcome can be indeed ascribed to the small wear of the examined 

sliding material, and the creation of a transfer film of polymer on the mating steel 

surface. The effect of the cumulative travel on the seismic coefficient of friction of 

other sliding materials requires further investigation. 
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3. FRICTION COEFFICIENT OF SLIDING ISOLATORS IN ICING 

CONDITIONS 

3.1 Introduction 

According to European and North American standards (CEN 2009; AASHTO 

2014), prototype tests on full-scale isolators are performed at ambient temperature. To 

account for the changes in the friction coefficient due to temperature, codes (CEN 1998; 

CEN 2009; AASHTO 2014) suggest the use of property modification factors (λ factors) 

for upper and lower bound values. Accordingly, for unlubricated PTFE/steel interfaces, 

the coefficient of friction is assumed to increase, in comparison to the value assessed at 

21°C, by 10% (λmax = 1.1) at 0°C, by 20% (λmax = 1.2) at -10°C and by 50% (λmax = 1.5) 

at -30°C, whereas for lubricated PTFE the corresponding amplifications are 30% (λmax = 

1.3), 50% (λmax = 1.5) and 300% (λmax = 3.0), respectively. It must be noted that λmax 

values recommended in the codes are mainly empirical or derived from laboratory tests 

conducted on small-scale specimens and are available only for PTFE. 

Experimental studies conducted on small-scale specimens of various sliding 

materials, including PTFE and UHMWPE (Tyler 1977; Braun and Butz 2010; Quaglini 

et al. 2012a; Becker et al. 2017) demonstrated that both μdyn and μst increase at low 

temperature, due to stiffening of the thermoplastic polymer, in accordance with the code 

recommendations. In the cited studies, specimens were cooled down and tested under 

controlled conditions (usually within a conditioning chamber). However, laboratory 

conditions are very different from the real environment where sliding isolators are 

supposed to operate in outdoor applications, e.g., in case of seismically isolated bridges 

in cold regions. Freezing winds strike the bridge above and below and on both sides, so 

it loses heat from every side. The sliding plates of the CSS are made of steel that is a good 

heat conductor and freezes shortly after temperature in the atmosphere hits the freezing 

point, resulting in the formation of an ice layer on the sliding surface. Such layer behaves 

as a lubricant, with a contrary effect on the friction coefficient than the one promoted by 

the stiffening of the slider lining material. Dry friction indeed describes the solid-solid 

sliding contact between two surfaces without any intermediate layer, and dry friction 

coefficient is typically high. However, in presence of ice, dry friction is extremely rare in 

practice because a thin liquid-like lubricating layer with a thickness of a few molecules 

is always present on the ice surface even at very low temperatures (Petrenko and 

Whitworth 1999; Rosenber 2005). Therefore, friction coefficient on ice is typically lower 
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than in dry condition, and this mechanism is well known and exploited in ice sports such 

as skying and skating.  

The effect of ice on the sliding behavior of CSSs has been generally disregarded up 

to now, as laboratory tests on small-scale samples generally focused on the 

characterization of the dry-friction coefficient of sliding materials (and generally the 

formation of ice on the mating steel surface was prevented in order to preserve the dry 

friction condition). In order to deepen knowledge of this aspect, which can have practical 

implications for applications in cold and very cold regions, and provide an insight for the 

static friction coefficient of CSSs in icing conditions, an experimental investigation was 

undertaken at Seismic Isolator Test Laboratory of Eskişehir Technical University, 

considering a full-scale sliding isolator exposed to low temperature, and subjected to the 

formation of ice on the sliding surface. The results of the investigation are presented in 

this study. The paper is arranged as follows. In Section 3.2 the basic mechanisms of 

friction on ice are recalled and presented in a way to help the reader understand the 

rationale of the study and its main findings. Section 3.3 describes the CSS under 

investigation and the experimental protocol implemented in the tests. The results of the 

experiments are presented in Section 3.4, while in Section 3.5 they are discussed and 

interpreted considering the practical implications related to the behavior of sliding 

isolators in icing conditions. Finally, the conclusions of the study are presented. 

 

3.2. Friction on Ice 

Since the exposure of the CSS to low temperatures results in the formation of an 

ice layer on the surface of the stainless-steel sheet as shown in Fig. 3.1, physics of friction 

in case of ice is addressed here. In literature, there has been a great effort to understand 

the mechanism of friction on ice (Colbeck 1994; Colbeck 1995; Petrenko and Whitworth 

1999; De Koning et al. 2000; Kietzig et al. 2010; Bhushan 2013). The coefficient of 

friction between ice and most materials is universally recognized to be very low, and as 

it is exploited in sports such as skating, skiing, curling, etc. Although most of the previous 

studies that focused on ice friction were conducted with the aim of improving the 

performance in ice sports, the concept of friction between two solids with an interposed 

ice layer can be applied also to the case under investigation. 
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Figure 3.1. Formation of ice layer on the surface of stainless-steel due to low temperature exposure 

 

Several theories have been proposed to account for the very low friction of ice 

(Pounder 1965). The two oldest ascribe it to the transient presence of a lubricating film 

of liquid water. Joly (1899) suggested that this film was produced by the pressure applied 

by the sliding surface which induces temporary melting of ice. On the other hand, Bowden 

and Tabor (1950) calculated that feasible pressures are unable to cause melting unless the 

ice temperature is very close to 0ºC, and suggested that the temporary liquid film is 

generated by frictional heating at the asperities: heat generated by friction during sliding 

increases the temperature at the contacting points to the melting temperature of ice, 

causing the ice surface to melt locally at the contacting asperities, resulting in a 

noncontinuous melt water film. This hypothesis has found considerable acceptance 

between researchers, but some objections still remain (Pounder 1965). A third theory 

(McConica 1950) therefore proposed water vapor as the lubricating film. Another theory 

(Niven 1959) considered molecular rotation on the surface of ice crystals as the leading 

mechanism. These water molecules lack a complete set of hydrogen bonds to lock them 

into place, so they could act in the manner of roller bearings to reduce friction. It is of 

course possible that more than one of these mechanisms come into play to produce the 

mechanism of friction on ice. 

Regardless of its origin, the parameter influencing friction on ice is acknowledged 

to be the presence of a liquid-like layer on the ice surface. It has been suggested that, 

depending on current temperature, surface contact pressure and sliding velocity, different 

mechanisms can prevail, resulting in different friction regimes depending on the thickness 

of the liquid-like layer in relation to the roughness of the two mating surfaces, as 

summarized in Fig. 3.2 (Kietzig et al. 2010). 



 

55 

 

 

Figure 3.2. Regimes for friction on ice (adapted from Kietzig et al. 2010) 

 

The boundary lubrication regime is characterized by the temperature in the contact 

zone being everywhere below the melting temperature of ice, and the thickness of the 

lubricating liquid-like film being on the order of few molecular layers. As the thickness 

of the liquid-like layer is substantially smaller that the roughness of the mating surfaces, 

friction is still governed by the contact between the asperities of the surfaces like in solid-

solid friction, though the lubricating layer reduces the resistance of the solid-solid contact. 

Mixed friction occurs when at some points within the contact zone the surface 

temperature rises above the melting temperature of ice, but the thickness of the liquid-

like layer is still lower than the roughness of the surfaces. In this regime the load of the 

slider is partially supported by the surface asperities and partially by the lubricating layer. 

As the increased thickness of the lubricating layer reduces solid-solid adhesion and 

enhances the lubrication, a substantial decrease in friction force compared to boundary 

lubrication is achieved. However, at the same time the lubricant promotes the build-up of 

capillary water bridges between the mating asperities; such capillary bridges act as bonds 

between the slider and ice surfaces, resulting in an additional frictional resistance. 

If everywhere in the contact zone the temperature is above the melting temperature 

of ice, and the thickness of the liquid-like lubricating layer between the two surfaces is 

greater than the height of the asperities, a hydrodynamic regime is triggered. In 

hydrodynamic friction it’s the lubricating layer, not the surface asperities, that carries the 

applied load and no solid-solid contact occurs during the sliding movement. 

Consequently, shearing of solid-solid adhesive bonds as in dry friction no longer 

contributes to the friction force. In the hydrodynamic regime friction coefficient increases 
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with the liquid-like layer thickness due to increased viscous friction of the lubricant. Past 

researches (Fowler and Bejan 1993) concluded that the lubricating film under a slider on 

ice becomes thicker toward the trailing end. Consequently, friction mechanisms on ice 

can include all types of friction but for pure dry friction. 

 

3.3. Tested Isolator and Experimental Program 

An experimental campaign was performed to investigate the coefficient of friction 

of sliding isolators in icing conditions. The seismic isolator investigated in this research 

is a Double Curved Surface Slider (DCSS) having concave plates at top and bottom with 

a non-articulated slider in between. The slider houses two sliding pads (both are 260 mm 

in diameter) in contact with the two mating stainless-steel concave plates having surface 

roughness Rz ≤ 1 μm (see Fig. 3.3a). The isolator was manufactured by Technological 

Isolation Systems (TIS) and sliding pads are made of filled PTFE. The top and bottom 

concave plates have the same radius of curvature R = 2500 mm. The height of the non-

articulated slider is 73 mm. Thus, the effective radius of curvature of the tested DCSS is 

4927 mm. Fig. 3.3b presents the geometrical properties of the tested DCSS. 

 

 

a) b) 

Figure 3.3. (a) View of the tested full-scale DCSS and (b) its geometrical properties 

 

The experimental campaign aims at assessing the variation in static friction 

coefficient of the DCSS introduced in Fig. 3.3, when subjected to low temperature. 

Accordingly, three different temperatures (20, 0, and -20ºC) and three different exposure 

times (3, 12 and 24 hrs) were considered in the tests. Additionally, in order to evaluate 

the effects of both axial pressure and loading velocity on static friction coefficient, the 

testing protocol also encompassed various axial pressures (40, 60 and 80 MPa) and 
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loading frequencies (corresponding to maximum loading velocities of 250, 500 and 750 

mm/s). Table 3.1 lists the testing protocol considered in the experiments. 

 

Table 3.1. Applied loading protocol for the full-scale DCSS tests 

Temperature (°C) -20, 0, 20 

Exposure Time (hours) 3, 12, 24  

Axial Pressure (MPa) 40-60-80 

Maximum Velocity (mm/s) 250 500 750 

 

The full-scale isolator tests were conducted at Seismic Isolator Test Laboratory of 

Eskişehir Technical University, and the test set-up of laboratory is presented in Figure 

2.6. In the experimental program, a series of sinusoidal displacement histories, with an 

amplitude of D = 300 mm, were applied to the tested DCSS. The displacement histories 

shown in Fig. 3.4 have the form of d(t) = D⋅sin(2π⋅f⋅t) where f is the frequency of loading 

and t is the time. In this form, the maximum loading velocity, Vmax, will be equal to 

2π⋅f⋅D. For the considered maximum loading velocities (250, 500 and 750 mm/s) and the 

maximum amplitude of the motion (300 mm), the corresponding loading frequencies are 

computed as 0.133, 0.265 and 0.398 Hz. 

 

 

Figure 3.4. Sinusoidal displacement histories applied in the tests. 

 

The temperature of the sliding surface was monitored by means of K-type 

thermocouples encased in the plate of the DCSS. For this purpose, a total of ten 

thermocouples with a temperature range of -200ºC to 1200ºC were used to record the 

temperature at the sliding surface. Eight of these thermocouples (labeled from 1 to 8) 
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were embedded into the top plate of the isolator through drilled holes as shown in Fig. 

3.5.a so that their probes were in contact with the back side of the concave stainless-steel 

plate. Fig. 3.5.b depicts the configuration of the holes drilled on the top plate of the 

isolator. These thermocouples were used to monitor the temperature of the area of the 

sliding surface crossed by the slider during its movement. The remaining two 

thermocouples (labeled as 9 and 10) were attached to the surface of the concave stainless-

steel sheet (see Fig. 3.5.c) to record the temperature of the surface outside the area crossed 

by the slider, not subjected to heating due to friction. These two thermocouples also 

served to check the temperature of the sliding surface of the isolator in compliance with 

the assigned levels as listed in Table 3.1. The connectors of the thermocouples embedded 

to the top plate of the isolator were carefully positioned through CNC (computer 

numerical control) machined channels (see Fig. 3.5.d). Fig. 3.6 shows the data acquisition 

system used to monitor temperature readings by means of the ten thermocouples. 

Prior to perform the tests, the DCSS was conditioned in the environmental chamber 

shown in Fig. 3.7.a according to the temperatures and exposure times given in Table 1. 

The controller unit (see Fig. 3.7.b) of the environmental chamber enables to keep the 

temperature at the desired level within a range of  ±1ºC. After the conditioning at the rated 

temperature for the assigned period, the specimen was removed from the environmental 

chamber, immediately mounted on the test set-up and subjected to the application of the 

loading protocol. The tests were performed at laboratory temperature (20 ± 1 ºC), 

therefore care was paid for completing the test in the shortest possible time, in order to 

limit the heating of the specimen once removed from the environmental chamber. It took, 

at most, 8 min from the removal of the DCSS from the chamber to the end of the 

sinusoidal motion. Fig. 3.8 presents the temperature readings throughout the time elapsed 

from the removal of the DCSS to the end of test for two representative cases, namely after 

conditioning at 0ºC for 24 h (Fig. 3.8.a) and after conditioning at -20ºC for 24 h (Fig. 

3.8.b).  

 



 

59 

 

 
 

a) b) 

  

c) d) 

Figure 3.5. (a) holes drilled on the top plate of DCSS to insert thermocouples, (b) configuration of the 

thermocouples, (c) thermocouples attached to the surface of concave stainless-steel sheet, (d) 

layout of the connectors of thermocouples. 

 

  

a) b) 

Figure 3.6. (a) Data acquisition system used to monitor temperature and (b) its connections to the DCSS. 
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a) b) 

Figure 3.7. (a) The environmental chamber and (b) its controller. 

