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Abstract
Base isolation system is one of the most commonly used technologies implemented around the world for seismic 
protection of infrastructure. Its objectives are the protection of human life and the reduction of damage to buildings as 
a result of earthquakes. However, the system is rarely used in developing countries such as Colombia, due to its 
relatively high costs, including the cost of importing the devices. The development of an isolation system using local 
technology therefore eliminates the latter expense. This paper focuses on the experimental assessment and analytical 
modeling of low-cost seismic isolators for low-rise buildings, which represent most construction projects worldwide. 
Two types of unbonded isolator with a high damping rubber matrix and different reinforcement fibers were employed: 
carbon and polyester. Scaled prototypes were manufactured and tested under compression and shear loads. Despite 
the lower mechanical properties of polyester, the results revealed an adequate comparison between the vertical and 
horizontal properties of the two isolators, with both satisfying minimum required design values. Nevertheless, when 
taking into account the fact that the price of polyester fiber is one order of magnitude less than of carbon, this seems 
to be the option with greater potential to be implemented as a low-cost seismic isolation system. Based on the 
experimental results, an analytical model was proposed to estimate the horizontal stiffness of unbounded isolators, 
taking into account the reinforcement characteristics, the effective area and the shear modulus of the rubber. In 
comparison with other formulations, the proposed model was found to be sufficiently accurate to be used in the 
preliminary design of unbonded fiber-reinforced elastomeric isolators. 

Keywords: seismic isolation; fiber-reinforced isolators; unbonded isolators; horizontal stiffness; shear test; 
compression test.        

1.  Introduction
Base isolation is one of the most effective technologies in seismic protection of structures. Its objectives are 
the protection of human life and a reduction of the damage caused to buildings during earthquakes. Nowadays, 
the isolation system has been widely implemented in more than 12000 projects [1], and its effectiveness has 
been proved during different seismic events worldwide [2]–[4]. In view of this, the system is rarely used in 
emerging countries such as Colombia due to its relatively high cost. The conventional devices used in the system 
are steel-reinforced isolators (SREIs), which are heavy and expensive [5]. However, over the last few decades, 
new kinds of bearings for seismic isolation have been developed and investigated [6]–[11] in order to be lower 
cost. These new devices contain fiber sheets rather than steel reinforcement within the bearing and are known as 
fiber-reinforced elastomeric isolators (FREIs). The main difference between SREIs and FREIs is that the latter 
can be used without a connection to the structure, thereby reducing costs, weight, and the installation and 
manufacturing process times. These characteristics may lead to the implementation of the isolation system in all 
types of project, including residential buildings.

Reducing the cost of FREIs can be achieved by replacing the natural rubber with recycled elastomers derived 
from tires and industrial leftovers, scrap tire rubber pads, and nanocomposite rubber [12]–[15]. 
Alternatively, non-conventional materials can be used such as carbon-fiber-reinforced plastic meshes, 
polyamide and engineering plastic sheets [16]–[18], or low-cost fiber mesh like glass or nylon instead of 
carbon (bi-directional or quadri-directional fabrics) or Kevlar [5], [7], [12], [19]–[28]. In terms of behavior, 
the corners of unbonded FREIs (U-FREIs) roll off the supports during horizontal displacements due to the 
unbonded condition and the lack of flexural rigidity of the fiber reinforcement. This eliminates the high-tensile 
stress regions developed in a bonded isolator when it is displaced horizontally [29], [30]. As such, the shear loads 
at the bearing contact surfaces are transferred through friction only. For that reason, the horizontal response 
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characteristic of U-FREIs becomes more complex than SFREIs and their equations for horizontal stiffness 
evaluations are not applicable to U-FREIs [31].