 

 

a) 

 

b) 

Figure 3.8. Temperature histories of the sliding surface of the CSS, inside and outside the contact area of 

the slider, from the removal of DCSS from the environmental chamber to the end of the test for 

an exposure time of 24 hrs at (a) 0oC and (b) -20oC. 

 

In the figure, the green line represents the average of temperatures recorded by the 

eight thermocouples embedded into the top plate, whereas the blue line stands for the 

average of temperatures recorded by the two thermocouples bonded on the surface of the 

stainless-steel sheet. The temperature of the sliding surface outside the area crossed by 
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the slider remained almost constant, close to the assigned level, till the end of the test 

while the temperature of the area crossed by the slider gradually increased once the test 

was initiated. This observation confirmed that there was only marginal change in the 

temperature of stainless-steel surface (and, in general, of the CSS) even if the tests were 

performed at the laboratory conditions. As shown in Fig. 3.9, during the test, while the 

cyclic motion took place, the whole surface of the specimen was covered by a layer of 

ice. Only the temperature of the area of the sliding surface actually crossed by the back-

and-forth motion of the slider increased due to the mechanism of frictional heating. 

 

 

Figure 3.9. Scene from the cyclic test of the DCSS exposed to low temperature. 

 

3.4 Test Results 

In this section, force-displacement relations obtained from the tests performed in 

accordance with the loading protocol listed in Table 3.1 are illustrated. For instance, Fig. 

3.10 shows the force-displacement diagrams for the tests carried out for different loading 

conditions at the temperatures of 20, 0 and -20ºC when the exposure time to low 

temperatures is 24 hrs. From these diagrams, the friction coefficient versus displacement 

plots can be calculated according to the procedure presented by Gandelli et al. (2019). An 

example of such plots, relevant to the tests performed at 80 MPa normal stress, 500 mm/s 

maximum loading velocity and 24 h exposure time is shown in Fig. 3.11.  
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Figure 3.10. Comparison of force-displacement diagrams obtained from tests after exposure to low 

temperature for 24 hrs with the corresponding reference diagrams (tests after exposure to 

20°C). 
 

In the test at 20ºC the coefficient of friction shows the typical behavior of solid-solid 

contact, with a peak value at the initiation of motion, corresponding to the static friction, 

followed by a decrease to the dynamic value. On the contrary, in the tests performed after 

exposure to low temperatures, the friction coefficient shows an irregular behavior, 

consisting of a sequence of brief increases and drops until a peak value is achieved; 

friction coefficient then drops to a constant value which is maintained during sliding. It 

is worth noting that the achievement of the peak value of friction does not corresponds to 

the starting of motion like in the test at 20ºC, but to a not negligible displacement (in Fig. 
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3.11, at about 60 mm, corresponding to about 30 mm sliding on both curved surfaces). 

This phenomenon will be explained later. Anyway, the static coefficient of friction is 

taken as the maximum value achieved in the first half of the cycle, regardless if it is 

activated at the breakaway or in a displaced configuration.  
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Figure 3.11. Friction coefficient versus displacement diagrams for different exposure temperatures 

(normal stress: 80 MPa; maximum loading velocity: 500 mm/s; exposure time: 24 hrs). 

 

The static friction coefficients, μst, calculated for each loading case of Table 3.1 are 

presented in a comparative way to highlight the effects of temperature, exposure time, 

axial pressure and loading velocity. In the upcoming discussions and graphs, friction 

values obtained from tests conducted at 20ºC will be taken as the reference. 

In Fig. 3.12, variation of static friction coefficient due to change in exposure time 

is presented for various axial pressures and loading velocities. The first observation in 

Fig. 3.12 is that static friction coefficient after exposure to -20ºC, μst,-20ºC, is always 

smaller than the reference value μst,20ºC regardless of the exposure time, whichever the 

axial pressure and the velocity. On the other hand, the static friction coefficient after 

exposure to 0ºC, μst,0ºC, may be either greater or smaller than its reference counterpart 

depending on the exposure time and axial pressure. For instance, for 24 hrs exposure time, 

μst,0ºC is always smaller than μst,ref, but for exposure times of 3 and 12 hrs, μst,0ºC is greater 

than μst,ref for axial pressures of 40 and 60 MPa, and smaller for pressure of 80 MPa. To 

better highlight the effect of exposure time on the static friction coefficient, μst values 

calculated at low temperatures are normalized over the ones computed for reference tests; 

the normalized values are presented in Fig. 3.13. For 0ºC, (μst,0ºC)/(μst,ref) ratios of Fig. 

3.13a show that the general tendency of μst,0ºC is to decrease with increasing exposure 

time, with a maximum reduction of 50% for exposure time of 24 h. On the other hand, 

for exposures at 0ºC of 3 and 12 h the (μst,0ºC)/(μst,ref) ratios are close to (and even larger 

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

-400 0 400

20°C
0°C
-20°C 0

0.05

0.1

0.15

0 50 100 150



 

64 

 

than) unity. Increasing the conditioning time will promote the formation of a thicker ice 

layer; on the other hand, when the exposure time is short, a thin ice layer will form which 

will melt very quickly after the specimen is taken out from the conditioning chamber, 

even during the installation of the testing machine. 
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Figure 3.12. Comparison of static friction coefficients with an emphasis on the effect of exposure time (a) 

for 0oC and (b) -20oC. 

 

As shown in the example in Fig. 3.8a, during the application of the vertical load 

before starting of horizontal motion the temperature of the sliding surface rose to about 

4ºC, thawing the ice layer and restoring the dry friction regime. On the contrary, as in 

Fig. 3.13b, where the effect of exposure time on μst is presented for -20ºC, (μst,-20 ºC)/(μst,ref) 

ratios are always less than unity (generally between 0.5 and 0.8) without a clear 

dependence on the exposure time. During the stay at -20ºC a thick layer of ice forms, 

which is preserved during the installation of the specimen to the testing machine and the 

application of the loading cycles, allowing the mechanism of friction on the ice to 

develop. 
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Figure 3.13. Comparison of normalized static friction coefficients for (a) 0oC and (b) -20oC. 

 

Fig. 3.14 presents the test data from a different perspective to determine the effect 

of temperature on static friction coefficient when the exposure times are identical. Figs. 

3.14a, b report μst values computed for different loading conditions and for exposure times 

of 3 and 12 hrs, respectively. As already commented with reference to Fig. 3.13, 

regardless of the exposure time, μst,-20ºC is always lower than μst,ref and, considering 

experimental uncertainties, almost independent of the actual duration of exposure. On the 

other hand, considering the tests after conditioning at 0ºC, for exposure time of 3 hrs     

μst,0 ºC is close to μst,ref. This result has been explained as a consequence of the heating up 

of the sliding surface during the installation of the specimen on the test set-up. Owing to 

the short exposure time, the ice layer formed on the sliding surface is very thin and it 

completely melts after few minutes at ambient temperature. Eventually, solid-solid 

contact without lubrication (the water formed from the melting of ice is squeezed out) 

occurs at the sliding interface, which justifies the friction coefficient similar to the one 

evaluated in the reference tests. As the exposure time at 0ºC increases, a thicker ice layer 

forms on the sliding surfaces, which will take longer to melt. After an exposure of 24 hrs, 

the coefficient of friction after conditioning at 0ºC practically overlap the value recorded 

for the same loading conditions after conditioning at -20ºC. 
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Figure 3.14. Comparison of static friction coefficients with an emphasis on the effect of temperature for 

exposure times of (a) 3 hrs, (b) 12 hrs and (c) 24 hrs. 

 

3.5. Discussion  

As described in the Introduction, static friction is an effect of the chemical bonds 

that form between mating surfaces when they are in the sticking phase; therefore the 

maximum friction resistance is expected to be triggered at the breakaway while friction 

decays during sliding. Further increases of friction (though at a less extent than at the 

breakaway) are noticed at motion reversals in a back-and-forth movement, where 

momentary stops occur. Recalling the results of the reference tests shown in Figs. 3.10 

and 3.11, the maximum friction coefficient is observed at the very first movement of the 

slider. However, in the tests at low temperatures, the maximum friction coefficient was 

triggered not at the breakaway, but at isolator displacements in the range of 25–60 mm. 
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This different behavior is highlighted in Fig. 3.15, which shows the force and 

displacement histories recorded during the first cycle of two tests performed with the 

sliding surfaces at 20ºC (Fig. 3.15a) and -20ºC (Fig. 3.15b), respectively. Fig. 3.15a 

shows a clear transition from the sticking phase to the slipping phase at the initiation of 

motion. On the contrary, for the test at low temperature, there is not such a sharp transition 

between the two friction regimes, but friction continues to increase till a maximum value 

is eventually achieved, and then regular sliding starts. By examining more in detail, the 

initial branch of the friction force vs. horizontal displacement plot, the motion appears to 

be not smooth, but irregular, with short phases of sliding (slips) interrupted by stops 

(sticks). Initially there is relatively little movement and the force rises until it reaches 

some critical value. Once this force is exceeded movement starts at a much lower load 

which is determined by the dynamic friction coefficient, but the slider soon gets stuck, 

with local rises in the force before it starts to move again. Such stick-slip behavior 

depends on many phenomena (Berman et al. 1996). In the present case, it is proposed that 

a certain area of the ice layer between the sliding surfaces may undergo transitions from 

a solid-like state to a liquid-like state as a consequence of frictional heating developed as 

sliding starts, causing the drop in friction. However, once sliding starts, the friction 

coefficient drops from the static to the (smaller) dynamic value, causing a decrease in the 

heat flux. And, due to the low temperature of the sliding plate around the area crossed by 

the slider, the liquid-like layer freezes, reducing its thickness and promoting an increase 

in the frictional resistance according to the boundary friction regime shown in Fig. 3.2. 

This causes a new temporary stop, until the driving force exceeds the static friction 

resistance, and sliding starts again. Therefore, the stick-slip phenomenon is a consequence 

of the continuous change in the heat flux due to the transition from the sticking to the 

sliding condition. 

That proposal is in line with the data provided in Fig. 3.8.b where the change in 

temperatures of both the sliding interface and the surface of the stainless-steel plate are 

presented. The graph shown in Fig. 3.8.b is for an exposure time of 24 hrs at -20ºC which 

is the case discussed in Fig. 3.15.b. Fig. 3.8.b shows that the temperature of the sliding 

interface between the slider pad and the stainless-steel plate started to increase with the 

application of vertical force while the surface temperature of the stainless-steel plate was 

almost constant throughout the test. Thus, the ice between the slider pad and stainless-

steel plate has melted due to combined effects of both pressure melting and frictional 
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heating. However, since the temperature of the DCSS (-15ºC and -17ºC at the sliding 

interface and the surface of stainless-steel plate, respectively) is still lower than the 

freezing temperature of water, the corresponding liquid-like layer is most likely to be in 

the form of a noncontinuous film due to local melting of ice. Hence, until the formation 

of a continuous liquid-like layer at the sliding interface, the corresponding slip and stick 

behavior illustrated in Fig. 3.15.b was recorded. A similar and more detailed discussion 

related to physics of ice friction can be found in the study of Kietzig et al. (2010). Such 

stick-slip behavior continues until the frictional heating is sufficient to promote the 

melting of a sufficiently wide area of ice on the sliding surface, and the formation of a 

stable liquid-like layer. From this time on, the frictional behavior is governed by the 

dynamic friction coefficient, which is discussed in the next chapter. 
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Figure 3.15. Time histories of friction force and horizontal displacement of the DCSS during the first half-

cycle of motion: (a) test at 20°C; (b) test at -20°C and exposure time 24 hrs. Test conditions: 
axial pressure 80 MPa, maximum loading velocity 500 mm/s. 

 

In this study, the friction coefficient was investigated at two temperatures of the 

sliding surface (T = 0ºC and T = -20ºC) and three exposure times (3 hrs, 12 hrs, 24 hrs). 

T = 0ºC is taken as representative of moderately low temperatures, and T = -20ºC as 

representative of low temperatures. The results of the tests show that:  

• at moderately low temperatures, short exposure times (e.g. some hours, typically 

overnight) are not sufficient to promote the formation of a sufficiently thick ice 

layer; the formed thin layer melts after just few minutes at temperature above 0ºC, 

or during sliding as a consequence of frictional heating, and the friction coefficient 

is similar to that observed at regular temperature (20ºC); 
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• in case of longer exposure times (e.g. for at least 24 hrs) the ice film is sufficiently 

thick and stable, resulting in a substantial decrease in friction with respect to regular 

temperature under the same loading conditions;  

• at low temperatures, only few hours of exposure (e.g., overnight exposure) are 

sufficient to promote the creation of a thick and stable ice layer, and the low-

temperature friction coefficient is always lower that its counterpart at regular 

temperature; 

• in case the ice layer formed on the sliding surface is sufficiently thick not to melt 

in full (which can be achieved either by exposure at moderately low temperature 

for long time, or by exposure to low temperature even for short time, e.g., hours), 

similar friction coefficients were observed at 0ºC and -20ºC, i.e., the influence of 

the subzero temperature is negligible.  

It is also worth noting that the test results of the present study are in apparent 

contradiction with property modification factors, or lambda factors, recommended in the 

codes. Both the European and the North American codes and standards (CEN 1998; CEN 

2009; AASHTO 2014), recommend for unlubricated PTFE/steel interfaces, a 10% 

increase in the coefficient of friction at 0ºC, a 20% increase at -10ºC and a 50% increase 

at -30ºC, while the findings of the present study point out that friction on ice provides a 

substantial decrease in the static friction coefficient. This is due to the fact that the codes 

focused on the effect of low temperature on the sliding material only and disregarded the 

effects of icing on the surfaces of sliding isolators. The results of the present study should 

therefore be taken into account for a proper consideration of the coefficient of friction of 

sliding isolators operating in cold regions. 

 

3.6. Conclusion 

The study investigates, by means of tests performed on a full-scale isolator, the 

friction coefficient of Curved Surface Sliders in icing conditions, i.e., when an ice layer 

forms at the sliding interfaces due to permanence at ambient temperatures below 0ºC. 

This situation, which can occur during the service life of isolators installed outdoor in 

cold regions, has been disregarded by past research on sliding materials for sliding 

bearings and sliding isolators. In fact, in such research, the attention was focused on the 

dry coefficient of friction of the sliding material at low temperature. Another novelty of 

the study lies in the fact that for the first time, to the best Authors’ knowledge, the effect 
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of low temperature was investigated on a full-scale sliding isolator, instead of small 

samples of sliding material. 

The main results of the study can be summarized in the following points: 

(a) at temperatures below 0ºC, a liquid-like layer of melted ice forms on the iced 

sliding surface; such layer performs like a lubricant layer avoiding the solid-solid contact 

between the mating sliding surfaces and producing a (substantial) decrease in the static 

friction coefficient with respect to the relevant value measured at regular temperature 

(20ºC), where friction is governed by solid-solid contact between the asperities of the 

mating surfaces;  

(b) pressure and sliding velocity contribute to determine the thickness of the liquid-

like layer and therefore the resulting friction coefficient;  

(c) at moderately low temperature, in case of short exposure time (on the order of 

few hours in the experiments), the thickness of the ice layer is small and the layer quickly 

melts in case the ambient temperature is raised above 0ºC; the liquid-like layer is lost and 

the friction coefficient is similar to the reference value measured on a specimen 

previously not exposed to low temperature;  

(d) at low temperature, a stable and thick ice layer forms on the sliding surfaces 

even for short exposure times (on the order of few hours), and the friction coefficient is 

significantly lower than the value at the reference temperature (20ºC);  

(e) the static coefficient of friction in icing conditions is not affected by the exposure 

temperature, provided that the duration of exposure is sufficient to promote the formation 

of a thick and thermally stable ice layer.  

The results of the study can be considered as preliminary, because restricted to a 

single isolator and a single sliding material but can serve as the basis for future 

investigations on this topic. 
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4. DYNAMIC FRICTION COEFFICIENT OF SLIDING ISOLATORS AT 

DIFFERENT LOW TEMPERATURES AND EXPOSURE TIMES 

4.1 Introduction 

According to Eurocode (CEN 1998; CEN 2005), the value of the λ factor changes 

depending on whether the material is lubricated or not and suggests an increase of the 

friction coefficient at -30°C, in comparison to the value assessed at 20°C, up to 150% for 

unlubricated PTFE and 300% for lubricated PTFE. However, such λ factors were defined 

on an empirical basis, essentially based on laboratory tests conducted on small-scale 

specimens avoiding the formation of ice on the mating steel surface as the regular 

practice. However, it is questionable whether the laboratory conditions under which the 

friction coefficient was assessed realistically represent the real case experienced by the 

isolators. Sliding isolators are commonly provided with cover seals and skirts all around 

the outer bearing to prevent exposure and contamination of the sliding surfaces. However, 

cracked seals and standing water on the sliding surfaces have been sometimes reported 

from inspections of in-service devices (Alvarado and Ryan 2023). In cold regions, an 

even bigger concern is the fact that entrapped water or air humidity will freeze during the 

winter months, affecting in an unpredictable sliding behavior of the isolators (Alvarado 

and Ryan 2023). According to the Authors’ knowledge, the effect of water and ice 

contamination on the coefficient of friction of sliding surfaces is missing in prior 

literature. This situation is plausible when considering countries like Italy and Türkiye, 

which are prone to severe earthquakes and at the same time experience low temperatures 

in winter. In this regard, the European seismicity map is shown in Figure 4.1, correlated 

with a map of the average minimum surface air temperature of the two countries observed 

in the coldest months, from December to February, during the period 1991-2020, sourced 

from the website climateknowledgeportal.worldbank.org. Several high seismic risk areas, 

characterized by Peak Ground Acceleration (PGA) values exceeding 0.2g, experience 

average temperatures below 0°C for several days over the year. As an example, by 

referring to the Friuli-Venezia Giulia region in Italy and the Erzurum region in Türkiye 

(tagged in Figure 4.1), average minimum temperatures of about -2°C and -11°C in the 

winter seasons are expected, respectively. 

In literature, there are no studies examining the effect of ice on the dynamic friction 

coefficient, which is the main parameter of interest for the design of the isolated structure. 

Therefore, the objective of this research is to investigate the influence of ice on the 
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dynamic friction coefficient of CSSs. The structure of the paper will follow this scheme: 

details on the analyzed CSS and on the adopted testing protocol are provided in Section 

4.2. The experimental results are provided and discussed in Section 4.3, considering the 

practical implications associated with the behavior of sliding isolators in icing conditions. 

Finally, in Section 4.4 the conclusions are reported. 

 

 

Figure 4.1. Seismic map of Europe (Danciu et al. 2021) with indication of the average minimum surface 

air temperature observed in the cold months (December – February) of the period 1991 – 2020 

in Italy and Türkiye (source: climateknowledgeportal.worldbank.org) 

 

4.2. Materials and Methods 

4.2.1. Description of the specimen 

The seismic isolator used in this experimental program is identical to the one 

described in Section 3, with its geometric characteristics illustrated in Figure 3.3.  

 

4.2.2. Experimental program 

In the literature, most of the studies have focused on the effects of low temperatures 

on the hysteretic properties of rubber bearings, typically examining a temperature range 

of 0 to -30ºC, as in (Constantinou et al. 2007) and (Hasegawa et al. 1997; Yakut and Yura 

2002a; Yakut and Yura 2002b; Fuller et al. 2004; Cho et al. 2008; Cardone and Gesualdi 

2012; Park et al. 2012; Mendez-Galindo et al. 2017; Zhang and Li 2020; Cavdar et al. 

2022; Yaşar et al. 2023a; Yasar et al. 2023b). While, regarding the choice of the exposure 
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times, there is a significant difference among the various works, passing from cases in 

which the isolators are exposed just for a few minutes (Nakano et al. 1993) to others that 

considered several days of exposure, e.g., (Yakut and Yura 2002a; Yakut and Yura 2002b; 

Mendez-Galindo et al. 2017). However, all these studies remarked that the exposure time 

to low temperature is one of the key parameters affecting the isolator response. Therefore, 

with the goal of having realistic loading scenarios, an initial statistical study was 

conducted to determine the minimum temperature and the longest exposure time to 

consider in this work. In particular, it was assumed that the DCSS of Figure 3.3 was used 

in the base isolation system of a bridge located in Erzurum, one of the coldest cities in 

Türkiye with high seismic risk, (as shown in Figure 4.1), and the related temperature 

records were obtained from Turkish State Meteorological Service. Figure 4.2 shows the 

frequency in Erzurum of having low temperatures under 0, -5, -10, -15 and -20ºC referring 

to the years 2016, 2017 and 2018. In particular, the indicated frequency is the ratio of the 

number of temperature readings below these target values to the number of all 

temperature readings. For instance, in Figure 4.2(a), the frequency of having -20oC (blue 

column) for 24 consecutive hours is almost zero. This means that it is unlikely to have 

temperatures less than or equal to -20ºC for a period longer than 24 hours.  
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Figure 4.2. The number of consecutive hours of low temperatures recorded in Erzurum in 2016-2017-2018 

 

Based on the results of this analysis, the temperatures considered in the 

experimental program were -20, 0 and 20ºC, while the exposure times were 3, 12 and 24 

hours. Moreover, to further investigate the effects of both normal stresses acting on the 

sliding pads and the loading velocity on the dynamic friction of the tested DCSS, tests 

were performed considering normal stresses of 40, 60 and 80 MPa and maximum loading 
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velocities of 50, 250, 500 and 750 mm/s. Table 4.1 summarizes the loading protocol 

followed in the experimental program. 

 

Table 4.1. Loading protocol implemented in full-scale DCSS experiments 

Temperature (°C) -20, 0, 20 

Exposure Time (hours) 3, 12, 24  

Axial Pressure (MPa) 40-60-80 

Maximum Loading Velocity (mm/s) 50 250 500 750 

 

4.2.3. Experimental set-up 

Tests were performed at Seismic Isolator Test Laboratory of Eskişehir Technical 

University, using the test set-up shown in Figure 2.6. The DCSS were tested under 

displacement-controlled uni-directional sinusoidal cyclic motions in the horizontal 

direction, with amplitude, Diso, of 300 mm. The maximum loading velocities, namely, 50, 

250, 500 and 750 mm/s, listed in Table 4.1, correspond to loading frequencies of 0.0266, 

0.133, 0.265 and 0.398 Hz, respectively. Figure 4.3 shows the displacement histories 

considered in the experimental program and characterized by three loading cycles in 

accordance with the requirements of the codes (CEN 2009; ASCE 2017; TBEC 2018). 
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Figure 4.3. Sinusoidal displacement histories with frequencies of (a) 0.0266 Hz, (b) 0.133 Hz, (c) 0.265 

Hz, (d) 0.398 Hz. 
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4.2.4. Conditioning procedure 

The DCSS was conditioned prior to each test in the environmental chamber of 

Seismic Isolator Test Laboratory shown in Figure 3.7(a). This system has dimensions of 

3x3x3 m, and its maximum and minimum temperature capacities are +50 oC and -40 oC, 

respectively. The controller of the chamber shown in Figure 3.7(b) allows to control the 

temperature within a tolerance of ±1 oC for the desired exposure duration.  

In order to track the temperature of the specimen prior to and during the tests, ten 

K-type thermocouples were used, as shown in Figure 3.5. Eight of them (labeled as t1-t8 

on Figure 3.5) were embedded in holes drilled on the top plate of the specimen. Probes 

of the thermocouples embedded into these holes were in contact with the back surface of 

the concave stainless-steel sheets. In this way, it was possible to monitor the instantaneous 

temperature of the sliding interface during the test. Moreover, two additional 

thermocouples (t9 and t10 on Figure 3.5) were used to track the surface temperature of the 

concave stainless-steel at points outside the area crossed by the slider. In addition to that, 

t9 and t10 were also used to check whether the temperature of the sliding surface of DCSS 

fit the target temperatures considered in the experimental campaign. The connectors of 

the thermocouples were positioned through channels shown in Figure 3.5 and plugged in 

the data acquisition system (see Figure 3.6) employed to record the temperature data. 

Once the DCSS was conditioned at the selected temperature and exposure time, it 

was removed from the environmental chamber (Figure 4.4(a)) and directly transferred to 

the mounting table and attached to the test set-up, as shown in Figure 4.4(b). Since the 

tests were conducted at laboratory conditions (20 ± 1°C), this operation was performed 

in the shortest possible time, in order to limit the rise in temperature of the specimen after 

its removal from the environmental chamber. Figure 4.5 shows the variation in 

temperature of the DCSS starting at its removal from the environmental chamber to the 

beginning of the test for two representative cases, namely test after conditioning at -20oC 

for 24 hours (Figure 4.5(a)) and test after conditioning at 0oC for 24 hours (Figure 4.5(b)). 

Green and blue lines in Figure 4.5 represent the averages of temperatures recorded by 

thermocouples embedded into the top plate (t1-t8) and in contact with the surface of the 

stainless-steel plate (t9-t10), respectively. Both Figure 4.5(a) and (b) indicate that the 

temperature of the DCSS increases by only 2 - 3oC before the start of the test. Figure 

4.6(a) shows the physical condition of the DCSS after being conditioned at -20oC at 24 
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hours. It is clear that both the slider and the sliding surfaces were covered with ice. Figure 

4.6(b) presents a scene of the DCSS taken during the cyclic motion.   

 

 

Figure 4.4. (a) The removal of the DCSS from the environmental chamber, (b) mounting of the DCSS to 

the test set-up 

 

  
(a) (b) 

Figure 4.5. Change in average temperatures for the time period between the removal of the isolator and 

start of the test after conditioning of the DCSS at (a) -20°C for 24 hours and (b) 0°C for 24 
hours   

 

  
(a) (b) 

Figure 4.6. (a) The physical condition of both the slider and the stainless-steel plate, (b) a scene of the 

tested DCSS taken during the cyclic motion 
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4.3. Results and Discussions 

In this study, tests were conducted on the same DCSS considering different 

combinations of temperature, exposure time, stress and velocity levels indicated in Table 

4.1, for a total of 84 tests. More specifically, 36 tests were conducted for each temperature 

(either 0 or -20oC), by considering 3 exposure times, 3 normal stress levels and 4 

maximum loading velocities; while 12 tests were conducted at the room temperature (20 

± 1oC), referring to 3 normal stress levels and 4 maximum loading velocities. To ensure 

that the sliding properties of the DCSS were unaffected by low temperature exposure and 

possible wear of the sliding material during repeated cycles, benchmark tests at 40 MPa 

and 250 mm/s were conducted at room temperature at the beginning of the experimental 

campaign and after the low temperature test sequences at 0°C and at -20°C. Force-

displacement plots from benchmark tests are compared in Figure 4.7, showing only 

minimal changes despite the multiple loading cycles and exposure periods to low 

temperature. These differences are quantitatively assessed in Table 4.2 by comparing the 

friction coefficients of each loading cycle. The friction coefficients for each cycle are 

calculated using Eq. (2.2), as defined in Section 2. 

 

 

Figure 4.7. Comparison of force-displacement curves recorded in benchmark tests performed at different 

stages of experimental campaign 

 

Table 4.2. Comparison of friction coefficients calculated for each cycles of benchmark tests 

 µ𝟏 µ𝟐 µ𝟑 

First Ref. Test 0.086 0.072 0.067 

After 0°C Tests 0.089 0.075 0.070 

After -20°C Tests 0.091 0.076 0.071 
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Figure 4.8 shows the force-displacement loops of the isolator tested at 20 ± 1 °C, 

highlighting the effects of both increasing normal stress (from 40 to 80 MPa) at constant 

sliding velocity of 50 mm/s in Figure 4.8(a), and rising loading velocities (from 50 mm/s 

to 750 mm/s) at constant normal stress of 40 MPa in Figure 4.8(b). In the tests, DCSS 

was subjected to three cycles of displacement controlled motions and corresponding 

dynamic friction coefficients were computed for each cycle by means of Eq. (2.2). The 

average dynamic friction coefficient, μave, was calculated by means of Eq. (4.1), in order 

to estimate the representative friction coefficient and reported in Figure 4.9 for different 

loading velocities and normal stresses.  