In recent times, studies have been conducted to determine the mechanical characteristics of elastomeric isolators, 
leading to a better understanding of their performance. These investigations have been focused on determining 
the vertical and horizontal behavior under cyclic and monotonic loads of FREIs with different reinforcement and 
matrix materials, and evaluating the principal properties, such as shear modulus, damping, and vertical and 
horizontal stiffness. Moreover, by means of experiments and finite element analyses, the influence of geometrical 
parameters like the shape factor, size, height and holes has also been studied [21], [32]–[36]. As the known theory 
(expressions to estimate the horizontal and vertical response of isolators) is related to conventional SREIs, the 
results of the mentioned investigations are usually compared with the theoretical values obtained with this 
available information. However, in terms of the results of the experiments carried out, the lack of a complete 
analytical method combining the lateral and vertical response of FREIs has limited the possibility to predict their 
behavior, especially for strain levels up to 100%.

The research herein not only focused on the investigation of novel devices, but also on the analytical modeling of 
both the vertical and horizontal behavior of U-FREIs, taking into account the shear modulus and effective area 
variation according to the reinforcement properties. The aim of this paper is to provide a useful tool for the 
preliminary design of U-FREIs proposed for low-rise residential buildings, which are the most common type of 
project in the principal cities in Colombia. The devices were manufactured with materials and technology 
commercially available in the country and were to be installed in an unbounded condition, with a high damping 
rubber (HDR) matrix but no lead core. As the reinforcement material, a bidirectional polyester fiber mesh was 
proposed and compared with a carbon one. The specimens were tested under compression and shear in order to 
determine their mechanical properties, such as stiffness and damping. It is worth mentioning that the prototypes 
under investigation will also be used in bidirectional shake-table experiments to achieve a deeper understanding 
of their dynamic properties.

2.  Analytical models for U-FREIs
Conventional SREIs are composed by rubber and thin steel plates as a form of reinforcement, with thick steel 
plates at the top and bottom to be connected to the structure. These isolators are relatively rigid in terms of both 
tension and flexion deformations. The secant horizontal stiffness is calculated with Eq. 1, where G is the shear 
modulus, A is the full cross-sectional area of the isolator and  is the total height of the rubber [37].𝑯𝒓

                                                                                                                                                                      (1)𝑲𝑯 =
𝑮𝑨
𝑯𝒓

This equation has also been used to predict the properties of U-FREIs. However, in comparison with experimental 
results, this solution has been found to be insufficiently accurate. The main reasons for the difference are: i) the 
fiber reinforcement sheets exhibit warping deformations at their ends as the bearing deforms horizontally [38]; 
and ii) the unbonded condition allows the top and bottom faces to roll off the contact supports when the isolator 
is deformed horizontally and the initial contact area is reduced for higher strain levels. 

Different authors have proposed analytical models based on these features to predict the horizontal stiffness of 
square FREIs (Table 1). Gerhaher et al. [39], [40] considered the vertical pressure ( as a modifier factor of  𝑝𝑧) 𝐺
by suggesting Eq. 2, given an effective shear modulus  (Eq. 3), where   is the critical stress (𝐺𝑒𝑓𝑓) 𝑝𝑐𝑟𝑖𝑡,0 = 𝑃𝑐𝑟𝑖𝑡/𝑎2

state with ,  [37],  the shear modulus at 20% of strain, the length of the 𝑃𝑐𝑟𝑖𝑡 = 2𝜋𝐺20𝐴𝑆𝑟/𝑡𝑟 𝑟 = 𝑎/2 3 𝐺20 𝑎 
square isolator,  the horizontal displacement level, and  the radius of gyration.  Meanwhile, Toopchi-Nezhad 𝑑 𝑟
[38] proposed the Eq. 4, taking into account a constant value for  and the reduction of the shear area due to 𝐺
rollover deformation. The residual area in contact with the supports was called effective area , calculated (𝐴𝑒𝑓𝑓)
through Eq. 5, where  and  are the dimensions of the rectangular isolator,   is the projected 𝑎 𝑏 𝑚 = 25/16𝛼𝐻
length of the curved part of the rollover region along the horizontal plan, with  being the total height of the 𝐻
isolator, which includes both the rubber and the reinforcement, and  is the geometrical parameter that relates  𝛼 𝑚
and the curved length, , at a given horizontal displacement  𝑠 𝑑 = 𝑠 = 25/64𝐻

. This means that, for a known value of  and , is identified and used [2𝛼 1 + 4𝛼2 + ln (2𝛼 + 1 + 4𝛼2)] 𝑑 𝐻 𝛼 
for the calculation of  [30]. 𝐴𝑒𝑓𝑓
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In the same vein, Russo et al. [24] presented an expression (Eq. 6) that considers the effective area with a constant 
shear modulus value of the rubber at a 100% level of deformation. The effective area is calculated as the product 
of the isolator’s side length in the direction perpendicular to the applied load, , and the side length, , minus the 𝑏 𝑎
detached portion, , in the direction parallel to the applied load (Eq. 7). The detachment starts when the level of 𝑠
displacement is higher than the limit value   (Figure 1), where  is the total initial height of the 𝑑0 = 𝐻2 ‒ ℎ2 𝐻
undeformed isolator and  the height of the compressed isolator (Figure 1a). Accordingly, the detached portion ℎ
is calculated as . The effective area will be the total area when the displacement level is no larger than 𝑠 = 𝑑 ‒ 𝑑0

 (Figure 1b).  The rollover deformation will continue until the lateral surface is all in contact with the top surface 𝑑0
(Figure 1d) [24]. As a combination of these methods, Van Ngo et al. [31] developed an expression (Eq. 8) which 
includes both the variation of the shear modulus (effective shear modulus, ) and the contact area (effective 𝐺𝑒𝑓𝑓
plan area, according to the horizontal displacement level. In this case, can be calculated through two 𝐴𝑒𝑓𝑓) 𝐺𝑒𝑓𝑓 
methods in the displacement range from 0 to 1.50  ((9, Eq. 10). It is worth mentioning that all these methods 𝐻𝑟
were developed for a square isolator.

Table 1. Suggested formulations for the prediction of the horizontal stiffness of U-FREIs
Authors Equations Parameters                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Gerhaher et al.
[35, 36]       (2)𝐾𝐻 =

𝐺𝑒𝑓𝑓𝐴
𝐻𝑟                                      (3)𝐺𝑒𝑓𝑓 = 𝐺[1 ‒ ( 𝑝𝑧

𝑝𝑐𝑟𝑖𝑡,0(1 ‒ (𝑑
𝑎)2))

2](1 ‒
𝑑
𝑎)

Toopchi-
Nezhad [34]       (4)𝐾𝐻 =

𝐺𝐴𝑒𝑓𝑓

𝐻𝑟

                                                                 (5)𝐴𝑒𝑓𝑓 = 𝑏(𝑎 ‒ 𝑚)
 

Russo et al.
[17]       (6)                                                          𝐾𝐻 =

𝐺𝐴𝑒𝑓𝑓

𝐻𝑟

                                                                  (7)𝐴𝑒𝑓𝑓 = 𝑏(𝑎 ‒ 𝑠)

Van Ngo et al. 
[27]      (8)                𝐾𝐻 =

𝐺𝑒𝑓𝑓𝐴𝑒𝑓𝑓

𝐻𝑟                                         (9)𝐺𝑒𝑓𝑓 = 𝐺[1 ‒ ( 𝑝𝑧

𝑝𝑐𝑟𝑖𝑡,0(1 ‒ (𝑑
𝑎)2))

2](1 ‒
𝑑
𝑎)

       (10){𝐺𝑒𝑓𝑓 = 𝐺[1 ‒ ( 𝑝𝑧

𝑝𝑐𝑟𝑖𝑡,0(1 ‒ (𝑑
𝑎)2))

2](1 ‒
𝑑
𝑎)                             𝑓𝑜𝑟 0 ≤ 𝑑 ≤ 1.0𝐻𝑟

𝐺𝑒𝑓𝑓 = 𝐺[1 ‒ ( 𝑝𝑧

𝑝𝑐𝑟𝑖𝑡,0(1 ‒ (1.0𝐻𝑟
𝑎 )

2))
2](1 ‒

1.0𝐻𝑟

𝑎 )        𝑓𝑜𝑟 1.0𝑡𝑟 < 𝑑 ≤ 1.5𝐻𝑟

                                
a) b)

c) d)

Figure 1. Deformed patterns of U-FREIs: a) under compression only, b) when the detachment starts, c) with a detached 
portion, and d) total rollover [24].