 𝜇𝑎𝑣𝑒 = 𝜇1 + 𝜇2 + 𝜇33  
(4.1) 

 

  
(a) (b) 

Figure 4.8. Comparison of force-displacement relations of the tested DCSS to highlight the effect of (a) 

normal stress while the maximum loading velocity is constant and equals to 50 mm/s, (b) 

maximum loading velocity while the normal stress is constant and equals to 40 MPa. 

 

In accordance with other studies in the literature (Tyler 1977; Constantinou et al. 

1987; Mokha et al. 1990; Tsopelas et al. 1996; Dolce et al. 2005; Quaglini et al. 2012a; 

Lomiento et al. 2013; Barone et al. 2019, Cavdar et al. 2022), Figure 4.9(a) shows that 

the friction coefficient decreases as the normal stress increases, regardless of the loading 

velocity. Moreover, as shown in Figure 4.9(b), the friction coefficient tends to increase 

with an increase in loading velocity from 50 mm/s to 250 mm/s and then settles at an 

asymptotic value regardless of a further increase in the loading velocity. 
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Figure 4.9. Change in average friction coefficient, µave, as a function of (a) normal stress and (b) loading 

velocity 

 

Figure 4.10 compares the hysteretic loops recorded at 1st, 2nd and 3rd cycles of the 

DCSS conditioned at -20oC for different exposure times and tested at normal stress of 40 

MPa and loading velocity of 250 mm/s. Hysteretic cycles obtained from the tests at 

ambient temperature are also reported in Figure 4.10 as a reference. In the 1st cycle, all 

the isolator forces recorded at -20oC are significantly less than the ones recorded at 

ambient temperature, while in the 2nd cycle and mostly in the 3rd cycle, the isolator forces 

recorded for all exposure times get closer to the reference ones. The reason of having 

smaller isolator forces (in other words, smaller friction coefficients) at each loading 

cycles of -20°C can be explained referring to physics of friction on ice. In seismic isolation 

applications exposed to low temperatures (i.e., seismically isolated bridges constructed in 

cold regions), the temperature below the freezing point causes the formation of an ice 

layer on the sliding surface of the stainless-steel plate, which behaves like a lubricant. 

Therefore, the friction coefficient on ice is typically less than its counterpart assessed in 

dry condition (Petrenko and Whitworth 1999; Rosenber 2005; Kietzig et al. 2010).  
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Figure 4.10. Comparison of the reference force-displacement relation of the tested DCSS recorded at (a) 

1st, (b) 2nd and (c) 3rd cycles with the ones recorded after conditioning at -20°C for 3, 12 
and 24 hours (normal stress=40MPa, maximum loading velocity=250mm/s) 

 

On the other hand, the gradual reduction in the isolator force from cycle to cycle at 20oC 

is due to the temperature rise, ΔT, at the sliding interface as shown in Figure 4.11(a). 

where the temperature rises recorded by thermocouples t1-t8 (see Figure 3.6) are presented 

for three cycles of motion. Such a response modification in hysteretic behavior of the 

isolator is alleged to the change in the friction coefficient at the sliding interface during 

the cyclic motion. The dissipation of energy through friction promotes a temperature rise 

on the sliding interface. The larger friction coefficient observed at 20oC causes a larger 

dissipation of energy, and consequently, a larger temperature rise (53oC in average at the 

end of 3rd cycle) in the sliding interface. Such a temperature rise in turn results in reduced 

friction coefficient. Thus, the isolator forces recorded at the 1st cycle are larger than the 

ones recorded at the 2nd and 3rd cycles. But, for the cases at -20oC, the averages of 

maximum temperature rises recorded by the thermocouples are less than 20oC (16, 9 and 

18oC for 3, 12 and 24 hrs of exposure times, respectively) at the end of the second cycle 

of the motion, which means that the absolute temperatures of the sliding interfaces are 

still less than 0oC. Since the temperature of the sliding interface is below the freezing 

point, the ice formed at the sliding interface during the low temperature exposure 

preserves its existence throughout the motion. Thus, the friction coefficients are reduced 

and the corresponding temperature rises are limited. This is why the amounts of change 

in isolator forces from cycle to cycle at -20oC are also limited.  
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(a) (b) 

  
(c) (d) 

Figure 4.11. Temperature changes recorded by thermocouples t1-t8 during the (a) reference test, and tests 

performed after conditioning (b) 3 hours, (c) 12 hours, (d) 24 hours at -20 °C (normal 
stress=40MPa, maximum loading velocity=250mm/s) 

 

Figure 4.12 shows the trend of the average dynamic friction coefficients µave calculated 

by means of Eq. (4.1) for all the loading cases given in Table 4.1. It is apparent that, 

regardless of the normal stress and loading velocity, the minimum value of µave is always 

obtained for low temperature exposures at -20oC. On the other hand, for exposures at 0°C, 

µave may be either lower or higher compared to the value obtained in the reference test 

conducted at room temperature depending on the loading conditions (stress and velocity). 

As an example, µave assessed in tests after exposure at 0oC for 24 hrs, is consistently lower 

than µave from the reference test; while, for exposures of 3 or 12 hrs at 0°C, µave is greater 

than the reference value at 40 and 60 MPa, and lower at 80 MPa. The result seems 

counterintuitive, as one expects that increasing the normal stress would correspondingly 

increase the mechanical work, leading to higher dissipated energy and temperature rise. 
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Figure 4.12. Temperature versus µave values as a function of normal stress for exposure times of (a) 3 

hours, (b) 12 hours and (c) 24 hours. 

 

However, the increase in normal stress also triggers a decrease in the friction coefficient, 

as evident from Figure 4.9(a); consequently, there is an overall decrease in energy 

dissipation. In addition to these considerations, it should also be noted that after exposure 

at -20°C, ice formation always occured regardless of the exposure time. For this reason, 

the coefficient of friction in tests at – 20°C is systematically lower than the other cases. 

However, in the case of exposure at 0°C, ice formation is strongly influenced by the 

duration of exposure. After 24 hours of exposure, µave is usually observed to be lower than 

in the reference test at 20°C, indicating ice formation. In contrast, for exposures of 3 and 

12 hrs, the values of µave reveal that perhaps the exposure time is not sufficient for the 

formation of the ice layer on the sliding surfaces. This latter consideration is confirmed 

also by the results shown in Figure 4.13, which indeed focuses on the effect of exposure 

time at low temperatures on the variation of µave. It turns out that for normal stress of 40 

and 60 MPa, µave values at -20oC are almost the same regardless of the exposure time 
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(Figure 4.13(a) and (b)). Similar results are obtained also for normal stress of 80 MPa and 

temperatures of 0°C and -20°C, as shown in Figure 4.13(c). On the other hand, at 0°C, 

µave assessed for 24 hrs of exposure time is always lower than for 3 and 12 hrs of exposure 

time. As previously mentioned, this can be ascribed to the fact that short exposure times 

at 0°C are not sufficient to cool down the whole mass of the isolator, and therefore it is 

likely that the bulk of the steel plates will remain above 0°C preventing the formation of 

a stable ice layer. 
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Figure 4.13. Temperature versus µave values as a function of exposure time for normal stresses of (a) 40 

MPa, (b) 60 MPa and (c) 80 MPa 

 

Finally, Figure 4.14 reports the variation in percentage of µave values at low 
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can lead to reductions in friction coefficient of up to 50%, which is the case of DCSS 
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tested at an axial pressure of 80 MPa and sliding velocity of 500 mm/s after an exposure 

at -20°C for 3 consecutive hrs. As discussed earlier, low temperature exposure mostly 

results in reduced dynamic friction coefficients which is contrary to design approach 

called as bounding analyses. In bounding analyses, both lower- and upper-bound 

properties (assumed to be representative of probable variations in isolator properties due 

to several parameters) of seismic isolators are considered in the analyses. The lower-

bound properties of seismic isolators are used to estimate the maximum isolator 

displacement while the upper-bound properties are employed to estimate superstructure 

response. In accordance with code provisions (CEN 2009; ASCE 2016; TBEC 2018) 

these properties are determined by multiplying the friction coefficients (obtained from 

tests performed at room temperature) with response modification factors, . The  factors 

suggested for lower-bound analysis are generally less than 1.0 while they are greater than 

1.0 for upper-bound analysis. And as listed in Table 4.3, the code suggestion to consider 

the effect of low temperature exposure is to increase the friction coefficient by having  

factors greater than 1.0 for temperatures ≥ 0oC. Such a design philosophy assumes that 

the friction coefficient of a CSS increases with low temperature exposure. However, the 

data presented in this study reveals mostly the opposite. The reason of such a 

contradiction between the presented test data and the suggested  factors is due to the 

procedures followed in the test programs they are obtained. Suggested  factors are 

essentially based on small-scale tests conducted by avoiding the formation of ice on the 

sliding interface as the regular practice. On the other hand, in this study, a full-scale CSS 

was tested and formation of ice on the sliding interface was observed (see Figure 4.6). It 

is clear that there is a need to define a test procedure for determination of friction 

coefficient of CSSs exposed to low temperature. 

 

Table 4.3. Property modification factor for temperature variation of CSSs (CEN 1998) 

Temperature [°C] Unlubricated PTFE Lubricated PTFE 

20 1.0 1.0 

0 1.1 1.3 

-10 1.2 1.5 

-30 1.5 3.0 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.14. Variation in µave values obtained from different loading cases with respect to reference one 

(a) 0°C 3 hours, (b) -20°C 3 hours, (c) 0°C 12 hours, (d) -20°C 12 hours, (e) 0°C 24 hours (f) 
-20°C 24 hours 

 

4.4. Conclusions 

In this study, to the best of Authors’ knowledge, the effect of exposure time to low 

temperatures on dynamic friction coefficient of a full-scale Curved Surface Slider (CSS) 

was investigated for the first time in literature. In the experimental program conducted 

within the scope of this study, a double CSS was subjected to different levels of normal 

stresses and loading velocities after being conditioned at varying low temperatures and 
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exposure times. In the tests, a CSS was subjected to displacement controlled cyclic 

motions and corresponding dynamic friction coefficients were presented in a comparative 

manner. Results of this study reveal the followings: 

• Although the literature related to small-scale test results indicate that the dynamic 

friction coefficient increases with decreasing temperature, this study reveals an 

opposite behavior. The dynamic friction coefficient of the tested full-scale CSS 

decreases with decreasing temperature. The reason of the reduction in friction 

coefficient is the formation of ice layer at the sliding interface which is avoided 

in small-scale tests. The ice layer observed in full-scale tests behaves like a 

lubricant at the sliding interface and results in reduced friction coefficients.  

• When the temperature is -20oC, the effect of exposure time on friction coefficient 

becomes insignificant. This observation is valid for all of the normal stresses and 

loading velocities considered in the test protocol. Because, in all the loading 

combinations performed after the CSS was conditioned at -20oC, there was always 

formation of ice layer at the sliding interface. However, in case of 0°C, minimum 

value of µave is obtained only for the longest duration of exposure. This indicates 

that for 0oC, the friction coefficient decreases with increasing exposure time. Such 

a response modification this can be ascribed to the fact that short exposure times 

at 0 °C may not be sufficient to cool down the whole mass of the isolator, and 

therefore it is likely that the bulk of the steel plates will remain above 0°C 

preventing the formation of a stable ice layer. 

• The comparison between the results of the conducted tests and the property 

modification factors, s, recommended in CEN 1998 and in CEN 2009 in order to 

consider the effect of low temperature on friction coefficient, shows that the 

current form of s is not representative of what occurs in practical situation, as 

they disregard the effect of ice. Thus, there is a need to define a more realistic test 

protocol to assess the effect of low temperature on friction coefficient of CSSs. 

• In the presence of ice at the sliding interface, low temperature does not affect the 

upper bound value of friction coefficient as suggested by the codes. On the 

contrary, it turns out to be a phenomenon that should be considered as a parameter 

affecting the lower bound value of friction coefficient. This affects the design of 

the seismic isolation units. Because, if the actual friction coefficient is lower than 
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the design value, the corresponding maximum isolator displacements will be 

greater than the ones computed by using the lower bound values. 

It is to be noted that the discussions and conclusions presented in this study are only 

preliminary and need to be further developed. Future efforts to understand effects of both 

low temperature and exposure time should be directed to (i) small-scale tests with and 

without ice formation at the sliding interface; (ii) further full-scale isolator tests having 

different geometrical properties.  
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5. ESTIMATING THE FRICTION COEFFICIENT OF SLIDING ISOLATORS 

BY MEANS OF SMALL-SCALE TESTS 

5.1. Introduction  

Current standards such as CEN EN 15129 (2009), AASHTO (2014), and ASCE/SEI 

7 (2016) specify protocols for testing full-scale prototypes to characterize the properties 

of isolation systems, including the effective friction coefficient μeff. These tests are 

mandatory for both qualification and acceptance, ensuring that the performance of 

production devices meets the design targets. In order to avoid the possible bias of size 

effects on the determination of the isolator’s properties, CEN EN 15129 (2009) allows 

only small variations between the size of production devices and the tested prototypes, 

specifically, a maximum ±20% difference in vertical load and/or displacement capacity. 

On the other hand, CEN EN 15129 (2009) permits reduced-scale tests to assess the wear 

endurance of the sliding materials and the effect of wear on the coefficient of friction in 

non-seismic conditions. 

Small-scale tests based on simplified models are commonly used for the 

characterization of sliding materials in research and development due to their proven 

reliability (Quaglini et al. 2012a; Quaglini 2012b; Quaglini et al. 2022) and their 

suitability to reduce experimental costs or accommodate equipment limitations. This is 

particularly advantageous in applications such as shake table tests on base-isolated 

structural mock-ups (Becker and Mahin 2012; Sarlis et al. 2013; Ponzo et al. 2017; Wen 

et al. 2019). However, due to the simplifications introduced in the physical model, the 

extrapolation of small-scale results to the real scale is generally not straightforward and 

should be evaluated case by case (Quaglini et al. 2009; Quaglini et al. 2012a; Quaglini et 

al. 2022).  