As a main drawback, the formulations set out in Table 1 do not explicitly take into account the influence of the 
type of fiber reinforcement on the horizontal stiffness and were obtained for carbon-reinforced isolators.  As far 
as vertical behavior is concerned, Konstantinidis and Kelly [41] proposed Eq. 11 to estimate the vertical stiffness, 

, which in turn considers the characteristics of the reinforcement material:𝐾𝑉
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                                                                                                                                                    (11)𝐾𝑉 =
𝐸𝑓

𝑐𝐴

𝐻𝑟

where  is the compression modulus in the case of flexible reinforcement (i.e. fiber)[41], which is calculated 𝐸𝑓
𝑐

using Figure 2, where  and  , with  as the Poisson’s ratio of 𝛼2 = 12(1 ‒ 𝜐2)𝐺20𝑅2/(𝐸𝑓𝑡𝑓 𝑡𝑟) 𝛽2 = 12𝐺20𝑅2/𝐾𝑡2
𝑟 𝜐

the fiber,  is the shear modulus at a strain level of 20%, is the radius of the isolator, is the tension elastic  𝐺20 𝑅 𝐸𝑓 
modulus of the fiber,  is the thickness of the fiber reinforcement and  is the bulk modulus [42].  is the 𝑡𝑓 𝐾 𝐸𝑠

𝑐
compression modulus for the case of an isolator with rigid reinforcement (i.e. steel plates), defined as 𝐸𝑠

𝑐 = 6𝐺20𝑆2 
for circular isolators, where the shape factor is , with  as the diameter of the device and   the 𝑆 = 𝐷/(4𝑡𝑟) 𝐷 𝑡𝑟
thickness of each rubber layer. 

Figure 2. Dimensionless ratio of fiber-reinforced and steel-reinforced isolators’ compression moduli as a function of 
parameter α [42].

On the basis of Eq. 2 to Eq. 11, this paper proposes a novel analytical model for a circular isolator, considering 
not only the shear modulus and effective area variation according to the strain level, but also the influence of the 
vertical flexibility under the design load.

3.  Description of the isolator prototypes
The specimens used during the tests were designed for a shaking-table test campaign on a prototype building 
belonging to the Department of Structures for Engineering and Architecture (DiSt) at the University of 
Naples Federico II in Italy (Figure 3). The design process was conducted according to FEMA 450 requirements 
[43], considering the stiffness formulation provided for SREIs [44] and the hazard level of the site. The 
dimensions of the prototype were reduced by SL=1/3, while SM=1/9 was applied for the mass. Due to the 
unavailability of commercial products, and like other investigations on scaled FREIs [42], [45], [46], it is assumed 
that the thickness of the fiber layer cannot be scaled by SL in a full-scale bearing. It is also worth noting that 
the inherent properties of the materials of the isolators (rubber, steel, fibers, etc.) were equal to those that could be 
used on the real structure (SE=1). The structure consisted of a steel frame with two degrees of freedom, 
having a total height of 2900mm and plan dimensions of 2650 × 2150mm. The total mass of the structure 
was 77kN, with a base level of 36kN and a top level of 41kN, for a total 19kN load at the base of each 
column. The natural period of the real structure was assumed to be equal to 2s. According to the scale 
factors used, the scale for the natural period was ST=1/ , thus giving a natural period of the model equal 3
to . This value was used to determine the characteristics of the isolators. The set of seven ground 𝑇𝐷 = 1.15𝑠
motions was the same as that used by Calabrese et al. [42], which was compatible with the Italian Seismic 
Code (ISC) [47]. This selection was representative of regions in Italy with a moderate to high seismic risk, 
which are similar to the hazard levels in Colombia. The selected horizontal accelerograms were in 
compliance with the ISC for the life safety limit state of a class IV structure located in Naples (Italy) on 
soil type A, with a nominal life of 100 years (which corresponds to a 1900-year return period). 
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Figure 3. Prototype building at DiSt-University of Naples Federico II.