The aim of this chapter is to explore the use of small-scale tests for the assessment 

of the friction coefficient, by investigating the relationship between the effective 

coefficient of friction μeff of a full-scale CSS and the coefficient of friction of the 

thermoplastic sliding material determined in small-scale tests. The goal is to validate a 

procedure for characterizing the coefficient of friction of CSSs by means of small-scale 

tests that can be used at the research and development stages of new devices or new 

materials, reserving large-scale prototype tests, as required by standards, solely for the 

final validation of the device, thereby optimizing the design process and reducing overall 

costs. A second goal is to formulate a unified model of the coefficient of friction of sliding 
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material and develop a procedure for calibrating the relevant parameters by means of 

small-scale tests.  

The structure of the chapter will follow this scheme: Section 5.2 presents the 

experimental campaign conducted on small-scale specimens to identify the main factors 

influencing the frictional behavior of the sliding material consisting of filled PTFE. In 

Section 5.3, a unified model to describe the friction coefficient at the material level (μM) 

is proposed. Then, to verify the suitability of small-scale tests in predicting the isolator’s 

performance, the estimated values for small-scale material are compared with the 

effective friction coefficient (μeff) of full-scale isolator incorporating the above material 

(Section 5.4). Finally, in Section 5.5 the conclusions are reported. 

 

5.2. Small-Scale Experiments at Room Temperature 

5.2.1. Test set-up 

The small-scale tests are performed on specimens of sliding material consisting of 

flat circular pads with a diameter of 75 mm and a thickness of 8 mm (Figure 5.1). The 

specimens are recessed by 5 mm into a steel backing plate, leaving a 3 mm sliding gap, 

and mate a flat stainless steel partner surface.  

 

 

Figure 5.1. Sketch of the small-scale specimen arrangement: (1) sliding material pad, (2) mating surface, 

(3) steel backing plate 

 

In the present study, the tested specimens are made of a proprietary sliding material 

consisting of filled PTFE (Figure 5.2.a and 5.2.b) and are tested in combination with 

mating stainless-steel plates (Figure 5.2c) mirror finished to Ra ≤ 0.2 μm and Rz ≤ 1 μm 

roughness. 
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(a) (b) (c) 

Figure 5.2. Small-scale PTFE specimen (a); connection apparatus (b) and stainless-steel mating plate (c) 

 

The experimental campaign is conducted using a custom testing machine at the 

Material Testing Laboratory of Politecnico di Milano (Figure 5.3.a) that allows two 

specimens to be tested in a double shear configuration. The two specimens are connected 

to the lower base plate of the testing machine and to the vertical jack (shows in 5.3.b as 

“bottom specimen” and “top specimen”, respectively), while the mating stainless-steel 

surfaces are fitted to a horizontal moving plate, driven by a horizontal jack. The vertical 

jack, with 500 kN capacity, applies a compressive force to the specimens, ensuring the 

target contact pressure at the sliding interface. The horizontal jack, rated at 75 kN, drives 

the moving plate with a maximum velocity of approximately 300 mm/s. Load cells and 

inductive displacement transducers are employed to measure the loads and the 

displacements applied to the specimens. Both jacks operate under closed-loop control via 

servovalves, allowing accurate control of load and velocity. Test set-up also enables the 

monitoring of the temperature at the sliding interface during cyclic motions by means of 

thermocouples shown in Figure 5.3.c. 

 

 

Figure 5.3. (a) Testing machine; (b) top and bottom specimens and relevant mating surfaces; c) 

thermocouple design 
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5.2.2. Testing procedure  

The pair of specimens is subjected to a combined compressive load, providing the 

rated contact pressure, and horizontal motion at constant velocity. The displacement 

amplitude of the horizontal motion is set to dmax = 50 mm. The detailed loading protocol 

is reported in Table 5.1 and is performed at the room temperature of 20 °C. The tests are 

carried out at three pressure levels: 20 MPa, 40 MPa, and 60 MPa. At each pressure, 

cycles of motion are performed at various speeds between 1 and 250 mm/s. Each test 

consists of 10 fully reversed cycles, corresponding to a total distance of 2000 mm, plus 

an introductory cycle used to accommodate inertial effects and allow self-tuning of the 

testing machine control system. This initial cycle is disregarded for the evaluation of the 

dynamic coefficient of fiction. Only in the test at very low velocity (1 mm/s) a single 

cycle is performed.  

 

Table 5.1. Small-scale loading protocol 

Contact Pressure p (MPa) 20, 40, 60 

Velocity v (mm/s) 1 25 50 100 200 250 

Amplitude dmax (mm) 50 50 50 50 50 50 

N° of Cycles (-) 1 10 10 10 10 10 

Sliding Distance per test D (mm) 200 2000 2000 2000 2000 2000 

 

Two quantities are determined from the tests: (1) the breakaway friction coefficient μB, 

evaluated in the step at 1 mm/s as the ratio between the maximum horizontal resisting 

force at the breakaway and the vertical compressive load; (2) the dynamic friction 

coefficient μdyn(k), which is evaluated as the average dynamic friction coefficient from the 

1st to the k-th cycle according to Eq.(5.1) 

 

𝜇𝑑𝑦𝑛(𝑘) = 1𝑘 ∑ 𝐸𝐷𝐶𝑖4 ∙ 𝑝 ∙ 𝑑max
𝑘

𝑖=1  (5.1) 

 

The definition of the average coefficient of friction is introduced in order to allow direct 

comparison between the friction coefficients evaluated in small-scale and in large-scale 

tests which usually employ cycles of different amplitudes. In Eq. (5.1) EDCi is the energy 
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dissipated in the i-th cycle, and p and dmax are the correspondent applied contact pressure 

and maximum displacement. 

 

5.2.3. Small-scale test results and discussions 

Small-scale tests performed to identify the friction characteristics of the sliding 

material (made of filled PTFE) were conducted for 3 different contact pressures and 6 

loading velocities (see Table 5.1). Accordingly, 18 different loading combinations were 

considered in the small-scale tests and at each test, the number of cycles were 10 (with 

the exception of tests conducted at a loading velocity of 1 mm/s). To better illustrate the 

variation in friction characteristics of the sliding material as a function of contact pressure, 

loading velocity and number of cycle, horizontal force divided by vertical force (Fh/Fv) 

vs displacement graphs are presented in Figure 5.4.  

The data given in Figure 5.4.a belongs to tests performed at both 1 mm/s and 250 

mm/s when the pressure is 40 MPa. Figure 5.4.a clearly indicates that low (at 1 mm/s) 

and high (at 250 mm/s) velocity responses of the tested sliding material are considerably 

different from each other. As the loading velocity increases, the Fh/Fv ratio increases 

indicating that the friction coefficient increases. A similar comparison in terms of Fh/Fv 

ratio is given in Figure 5.4.b for loading velocities of 50 mm/s and 250 mm/s. Opposite 

to phenomena shown in Figure 5.4.a, increasing the loading velocity from 50 mm/s to 

250 mm/s do not change the friction characteristic of the sliding material. This 

observation is parallel to the literature (Dolce et al. 2005) indicating that increasing the 

loading velocity beyond a threshold value does not affect the friction coefficient. To 

observe the effect of pressure on Fh/Fv ratio, Figure 5.4.c is presented for 40 and 60 MPa 

when the loading velocity is 250 mm/s. In Figure 5.4.c it is seen that friction coefficient 

decreases as a result of increasing pressure. Finally, Figure 5.4.d illustrates the effect of 

number of loading cycles on Fh/Fv ratio. It is clear that friction coefficient degrades when 

the number of cycles increases from 1 to 10. 
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Figure 5.4. Effects of (a) and (b) loading velocity, (c) pressure, (d) number of cycle on friction 

characteristics of tested sliding material.  

 

Figure 5.4 is presented to discuss the effects of pressure, loading velocity and 

number of cycles on friction characteristics of the sliding material considering only 

individual loading cases. To illustrate the general trends observed in the experimental 

program, Figure 5.5 presents the variation of dynamic friction coefficient μdyn (computed 

by means of Eqn. (5.1)) for all of the loading combinations. Figure 5.5 also displays the 

effect of number of cycles on the variation of dynamic friction coefficient by presenting 

μdyn values assessed at the 1st, 3rd, 7th and 10th cycles, corresponding to sliding distances 

of 200, 600, 1400 and 2000 mm. Figure 5.5 highlights the combined effects of pressure 

(p), velocity (v), and sliding distance (number of cycles) on μdyn(k), showcasing three 

primary behaviors:  

 

1. μdyn(k) decreases with increasing pressure, which is attributed to the elasto-plastic 

behavior of the sliding material (Bowden and Tabor 1964; Gandelli et al. 2019); 
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2. initially, μdyn(k) rises with increasing velocity due to the viscous behavior of the 

polymer (Constantinou et al 1990). However, beyond a certain velocity this 

increase stops, and the coefficient of friction tends to settle at a constant value, 

3. at constant pressure and velocity, μdyn(k) shows a declining trend with increased 

travel distance.  

 

 

 

Figure 5.5. Variation of dynamic friction coefficient due to change in normal stress and maximum loading 

velocity at (a) 1st cycle, (b) 3rd cycle, (c) 7th cycle, and (d) 10th cycle 

 

5.3 Estimation of Small-Scale Test Results 

As discussed in the previous section, stabilization of the friction coefficient at high 

loading velocities and its reduction with increasing sliding distance (increasing number 

of cycles) are two effects of the mechanism of frictional heating (Quaglini et al. 2009): 

the energy dissipated by friction is converted into heat, causing local melting of the sliding 

material at the sliding surface; this melted polymer behaves as a lubricant, reducing 

friction (Quaglini et al. 2014). The energy dissipated per unit time increases with velocity, 

while the total amount of dissipated energy increases with the distance. 
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These behaviors are widely noted (Gandelli et al 2019), and in literature, several 

formulations for analyzing and interpreting the experimental results have been proposed. 

Lomiento et al. (2013) formulated an integrated model that captures the variation in 

friction as a function of three mechanical factors, namely pressure, velocity, and heating. 

In this model, pressure and velocity are considered as independent variables, and the 

effect of heating is represented by means of a function that depends on the histories of 

axial load and velocity. Alternatively, Kumar et al. (2015) proposed a three-function 

model in which the reference friction coefficient, μref, evaluated under reference 

conditions of axial bearing pressure p0, temperature T0 and high velocity v0, is modified 

using three adjustment factors, kp, kT and kv, which account for variations at the sliding 

surface in pressure, temperature and velocity, respectively. Quaglini et al. (2014) 

developed a comprehensive friction model that accounts for the influences of axial load, 

velocity, and heating, while also introducing novel aspects, including the static coefficient 

of friction at the breakaway. 

In this section, a comprehensive and unified model capable of describing the 

coefficient of friction of the sliding material μM as a function of contact pressure (p), 

velocity (v) and energy dissipated (ED) is proposed in Eq.(5.2).  

 𝜇𝑀(𝑝, 𝑣, 𝐸𝐷) = 𝜇𝑝𝑣(𝑝, 𝑣) · 𝑐(𝐸𝐷) (5.2) 

 

According to the model, 𝜇𝑀 is expressed as the product of two functions, 

decoupling the effects of pressure and velocity from the degradation of the friction 

coefficient caused by the dissipated energy. This approach, based on variable separation, 

aligns with previous formulations (Lomiento et al. 2013; Quaglini et al. 2014; Kumar et 

al. 2015; Gandelli et al 2019). In particular, the first function 𝜇𝑝𝑣(𝑝, 𝑣) includes the 

influence of the instantaneous values of axial pressure p and velocity v, while the second 

function 𝑐(𝐸𝐷) includes the effect of the cumulative heat generated at the sliding surface 

from energy dissipation, which depends on past histories of pressure and velocity, as well 

as on the travelled distance (D) and the coefficient of friction. The expression of the first 

function 𝜇𝑝𝑣(𝑝, 𝑣), provided in Eq.(5.3), is developed upon the formulation proposed by 

Quaglini et al. (2014) as the sum of two contributions. 
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𝜇𝑝𝑣(𝑝, 𝑣) = 𝜇𝑑𝑦𝑛(𝑝, 𝑣) + 𝜇𝑆𝑡𝑎𝑡𝑖𝑐(𝑝, 𝑣) (5.3) 

 

The first contribution corresponds to the dynamic or kinetic coefficient of friction 𝜇𝑑𝑦𝑛 activated during sliding, and is described by the standard formulation proposed by 

Mokha et al. (1988) and Constantinou et al. (1990) recalled in Eq.(5.4). 

 𝜇𝑑𝑦𝑛 = 𝜇𝐻𝑉(𝑝) − [𝜇𝐻𝑉(𝑝) − 𝜇𝐿𝑉(𝑝)] · 𝑒−𝛽1|𝑣| (5.4) 

 

where the parameters μLV and μHV represent the friction coefficients at low velocity and 

high velocity respectively, and 𝛽1 > 0 is a transition rate parameter relating the transition 

between the low velocity and the high velocity regimes.  

This contribution is then combined with a second term, reported in Eq.(5.5). 

 𝜇𝑆𝑡𝑎𝑡𝑖𝑐 = (𝜇𝐵(𝑝) − 𝜇𝐿𝑉(𝑝)) · 𝑒−𝛽2|𝑣| · (|𝑠𝑔𝑛(𝑣) − 𝑠𝑔𝑛(𝑑)|2 ) (5.5) 

 

here the parameter 𝜇𝐵 represents the coefficient of friction at breakaway, which governs 

the sticking phase preceding the triggering of the sliding motion, and 𝛽2 > 0 is a second 

transition rate parameter governing the rate of change of coefficient of friction from the 

static to the dynamic regime. By referring to the test protocol presented in Table 5.1, the 

parameters of the friction function 𝜇𝑝𝑣(𝑝, 𝑣) are estimated based on the experimental 

values determined in the 1st cycle of tests at the relevant pressures and velocities, since 

the temperature rise in the 1st cycle is assumed to be small, and insufficient to produce a 

substantial change of the coefficient of friction.  

The degradation function 𝑐(𝐸𝐷) applies to the reference friction coefficient 𝜇𝑝𝑣(𝑝, 𝑣) as a reduction factor. Assuming that all the energy dissipated by friction is 

entirely converted into heat (Quaglini et al. 2014) the degradation function 𝑐(𝐸𝐷) is 

formulated as a negative power function of the cumulative dissipated energy ED, 

according to Eq.(5.6) 

 𝑐(𝐸𝐷) = 𝐶 · 𝐸𝐷−𝛾 (5.6) 
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where  > 0 is a parameter that controls the rate of degradation of the coefficient of friction 

(e.g., smaller values of  results in a slower decrease for a given ED), while C is a 

multiplicative factor introduced to enhance the fit with experimental data at small ED 

values, where theoretically C = 1. The parameters of the degradation function will be 

estimated by fitting the relative change of the friction coefficient over the sequences of 

cycles performed at different pressures and velocities, corresponding to different values 

of ED. 

The following paragraphs show how the experimental data obtained from the 

experimental campaign on small-scale specimens are used to calibrate the parameters of 

the unified model. 

 

5.3.1. Dependency of coefficient of friction on pressure 

The effects of pressure on the coefficient of friction have been extensively 

researched in literature and show that the sliding friction coefficient reduces while 

increasing pressure with a rate of reduction proportional to p-α , with α > 0, and quite 

insensitive to sliding velocity, as shown in Lomiento et al. (2013) and Dolce et al. (2005). 

Bowden et al. (1964) proposed the first model, Eq.(5.7), relating the applied pressure 𝑝 

to the friction coefficient  

 𝜇(𝑝) = 𝐴 ∙ 𝑝−𝛼 (5.7) 

 

where 𝐴 and 𝛼 are positive constants to be determined in tests. 

Since the proposed formulation is defined in terms of μB, μLV and μHV, the 

dependence of friction coefficients at breakaway μB, low velocity μLV, and high velocity 

μHV are evaluated as functions of the applied pressure. For each pressure, the breakaway 

friction coefficient μB is evaluated in the test at 1 mm/s, while dynamic friction 

coefficients μdyn(1) measured at the 1st cycle of the test at velocities of 1 mm/s and of 250 

mm/s are assumed as the low velocity μLV and the high velocity μHV  friction coefficients, 

respectively ( see Table 5.2).  
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Table 5.2. Summary of experimental values used for the calibration of the friction coefficients 

Friction parameters Experimental values for calibration 𝜇𝐵 𝜇𝐵 at 1 mm/s 𝜇𝐿𝑉 𝜇𝑑𝑦𝑛(1) at 1 mm/s 𝜇𝐻𝑉 𝜇𝑑𝑦𝑛(1) at 250 mm/s 

 

Figure 5.6 presents the experimental results at pressures of 20, 40 and 60 MPa and the 

fitting according to Eq.(5.8) to Eq.(5.10).  

 𝜇𝐵(𝑝) = 𝐴1 ∙ 𝑝−𝛼1 = 1.1753 ∙ 𝑝−0.982 (5.8) 

  𝜇𝐿𝑉(𝑝) = 𝐴2 ∙ 𝑝−𝛼2 = 0.0257 ∙ 𝑝−0.194 (5.9) 

  𝜇𝐻𝑉(𝑝) = 𝐴3 ∙ 𝑝−𝛼3 = 0.6605 ∙ 𝑝−0.532 (5.10) 

 

 

Figure 5.6. Variation of μB, μLV, and μHV on the contact pressure 

 

5.3.2. Dependency of coefficient of friction on velocity 

During the motion of the CSS, the friction coefficient usually increases from a 

minimum value 𝜇𝐿𝑉, in the low-velocity regime, to a steady value 𝜇𝐻𝑉, in the high-

velocity range. The most widely recognized model describing the increase in the friction 

coefficient as the sliding velocity (𝑣) rises for a constat pressure was developed by 

Constantinou et al. (1990) and is defined by Eq.(5.4). However, this model does not 

consider the contribution of static friction. But, experiments showed that a rapid drop of 
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the friction force occurs whenever the sliding is triggered, e.g., at the breakaway and at 

any reversals of motion during unidirectional trajectories (Mokha et al.1988), due to the 

transition from the static to the kinetic regime. Therefore, in order to properly reproduce 

the actual response of CSSs during both the breakaway (pre-sliding) and the sliding 

phases, the numerical formulation should include also μB, as defind in Eq.(5.5) proposed 

by Quaglini et al. (2014).  

To quantify the success of Eqns. (5.4) and (5.5) to estimate the experimental data 

(corresponds to 1st cycle of motion) obtained in this study, Figure 5.7 is presented by 

considering the original 𝛽1 (0.015) and 𝛽2 (0.25) values proposed by Quaglini et al. 

(2014). Although these constants were proposed for a different sliding material, as shown 

in Figure 5.7 they are still effective to estimate friction coefficient at 250 mm/s. However, 

for smaller velocities, Figure 5.7 indicates that proposal of Quaglini et al. (2014) is not 

capable of representing the experimental data with its original 𝛽1 and 𝛽2 values. This is 

why parameters 𝛽1 and 𝛽2 of Eqns. (5.4) and (5.5) are calibrated by fitting the 

experimental data, while the values of breakaway, low velocity and high velocity friction 

coefficients μB, μLV and μHV are those determined by Eqns. (5.8)-(5.10) of Section 5.3.1.   

Figure 5.8. shows that the model with parameters 𝛽1= 0.057 s/mm and 𝛽2= 3 s/mm 

provides a good match of the experimental data over the whole range of velocities up to 

250 mm/s, where experimental data from the small-scale tests (corresponds to 1st cycle 

of motion) are represented by the red circles, and the model output by the purple ones. 

The largest deviation between model and experimental data is on the order of 40% and 

observed for the loading combination where pressure is 20 MPa and loading velocity is 

25 mm/s. For all of the loading combinations where the loading velocity is larger than or 

equal to 50 mm/s, the difference between the model and the experimental data is less than 

1%, in an average sense.  
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Figure 5.7. Comparison of small-scale test data obtained from the 1st cycle of motion with the proposed 

formula of Quaglini et al. (2014) by using the original values of 𝛽1 and 𝛽2. 

 

  

 

Figure 5.8. Comparison of small-scale test data obtained from the 1st cycle of motion with the proposed 

formula considering the updated values of 𝛽1 and 𝛽2. 
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5.3.3. Dependency of coefficient of friction on dissipated energy 

Previous research demonstrated that the effective friction coefficient of full-scale 

sliding isolators decreases during sustained motion, a phenomenon attributed to the 

heating of the sliding surface due to energy dissipation (Sextro 2002; Dolce et al. 2005; 

Constantinou et al. 2007; Lomiento et al. 2013). As the temperature increases, the 

softening of the thermoplastic liner material is considered to activate a thin, soft layer on 

the slider surface, which acts as a solid lubricant, thereby reducing the coefficient of 

friction. Thus, increasing the number of cycles of motion (or increasing the cumulative 

sliding distance) leads to gradual degradation of friction coefficient from cycle to cycle. 

Accordingly, any model that aims to estimate the variation in friction coefficient of a 

sliding material during cyclic motion shall consider such a degradation. Figure 5.9 is 

addressed to illustrate what happens if the effect of heating on the friction coefficient is 

not considered in the formulations used to estimate cyclic response of the sliding material. 

In Figure 5.9, comparison of the friction coefficients obtained from the 10th cycle of 

small-scale tests and estimated by means of Eqn. (5.3) when only the effects of pressure 

and loading velocity are taken into account (see Sections 5.3.1 and 5.3.2). Figure 5.9 

shows that predictions of Eqn. (5.3) overestimate the friction coefficients at the 10th cycle 

regardless of the pressure and loading velocity. However, Figure 5.8 has already 

illustrated that the estimations of Eqn. (5.3) is highly accurate for the 1st cycle of motion. 

The reason of such transition in the success of Eqn. (5.3) in estimating the friction 

coefficients from 1st to 10th cycles is that its current form does not consider the heating 

effects. But, as shown in Figure 5.10, the temperature at the sliding interface increases as 

the number of cycle increases. 

To consider the heating effects in estimation of friction coefficient, pv is 

transformed to M by being multiplied by the term c(ED) as defined in Eqn. (5.2). For the 

calibration of the parameters C and 𝛾 of the degradation function 𝑐(𝐸𝐷) of Eq.(5.6), the 

dynamic friction coefficient 𝜇𝑑𝑦𝑛(𝑘) is determined according to Eq.(5.1) at the 1st, 3rd, 7th 

and 10th cycles of each experimental test performed for a given combination of pressure 

and velocity (see Table 5.1).  
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Figure 5.9. Comparison of small-scale test data obtained from the 10th cycle of motion with the proposed 

formula considering the updated values of 𝛽1 and 𝛽2. 

 

 

Figure 5.10. Comparison of maximum temperatures recorded at the sliding interface for 1st and 10th cycles 

of motion loading velocity is 100 mm/s. 
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coefficient of friction. The corresponding 𝜇𝑑𝑦𝑛(𝑘)/𝜇𝑑𝑦𝑛(1) values are then given in Figure 

5.11 as a function of the cumulative dissipated energy ED (shown as blue circles), and 

fitted with the exponential function of Eq.(5.6), where the values of 𝐶 and 𝛾 are taken as 
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1.211 𝑊𝛾 and 0.048 respectively. It is to be noted that these parameters were calibrated 

based on the experimental campaign summarized in Table 5.1, the values of 𝐶 and 𝛾 are 

valid for ED greater than 50 W. 

 

 

Figure 5.11. Variation of the friction coefficient on the dissipated energy 

 𝑐(𝐸𝐷) = 1.2111 ∙ 𝐸𝐷−0.048 (5.11) 

 

Incorporating Eqns. (5.11) into Eqn. (5.2) results in the formulation proposed to 

estimate the friction coefficient of the tested sliding material when the heating effects are 

taken into account. Figure 5.12 is presented to show the efficiency of Eqn. (5.2) in 

estimation of dynamic friction coefficient obtained from the 10th cycle of small-scale tests 

performed for different pressures and loading velocities. Figure 5.12 clearly indicates that 

the proposed formulation is very successful in estimation of the experimental data. 
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Figure 5.12 Comparison of friction coefficients obtained from the 10th cycle of small-scale tests with the 

ones estimated by Eqn. (5.2). 

 

5.4. Verification of Proposed Formula Using Full-Scale Test Results 

This section is devoted to discussing whether the formulation proposed to estimate 

the friction coefficients obtained from small-scale tests can also be used to predict the 

friction coefficients assessed from full-scale test results. The following sections introduce 

both the tested full-scale seismic isolator and the corresponding test campaign. 

 

5.4.1. Materials and methods 

The seismic isolator considered in the study to validate the small-scale procedure is 

a full-scale double CSS, shown in Figure 3.3, which uses the same filled PTFE 

investigated in the small-scale tests as sliding material. The top and bottom concave plates 

have the same radii of curvature R1 = R2 = 2500 mm and are lined with a stainless-steel 

sheet with a surface roughness of Rz ≤ 1 μm. The isolator is manufactured by 

Technological Isolation Systems (TIS) and the relevant geometric properties are reported 

in Figure 3.3.b. 

To enable a direct comparison between the results obtained in small- and large-

scale tests, the testing protocol adopted for the experimental campaign on the double CSS 
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(Table 5.3) is designed considering the behavior of the sliding pad during the test. As 

shown in Figure 5.13, when the double CSS accommodates the total displacement dD 

through sliding on both surfaces, the displacement of the single pad (in contact with the 

top or bottom plate) dP corresponds to 50% of dD. Given the period of oscillation of the 

device, the velocity of sliding of each pad vP is half of the velocity vD of the isolator. 

Accordingly, Table 5.3 reports the loading conditions for the isolation device and their 

correspondence for the single sliding pad. Apart from the small-scale tests (where three 

different levels of pressure were considered), the full-scale tests were conducted under 

four levels of pressures, namely, 20, 40, 60 and 80 MPa. The reason of considering an 

additional level of pressure (80 MPa) in full-scale tests is to see the ability of the proposed 

formulation to estimate a data set which is not covered during the proposal of the 

formulation. A similar approach was followed also in maximum loading velocities (50, 

250, 500 and 750 mm/s) applied to isolation device. The maximum loading velocity 

considered in the full-scale tests was 750 mm/s, (375 mm/s for the single sliding pad) and 

it is beyond the maximum loading velocity (250 mm/s) considered in small-scale tests.  

 

 

Figure 5.13. Displacement at the device level (dD) and displacement at the pad level (dP) in the full-scale 

isolator 

 

In the full-scale tests, isolation device was subjected horizontally to sinusoidal 

displacement histories with an amplitude of 300 mm. Figure 5.14 presents a 

representative displacement versus time graph for a loading velocity of 250 mm/s, 

including both entrance and exit half-cycles. Excluding these two half-cycles, the total 

sliding distance dD travelled by the device in a test is 3600 mm, which corresponds to a 

distance dP = 1800 mm for the single sliding pad. In this way, the friction coefficients of 

the sliding pad extrapolated from the full-scale tests can be compared to the friction 

coefficients of the small-scale tests evaluated over 9 cycles (1800 mm / 200 mm (the 

travelled distance at each cycle of small-scale tests)).  
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Table 5.3. Loading protocol for the full-scale tests 

 For the isolation device For single sliding pad 

Contact Pressure p (MPa) 20, 40, 60, 80 20, 40, 60, 80 

Peak Velocity vmax,D (mm/s) 50 250 500 750 25 125 250 375 

Total Sliding Distance DD (mm) 3600 1800 

N° of Cycles (-) 3 3 

 

 

 

Figure 5.14. Representative displacement histories for loading velocity 250 mm/s 

 

5.4.2. Results and discussion 

In the full-scale tests, force-displacement relations were recorded for each loading 

condition and the corresponding effective friction coefficients eff of the isolation device 

were computed by means of Eqn. (5.1). A representative force-displacement curve 

obtained from full-scale tests is presented in Figure 5.15 for a loading combination where 

pressure is 40 MPa and maximum loading velocity is 250 mm/s. 