The maximum design displacement ( was calculated according to the maximum acceleration at the 𝐷𝑀 = 90mm) 
site under study (2.56m/s2), for a target damping of 10%. A design shear deformation equal to  and a 𝛾𝑠 = 100%
vertical pressure of 4.0MPa were considered. The total horizontal stiffness (  was determined from the 𝐾𝐻𝑇𝑜𝑡𝑎𝑙)
target period ( ) and the total weight of the structure ( , provided by a total of four isolators:𝑇𝐷 𝑊)

                                                                                                                                          (12)𝐾𝐻𝑇𝑜𝑡𝑎𝑙 =
4𝜋2𝑊

𝑇2
𝐷𝑔

According to the maximum design displacement ( ) and the shear deformation, a total rubber height 𝐷𝑀 𝐻𝑟 =  𝐷𝑀/
30mm was calculated. The selected thickness of the rubber layer was , with a total number of 𝛾𝑠 =   𝑡𝑟 = 2𝑚𝑚

layers  Then, the gross area ( ) of the isolator was determined by Eq. 1. 𝑛𝑟 = 15. 𝐴

Two different sets of unbonded isolators were manufactured with different flexible reinforcement and the same 
number of layers : i) (P-FREI) type 1 (T1), 1.0mm bidirectional polyester fiber fabric with an elastic (𝑛𝑓 = 14)
modulus of 1.176MPa (Figure 4a); and ii) (C-FREI) type 2 (T2), 0.23mm bidirectional carbon fiber fabric with 
an elastic modulus of 234.000MPa (Figure 4b). The selection of a type of reinforcement other than carbon was 
made from the perspective of manufacturing lower-cost isolators with even easier-to-find fibers on the local 
market of developing countries.

a)

 
b)

   
Figure 4. Cross-section of the prototypes: a) T1, and b) T2.

The manufacturing process of the isolators was divided into four steps. In the first step, the rubber and 
reinforcement were cut according to the required dimensions (Figure 5a). Then, each set of rubber plus fiber 
layers was preformed by applying vertical pressure and temperature (Figure 5b). During the third step, the 
complete set for each isolator was also preformed using a mold at the same temperature as in the previous step 
(Figure 5c). Finally, the cover part was added to the complete set and the vulcanization process was applied 
(Figure 5d). The union among the meshes and the rubber layers was achieved by means of an appropriate 
chemical adhesive, which was the same for all cases. Perforations were also made in the polyester and carbon 
layers to allow the rubber to fill these spaces and increase the adhesion (Figure 5a). In total, 20 specimens were 
tested, two for each prototype, T1 and T2, for five types of experimental tests (Table 2).

a) b) c) d)
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Figure 5. Manufacturing process: a) fiber layer, b) rubber and fiber layers preformed, c) complete set preformed, and d) 
complete set preformed and covered.

4.  Experimental setups

4.1 Compression tests
Four different compression tests were performed to assess the vertical behavior of the isolators: monotonic 
[24], cyclic[12], maintained load [48], and ultimate load test.

Table 2. Types of isolator.
Test Prototype Specimen Reinforcement D [mm] H [mm] Reference