 

 

Figure 5.15. Force-displacement curve recorded at full-scale tests when pressure is 40 MPa and maximum 

loading velocity is 250 mm/s. 
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The suitability of the friction coefficients estimated by Eqn. (5.2) which is proposed 

by considering the small-scale test results to predict the effective friction coefficient eff 

of the full-scale isolator is assessed using the comparison graphs presented in Figure 5.16. 

Specifically, the values of μeff determined from the full-scale tests are compared with the 

ones calculated by the product of Eqn. (5.2) and Eqn. (5.12), where the friction 

coefficients at the individual sliding surfaces μ1 = μ2 correspond to friction coefficient 

determined from small-scale tests for the corresponding sliding distance travelled by the 

pad. For the tested double CSS, in Eqn. (5.12) the radii of curvature are R1 = R2 = 2500 

mm and the thickness of the slider is h = 73 mm, while the friction coefficients μ1 = μ2 

are obtained from the 3rd, 6th and 9th cycles of small-scale tests, corresponding to sliding 

distances of 600 mm, 1200 mm, and 1800 mm, respectively. These sliding distances also 

correspond to distances travelled by a single sliding pad of the double CSS at the ends of 

1st, 2nd and 3rd cycles of sinusoidal motions with an amplitude of 300 mm. Considering 

the geometric properties of the tested isolator, Eqn. (5.12) leads to eff = 1.015M where 

M is the friction coefficient of the sliding material obtained from small-scale tests.  

 𝜇𝑒𝑓𝑓 = 𝜇1𝑅1 + 𝜇2𝑅2𝑅1 + 𝑅2 − ℎ  (5.12) 

 

Figure 5.16 reveals that there is a fair agreement between the effective friction 

coefficients of the double CSS evaluated in the full-scale tests (represented by red circles) 

and the values estimated by the proposed formulation (represented by blue circles). The 

maximum amount of error between estimated and calculated friction coefficients is 20% 

with an average value of 12% when the data that corresponds to 20 MPa is not considered. 

It is to be noted that although 20 MPa pressure was included in the loading protocols, it 

is very unlikely to have such a low level of pressure in seismic isolation applications. 

Thus, it can be said that the proposed formulation provides satisfactory estimations for 

prediction of friction coefficients obtained from full-scale tests. Another key observation 

from Figure 5.16 is that the proposed formulation still provides good estimations for the 

loading cases with 80 MPa pressure or 750 mm/s (375 mm/s for single pad) loading 

velocity. This is important because these values are beyond the limits covered in small-

scale tests. 
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Figure 5.16. Comparison of friction coefficients estimated by using small-scale test results with the ones 

obtained from full-scale test results. 

 

5.5. Conclusion 

Code specifications related to seismic isolator tests require experimental campaigns 

performed with full-scale specimens. These experimental programs are used to conduct 

either prototype or quality control tests. Specifically for sliding isolation devices, these 

tests are performed to quantify the effective friction coefficient that dominates the design 

of both seismic isolation system and the superstructure. Although these characterization 

tests have to be performed with full-scale specimens, there is also a need to work with 
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small specimens for research and development purposes. It is essential to be able to 

estimate the friction properties of full-scale specimens using the small-scale test results. 

Because, small-scale tests and required test set-ups are cheaper than their full-scale 

counterparts. This study provides a methodology to estimate effective friction coefficient 

of full-scale double CSS by means of small-scale test results. The proposed unified 

formulation considers the effects of pressure and loading velocity as well as the heating 

effects at the sliding interface during cyclic motion. The comparison of the estimated 

friction coefficients and full-scale test data revealed that the proposed formulation is 

highly accurate to predict the effective friction coefficient of full-scale specimens by 

using small-scale test data. 
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6. EFFECTIVENESS OF SMALL-SCALE TEST RESULTS IN ESTIMATION OF 

FULL-SCALE ISOLATOR BEHAVIOR AT LOW TEMPERATURES  

6.1. Introduction 

In the previous chapter, friction coefficients of the tested sliding material (made of 

filled PTFE) for different normal stresses ad loading velocities were obtained from small-

scale test results performed at room temperature. Then, a comparison was presented with 

the friction coefficients obtained from full-scale tests performed at identical loading 

conditions. As a result, a model that considers the effect of frictional heating on 

coefficient of friction was proposed to estimate the friction coefficient of a DCSS 

obtained from full-scale tests. It is to be noted that the proposed model is valid only in 

case of room temperature. This chapter is devoted to discuss the effectiveness of small-

scale test results in estimation of full-scale isolator tests performed at low temperatures. 

Research studies that investigated the behavior of CSSs under cyclic loading 

revealed that normal stress, loading velocity, and ambient temperature are the key 

parameters influencing the isolator response (Tyler 1977; Constantinou et al. 1987; 

Mokha et al. 1990; Dolce et al. 2005; Lomiento et al. 2013; Barone et al. 2019; De 

Domenico et al. 2018; Keikha and Amiri 2019; Furinghetti et al. 2019; Gandelli et al. 

2019; Pigouni et al. 2020). While extensive studies have been conducted on the effects of 

both normal stress and loading velocity, research efforts to determine the impact of 

ambient temperature—particularly the low temperatures—remain limited. And, none of 

the existing studies account the exposure time to low temperatures as a parameter in the 

experimental campaigns. Furthermore, prior research studies have primarily focused on 

the behavior of the sliding material rather than the full-scale isolation system itself. This 

is mainly due to the widespread availability and ease in use of small-scale test setups 

compared to full-scale seismic isolator test facilities. As defined in detail in previous 

chapters, a 75 mm diameter specimen made from the same material as the slider is 

subjected to loading conditions in small-scale tests. Results of these tests are used as an 

indicator of the full-scale behavior of CSSs. However, there is no established evidence in 

the literature confirming that small-scale test results accurately represent the behavior of 

full-scale isolation systems under low ambient temperature conditions. 

This study aims to bridge this gap by conducting both small- and full-scale tests 

under various normal stress and loading velocity conditions, with a specific focus on 

response modifications due to low temperatures and exposure time. For the first time in 
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the literature, the ability of small-scale test results to represent the full-scale response of 

isolation systems at low ambient temperatures will be systematically investigated. 

To achieve the objectives of this study, small-scale tests were conducted using 75 

mm diameter specimens made of the same slider material as the full-scale isolator, under 

identical loading conditions. The force-displacement curves recorded from each test were 

used to compute the friction coefficients, particularly for low temperatures and different 

exposure times. These values were then compared with the full-scale isolator test results 

(presented in Chapter 4) to evaluate the reliability of small-scale tests in representing full-

scale system behavior. Such a comparison provides insights into the effectiveness of 

small-scale tests in predicting the performance of isolation systems under different low 

temperatures and exposure times. 

The structure of this chapter is as follows: Section 6.2 presents the experimental 

campaign conducted on small-scale specimens under low temperatures to investigate the 

effects of temperature and exposure time on the friction coefficient of the sliding material 

composed of filled PTFE. Section 6.3 evaluates the suitability of small-scale tests in 

predicting the performance of the full-scale isolator under low temperatures. Finally, 

Section 6.4 provides the conclusions of the research. 

 

6.2. Methodology for Small-Scale Tests   

The test setup of Politecnico di Milano, introduced in previous chapters, was used 

to conduct tests on small-scale slider specimens. As discussed earlier, this setup is capable 

of applying both vertical and horizontal motions through servo-hydraulic jacks (see 

Figure 5.3.a). During horizontal motion, the temperature of the mating plate can be 

controlled to apply low temperature by means of a cooling system (see Figure 5.3.c). 

Figure 6.1.a shows the surface of the mating plate after the temperature was dropped to -

20oC. Additionally, a climatic chamber at Politecnico di Milano (Figure 6.1.b) allows test 

specimens to be maintained at the desired temperatures for any desired time. The chamber 

is capable of applying temperatures ranging from -40°C to 90°C. 

In accordance with code specifications (CEN EN 1337-2; CEN EN 15129), the 

small-scale slider specimens were tested with dimensions of 75 mm in diameter and 8 

mm in thickness (see Figures 5.2.a and 5.2.b). Testing of the slider specimens was 

conducted following the loading protocol outlined in Table 6.1. In total, 48 tests were 
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performed to assess the effects of low temperature, exposure time, normal stress, and 

loading velocity on the material's behavior. 

 

 

Figure 6.1. Small-scale test setup of Politecnico di Milano a) Temperature controlled steel plate, b) 

Climatic chamber 

 

Table 6.1. Low temperature test protocol for small-scale sliding material 

Test Parameters 

Normal Stress (MPa) 20, 40, 60 

Velocity (mm/s) 50 100 200 250 

Total Sliding Distance (mm) 2200 2200 2200 2200 

# of Cycle 11 11 11 11 

Frequency (Hz) 0.25 0.5 1 1.25 

Temperature (ºC) -20, 0 

Exposure Time (hrs) 3, 24 

 

In low temperature tests, first, the small-scale slider specimens were conditioned at 

the temperature of interest (-20oC or 0oC) in the climatic chamber shown in Figure 6.1.b 

for the desired period of time (3 hrs or 24 hrs). Then, they were removed from the climatic 

chamber and attached to the test set-up (see Figure 5.3.a). In the meantime, the cooling 

system of the test set-up was also set to the desired level of low temperature prior to 

loading. During the tests, the slider specimens were subjected to displacement-controlled 

cyclic motions where the amplitude of the motion was 50 mm and the number of cycles 

was 10. The temperature at the sliding interface was recorded by means of thermocouples 
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placed at three different points throughout the tests (see Figure 5.3.b). As an example, 

Figure 6.2 presents the temperature readings taken from the mating stainless-steel plate 

prior to and during the test for a temperature of -20oC and 3 hrs of exposure time. After 

each test, the corresponding force-displacement records were used to assess the dynamic 

friction coefficients for each cycle of the loading. 

 

 

Figure 6.2. Temperature readings taken from contact surface during the test 40MPa, 50mm/s. 

 

6.2.1. Small-scale test results at low temperature 

In this section, friction coefficients obtained from small-scale tests are presented 

for different combinations of temperatures (-20oC, 0oC), exposure times (3 and 24 hrs), 

normal stresses (20, 40 and 60 MPa) and maximum loading velocities (50, 100, 200 and 

250 mm/s).  

To evaluate the impact of low ambient temperature and exposure time on the 

coefficient of friction, the graphs in Figure 6.3 were presented. These graphs illustrate the 

variation of friction coefficients when the slider was exposed to low temperatures for 

different time intervals. In Figure 6.3, assessed friction coefficients versus maximum 

loading velocities are presented for different temperatures, exposure times and normal 

stresses. Test results reveal a significant reduction in coefficient of friction under low-

temperature conditions compared to the reference tests (Figure 5.5). Specifically, the 

reduction ranges from a minimum of 57% (-20°C, 3 hr, 20 MPa, 50 mm/s) to a maximum 

of 90% (-20°C, 3 hr, 60 MPa, 250 mm/s). 
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a) b) 

  

c) d) 

Figure 6.3. Maximum loading velocity versus friction coefficients assessed at first cycles of the tests 

performed at a temperature of 0oC and -20oC with an exposure time of 3hrs and 24hrs.  

 

To better assess the effect of exposure time on the variation of the friction 

coefficient, the data presented in Figure 6.3 was reorganized and plotted in Figure 6.4 as 

a function of exposure time. The results indicate that the calculated friction coefficients 

for exposure times of 3 and 24 hours remain nearly identical for the temperatures, normal 

stresses, and maximum loading velocities considered in the experimental program. This 

suggests that within the examined conditions, an exposure time of 3 hours is sufficient 

for the formation of an ice layer at the sliding interface at both -20°C and 0°C. Therefore, 

based on the test results, exposure times longer than 3 hours do not need to be considered 

for small-scale specimens tested at low temperatures. 
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Figure 6.4. Effect of temperature and exposure time on the friction coefficient of small-scale test specimen 

 

6.3. Comparison of small-scale and full-scale test results at low temperature 

The isolator unit used in the full-scale tests was a double CSS, as shown in Figure 

3.3. The loading protocol applied in the experimental program followed the same 

conditions as those used for the sliding material and is detailed in Table 3.1. 

Following the completion of low-temperature tests on small-scale PTFE specimens, 

the next stage of the study focuses on evaluating the consistency between small-scale and 

full-scale test results. To ensure a reliable comparison of experimental outcomes, it is 

crucial to maintain the same sliding distance in small-scale tests with filled PTFE 

material. Details regarding this methodology are provided in Section 5.4.2. 

The friction coefficients, obtained from small-scale tests at various normal stresses 

and loading velocities, were computed and compared with those from full-scale isolator 
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tests conducted at normal stresses of 20 MPa, 40 MPa, and 60 MPa, with loading 

velocities of 250 mm/s and 500 mm/s. Based on the geometric properties of the tested 

isolator, Eqn. (5.13) yields an effective friction coefficient of µeff = 1.015µM where µM 

represents the friction coefficient of the sliding material obtained from small-scale tests. 

The diagrams given in Figure 6.5 compare the friction coefficient obtained from 

small-scale tests with that of full-scale tests conducted at 0°C with a 3-hour exposure 

time. To provide further insight into the observed differences, each graph is accompanied 

by the corresponding temperature profile for the related sliding distance. Figure 6.5 

indicates that the friction coefficients from small- and full-scale tests are not in agreement 

for such loading conditions. This discrepancy arises due to the presence of an ice layer 

on the contact surface during low-temperature tests, which significantly influenced the 

outcomes. In full-scale isolator tests, the maximum recorded temperatures at the sliding 

interface were higher than those observed in small-scale tests. As a result, increasing the 

loading velocity and normal stress can mitigate the icing effect by generating additional 

heat at the sliding interface. However, in small-scale material tests, the heat generated 

was insufficient to counteract the formation of ice, preventing the PTFE-based sliding 

material from making direct contact with the steel plate. 

The same trend is observed in other loading scenarios, including tests at 0°C for 24 

hours, -20°C for 3 hours, and -20°C for 24 hours, as shown in Figures 6.6, 6.7, and 6.8. 

In all cases, the friction coefficient calculated for small-scale tests is lower than that of 

the full-scale isolator, primarily due to the lower temperature at the mating surface. 

A closer examination of the temperature profiles for tests conducted at -20°C 

reveals that, throughout the sliding distance, the surface temperature in small-scale tests 

consistently remained below 0°C. This strongly indicates the continuous presence of ice 

at the interface, which significantly influenced frictional behavior by acting as a lubricant. 

In contrast, the surface temperatures in full-scale tests were always above 0°C, ensuring 

that the ice layer did not persist. The absence of ice allowed for a contact surface between 

the PTFE-based sliding material and the steel plate, leading to higher friction coefficients. 

These findings highlight a fundamental difference between small- and full-scale 

test conditions, emphasizing the importance of considering thermal effects when 

extrapolating small-scale test results to real-world applications. 
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Figure 6.5. Comparison of small- and full-scale test results in term of friction coefficient and mating 

surface temperature (T=0ºC – 3hrs) 
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Figure 6.6. Comparison of small- and full-scale test results in term of friction coefficient and mating 

surface temperature (T=0ºC – 24hrs) 
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Figure 6.7. Comparison of small- and full-scale test results in term of friction coefficient and mating 

surface temperature (T=-20ºC – 3hrs) 
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Figure 6.8. Comparison of small- and full-scale test results in term of friction coefficient and mating 

surface temperature (T=-20ºC – 24hrs) 

 

6.4. Conclusion  

The experimental program performed in this chapter aimed to investigate the 

change in friction characteristics of a PTFE-based material used as the slider of a double 

CSS when exposed to low temperature. In this context, the slider material was first 

conditioned at low temperatures of 0 and -20oC for periods of 3 and 24 hrs. Then, 

0.00

0.04

0.08

0.12

0.16

600 1200 1800

20MPa-250mm/s

600 1200 1800

40MPa-250mm/s

600 1200 1800

60MPa-250mm/s

Small-scale

Full-scale

-11 -9 -8

2
12

17

-50

-30

-10

10

30

50

600 1200 1800

Small-scale

Large-scale

-11 -9 -5

12
23

35

600 1200 1800

-12 -9 -7

13

27
39

600 1200 1800

0.00

0.04

0.08

0.12

0.16

600 1200 1800

20MPa-500mm/s

600 1200 1800

40MPa-500mm/s

600 1200 1800

60MPa-500mm/s

-14 -12 -10

5 9
18

-50

-30

-10

10

30

50

600 1200 1800

-14 -12 -11

8
16

35

600 1200 1800

-15 -14 -12

7
17

34

600 1200 1800



 

121 

 

subjected to cyclic motions with different normal stresses (20, 40 and 60 MPa) and 

maximum loading velocities (50, 100, 200 and 250 mm/s). Once the corresponding small-

scale tests have been completed, their results were compared with the full-scale test 

results to evaluate the effectiveness of small-scale test results in representing the full-

scale response.  

Small-scale test results revealed that the friction coefficients of the sliding material 

computed at both 0 and -20oC are substantially less than the ones computed at room 

temperature. The formation of an ice layer at the sliding interface plays a significant role 

in reducing friction. In low-temperature tests, the ice layer at the interface acts as a 

lubricant, leading to a noticeable reduction in friction. Results also showed that friction 

coefficients for both exposure times (3 and 24 hrs) are almost identical. This indicates 

that there is no need to consider exposure times longer than 3 hrs in small-scale tests 

performed at low temperature. 

Comparison between friction coefficients obtained from small- and full-scale tests 

shows that small-scale tests underestimate the friction coefficients of full-scale tests at 

low temperatures. Such an inconsistency is basically due to size effect. The larger 

specimen (slider of the double CSS) absorbs more energy, generating more heat during 

the cyclic motion, which in turn melts the ice layer. On the other hand, the heat generated 

in small-scale tests remain insufficient to eliminate the ice layer. As a result, using small-

scale test results to mimic the full-scale isolator behavior at low temperatures is not as 

effective as the scenario for room temperature.  
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7. SUMMARY AND CONCLUSION 

This study investigated the changes in the friction coefficient of a double curved 

surface slider (DCSS) under different loading conditions. The research questions 

addressed in this dissertation regarding the behavior of DCSS are as follows: 

 

1. How does the accumulation of service movements over the lifetime of the isolator 

affect the frictional and hysteretic properties of a CSS, and can small-scale test results 

reliably predict the behavior of full-scale systems under different operational conditions? 

This question was investigated in Chapter 2.  

2. What is the impact of ice formation on the static friction coefficient and sliding 

behavior of CSSs under icing conditions, and how do these findings contribute to the 

practical application of sliding isolators in cold regions? This phenomenon was addressed 

in Chapter 3.  

3. How does ice formation affect the dynamic friction coefficient of CSSs, and what 

are the practical implications of these changes for the design and performance of sliding 

isolators in icing conditions? Chapter 4 was devoted the related investigations. 

4.  How can small-scale tests be used to accurately assess the friction coefficient of 

sliding materials, and how reliable are the estimated small-scale values in predicting the 

performance of full-scale CSSs? This question was investigated in Chapter 5.  

5. How accurately do small-scale test results represent the full-scale performance of 

isolation systems at low temperatures, and what is the reliability of small-scale tests in 

predicting the frictional behavior of full-scale isolators under varying exposure times? 

Corresponding discussions were presented in Chapter 6. 

 

A comprehensive experimental program was conducted to answer the above 

questions. Results obtained at each Chapter are given individually as follows: 

 

Findings from Chapter 2: 

Chapter 2 focused on the effect of accumulated service movements on the response 

modification of a CSS. Complementary examinations were carried out on both a small-

scale sliding material and a double curved surface slider (DCSS) system, providing 

comprehensive insights into their characteristics. In the experimental campaign, 

specimens for both small-scale sliding material and full-scale DCSS were subjected to 
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cyclic motions with a total sliding distance of 1000 m. The friction properties obtained 

from small- and full-scale tests are assessed and presented in a comparative manner to 

validate the use of results from small-scale tests in estimating the behavior of full-scale 

DCSS. Findings from this chapter indicate that: 

• During the initial cycles of movement at low sliding velocity, the friction 

coefficient calculated from small-scale experiments is slightly lower than that 

observed in the full-scale DCSS. However, both small-scale and full-scale tests 

yield nearly identical friction coefficients after 1000 m of accumulated 

displacement. It is observed that using small-scale experiments to determine the 

friction coefficient of a full-scale sample is an effective, reliable, and practical 

approach, especially when considering low-velocity friction scenarios. 

• The gradual reduction in friction coefficient of DCSS with increasing number of 

cycles is due to the frictional heating at the sliding interface. Test results showed 

that temporary stop of motion leads to cooling down of the sliding interface. Thus, 

the friction coefficient recovers to its initial value after this cooling interval. 

Accordingly, the seismic response of the DCSS do not change even after an 

accumulated sliding distance of 1000 m.  

 

Findings from Chapter 3: 

Chapter 3 investigates the change in static friction coefficient of CSSs under icing 

conditions, focusing on the hysteretic behavior of a full-scale DCSS subjected to low 

temperatures. The DCSS underwent cyclic tests with controlled displacement after being 

exposed to temperatures of 20°C, 0°C, and -20°C for durations of 3, 12, and 24 hours. 

Tests were conducted under various conditions, including normal stresses of 40, 60, and 

80 MPa, and maximum sliding velocities of 250, 500, and 750 mm/s. Static friction 

coefficients were calculated by considering the force-displacement curves obtained from 

each test, providing insight into how ice formation affects the sliding interface. Results 

of this chapter reveal that:  

• At sub-zero temperatures (below 0ºC), the iced sliding surface develops a 

liquid-like layer of melted ice. This layer functions as a lubricant, 

eliminating direct solid-solid contact between the interacting sliding 

surfaces. Consequently, there is a considerable decrease in the static friction 

coefficient compared to the value observed at the room temperature.  
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• The thickness of the liquid-like layer, and consequently the resulting friction 

coefficient, is influenced by both pressure and sliding velocity. 

• When the temperature is moderately low and the exposure time is short, the 

thickness of the ice layer will be thin. This layer quickly dissolves if the 

surrounding temperature rises above 0ºC. As a result, the liquid-like layer 

disappears, and the friction coefficient becomes comparable to the reference 

value obtained from a sample that was not previously subjected to low 

temperatures. 

• The exposure temperature does not influence the static friction coefficient 

under icing conditions, as long as the exposure time is long enough to allow 

for the development of a thick and thermally stable layer of ice. 

• The decrease in friction due to the formation of an ice layer may result in 

amplified isolator displacements. Therefore, it would be critical to consider 

the formation of an ice layer on the sliding interface for seismic isolation 

applications in bridges located in cold climate regions. 

 

Findings from Chapter 4: 

Chapter 4 focuses on the effect of low temperature exposure on the dynamic friction 

coefficient of the tested full-scale DCSS. As part of the experimental program, a double 

CSS specimen was tested under various loading conditions. The specimen was subjected 

to different normal stress levels (40, 60, 80 MPa) and loading velocities (50, 250, 500, 

and 750 mm/s). Prior to testing, the DCSS was conditioned at low temperatures (20, 0, 

and -20°C) for varying durations (3, 12, and 24 hours). In the tests, the isolator undergoes 

displacement controlled cyclic motions, and the corresponding dynamic friction 

coefficients were obtained. Key findings of Chapter 4 are: 

• As the temperature decreases, the dynamic friction coefficient of the full-

scale DCSS decreases. This reduction can be attributed to the formation of 

an ice layer at the sliding interface. The presence of ice acts as a lubricant 

that reduces the friction at the sliding interface. 

• At -20°C, the effect of exposure time on the friction coefficient is found to 

be negligible. Because, after conditioning the DCSS at -20°C an ice layer 

consistently formed at the sliding interface. However, at 0°C, the lowest 
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friction coefficient is observed only when the exposure time is maximized. 

Thus, in this case, exposure time becomes an important parameter. 

• A comparison of the test results with the property modification factors (λs) 

proposed in CEN 1998 and CEN 2009 indicates that the current λs 

suggestion does not accurately represent the real-world conditions. This 

discrepancy stems from its failure to consider the impact of ice formation in 

practical applications. Therefore, a more refined testing protocol is needed 

to precisely assess the influence of low temperatures on the friction 

coefficient of CSSs. 

• Contrary to building code recommendations, the presence of ice at the 

sliding interface does not increase the friction coefficient as suggested by 

the upper bound property modification at low temperatures. Instead, this 

phenomenon should be considered a factor influencing the lower bound 

value of the friction coefficient. If the actual friction coefficient is lower 

than the design value, the maximum isolator displacements will exceed 

those estimated using the lower bound values. 

 

Findings from Chapter 5: 

Chapter 5 investigates whether the frictional properties of a full-scale DCSS at 

room temperature can be accurately represented by small-scale test results. Initially, the 

frictional characteristics of the sliding material were evaluated through small-scale 

experiments conducted at room temperature. These tests were performed under various 

normal stresses (20, 40, and 60 MPa) and different sliding velocities (5, 25, 50, 100, 200, 

and 250 mm/s). Based on the experimental data, a comprehensive analytical model was 

developed to characterize the friction coefficient of the material. To determine the 

reliability of small-scale tests in predicting the isolator performance, the estimated friction 

values were compared with the effective friction coefficient of a full-scale isolator. This 

comparison provided insight into the use of small-scale test results for evaluating the full-

scale isolator behavior. Results presented in this chapter show that: 

• Small-scale experiments reveal that μdyn decreases as pressure increases, 

which is attributed to the elasto-plastic nature of the sliding material. 

Initially, μdyn increases with higher velocities due to the polymer's viscous 

properties. However, this increase ceases after a certain velocity, and the 
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friction coefficient tends to stabilize at a constant value. That threshold was 

determined as 50 mm/s for the tested filled-PTFE.  

• The proposed unified model takes into account the impact of pressure, 

loading velocity, and heating effects at the sliding interface during cyclical 

motion. A comparison between the estimated friction coefficients and data 

from full-scale tests demonstrated that the proposed formula accurately 

predicts the effective friction coefficient of full-scale specimens using 

small-scale test results. 

 

Findings from Chapter 6: 

Chapter 6 focuses on assessing the accuracy of small-scale tests in representing the 

friction characteristics of a full-size DCSS under low temperature conditions. To achieve 

this objective, the frictional properties of the sliding material were first examined through 

small-scale experiments conducted at low temperatures (0°C and -20°C) for durations of 

3 and 24 hours. These tests were performed under various normal stresses (20, 40, and 60 

MPa) and sliding speeds (50, 100, 200, and 250 mm/s). The friction coefficients obtained 

from small-scale experiments were then compared with those measured in full-scale tests 

to evaluate the reliability of small-scale testing in simulating full-scale performance. The 

results of this chapter highlight that: 

• Small-scale sliding material exhibits behavior similar to that of full-scale 

isolator tests when subjected to low-temperature conditions. The formation 

of an ice layer at the interface acts as a lubricant, significantly reducing 

friction. However, studies indicate that in small-scale experiments, an 

exposure duration of just 3 hours is sufficient for this effect to become 

apparent regardless of the temperature. 

• When small- and full-scale test results are compared, friction coefficients 

are observed to be higher in full-scale tests. This is because the full-scale 

isolator absorbs a greater amount of energy, generating more heat. The 

increased heat production leads to melting of the ice layer at the sliding 

interface. On the other hand, small-scale tests fail to produce sufficient heat 

to melt the ice layer.  
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It should be emphasized that the conclusions of this PhD thesis are constrained by 

the specific DCSS and the sliding material used at the sliding interface, and the particular 

low-temperature conditions considered. Future research could build upon this study by 

exploring various loading combinations and alternative sliding materials. 
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