a 78.8 43.9 T1a-1T1
b

Polyester
78.5 43.6 T1b-1

a 79.5 33.4 T2a-1

Compression 
- monotonic

T2
b

Carbon
79.6 33.0 T2b-1

a 78.4 43.8 T1a-2T1
b

Polyester
78.9 43.9 T1b-2

a 79.3 34.3 T2a-2

Compression 
- cyclic

T2
b

Carbon
79.5 35.0 T2b-2

a 78.5 44.5 T1a-3T1
b

Polyester
78.7 43.6 T1b-3

a 79.5 34.9 T2a-3

Compression 
- maintained

T2
b

Carbon
79.5 34.1 T2b-3

a 79.5 44.7 T1a-4T1
b

Polyester
79.7 45.5 T1b-4

a 79.5 33.6 T2a-4

Compression 
- ultimate

T2
b

Carbon
79.4 35.1 T2b-4

a 78.8 45.0 T1a-5T1
b

Polyester
78.5 43.6 T1b-5

a 79.5 32.8 T2a-5

Shear

T2
b

Carbon
79.6 32.3 T2b-5

 
4.1.1 Monotonic test
Three cycles of loading–unloading were performed for each specimen, with a maximum load value that was 30% 
higher than the design load corresponding to 19kN (Figure 6a). The compressive load was applied quasi-statically 
(loading rate of 0.01mm/s) using a Humbolt HM-3000 Series Digital MasterLoader machine with a capacity of 
50 kN. The displacements were measured with inductive transducers (LVDT) with ±25mm of stroke and 0.01mm 
of precision (Figure 6b).

a) b) 
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Figure 6. Monotonic compression test: a) protocol, and b) setup.

4.1.2 Cyclic test
The specimens were initially loaded monotonically (loading rate of 0.01mm/s) up to the design load ( ). 𝑃 = 19𝑘𝑁
Then, after 1min, three fully reversed triangular cycles were applied at 0.05mm/s with a ±30% variation with 
respect to the design load. After a second pause of 1min, the specimens were unloaded monotonically (loading 
rate of 0.01mm/s) (Figure 7a). The 1min pauses were needed to accommodate viscoelastic effects [12]. The 
monotonic test set up was also used during this test (Figure 7b).

a) b) 

Figure 7. Cyclic compression test: a) protocol, and b) setup.

4.1.3 Maintained load test
The specimens were compressed monotonically up to a load that was 30% higher than the design load. Then, the 
load was kept constant for 180min (Figure 8a). Finally, the prototypes were unloaded monotonically. A 
WPMZD40 universal machine with a capacity of 400kN and an LVDT with ±50mm of stroke was used (Figure 
8b).

a) b) 

Figure 8. Maintained load: a) protocol, and b) setup

4.1.4 Ultimate load test
The prototypes were compressed until failure. The load was applied quasi-statically using the maintained load 
test setup (Figure 9).

Figure 9. Ultimate load test setup.
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4.2 Shear test
The specimens were tested under combined shear and compression loads. In order to apply the design 
pressure in the vertical direction, they were loaded with 19kN of force, while different displacement 
protocols were applied in the horizontal direction. The protocol P1 was formulated considering the FEMA 
450 testing program [43], which should be carried out on isolators prior to installation using the design 
displacement as the maximum deformation. In order to investigate the behavior of the prototypes under 
larger deformations and extreme conditions, a maximum shear deformation of 300% was applied during 
protocol P2, i.e. a significantly higher value than the one commonly assumed for FREIs (100% - 150%) 
and the maximum permitted by the European Code EN 15129 [49] for SREIs (250%). Next, with the aim 
of evaluating the behavior dependence on the loading rate, protocol P3 was defined by increasing the 
period of protocol P1 under the same deformation levels. Finally, a monotonic displacement was applied 
during protocol P4. The characteristics of each protocol are as follows:
 P1: composed of three parts with the design period ( . Part 1 consisted of three fully TD = 1.15s)

reversed cycles of loading at each increment of displacement ( , , , ); in 0.25DM 0.50DM 0.67DM 1.00DM
part 2, three fully reversed cycles of loading at the maximum displacement ( ) were applied; 1.00DM
and in part 3, 10 continuous fully reversed cycles of loading at 0.75 times the total maximum 
displacement ( ) were used (Figure 10a) [43].0.75DM

 P2: formed by the first part of P1 and four fully reversed cycles of the further displacement level (
, , ). After this sequence, the devices were unloaded without a rest 1.50DM  2.00DM  2.50DM, 3.00DM

interval (Figure 10b). The same period as in P1 was used.
 P3: equal to P1 but with a period of 2.0s (Figure 10c). 
 P4: a horizontal monotonic displacement was applied up to a 300% strain level (Figure 10d). 

The relationship between the percentage of the maximum displacement, % , the shear deformation, , 𝐷𝑀 𝛾𝑠
and the applied displacement, , is presented in Table 3.𝑑

Table 3. Equivalence between the percentage of the maximum displacement, %DM, the shear deformation, γs, and the 
applied displacement, .𝐝

%DM  γs                  
[%]

Displacement (d)
[mm]

0.25 25 7.2

0.50 50 14.5

0.67 67 19.4

0.75 75 21.7

1.00 100 29.0

1.50 150 43.5

2.00 200 58.0

2.50 250 72.5

3.00 300 87.0

a) b)
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c) d)

Figure 10. Displacement protocols for the shear tests: a) P1, b) P2, c) P3, and d) P4.

The shear tests were carried out at the Department of Industrial Engineering of the University of Naples Federico 
II - Italy. The set up for the shear tests consisted of a compression machine with a shaking table driven by a 
horizontal hydraulic actuator that allowed the imposition of load or displacement protocols. It was powered by a 
75kW AC electric motor, with a maximum horizontal force capacity of 50kN, a maximum speed of 2.2m/s and 
a maximum stroke of ±200mm. For the tests a constant vertical load was exerted by means of a vertical hydraulic 
jack with a capacity of 190kN. The horizontal displacement was applied by means of recirculating ball-bearing 
linear guides [12]. Displacement sensors and a load cell were used to measure the sliding guides’ position, the 
vertical load and the lateral load time-histories, respectively. A dSPACE DS1103 controller board was used for 
real-time control (Figure 11).

a) b) 

Figure 11. Shear test: a) set up, and b) specimen during the test. 

5.  Experimental results

5.1 Compression tests

5.1.1 Monotonic test
The force-displacement curves of Figure 12 were obtained based on the test results. The static vertical stiffness 

 was determined by (13 [24] ((𝐾𝑉𝑠)

Table 4): 

                                                                                                                                                        (13) 𝐾𝑉𝑠 =  
𝜎𝑉 ‒ 𝜎0.3𝑉

𝑢𝑉 ‒ 𝑢0.3𝑉

where  is the displacement of the specimen and  is the stress level (  = design stress, ), defined 𝑢 𝜎 σV σ0.3V = 0.3 σV
as  with an applied load  and an effective area  of the specimen [50]. It is worth noting that the effective σ = F/A 𝐹  𝐴
area is equal to the reinforced area without the covering part [24], and so a diameter of 75mm was used. The value 
obtained was compared with the theoretical vertical stiffness according to Eq. 11 and Figure 2, with  equal to 𝛼
2.62 and 0.64 for polyester and carbon, respectively. In both cases, the experimental value was between 40 and 
50% lower than the theoretical one (
Table 4).
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a) b)

Figure 12. Force-displacement curves in monotonic compression tests: a) T1a-1, T1b-1; and b) T2a-1, T2b-1.

Table 4. Vertical stiffness – monotonic compression.
Kvs [kN/mm]

Prototype Specimen Cycle 1 Cycle 2 Cycle 3 Average
Kv [kN/mm]
Theoretical

Difference
[%] 

T1a-1 12 12 12 12 40T1
T1b-1 11 12 12 12

20
40

T2a-1 20 21 22 21 48T2
T2b-1 20 20 20 20

40
50

When the prototypes were unloaded, using the final height ( ) compared with the initial one ( ), a residual 𝐻𝑓 𝐻𝑖
displacement was found to be maintained in all cases (  (Table 5), representing, in the worst case, only 1.3% 𝑢𝑟𝑒𝑠)
of deformation ( .𝜀𝑟𝑒𝑠)

Table 5. Residual displacements – monotonic compression.
Prototype Specimen ures [mm] Hi [mm] Hf [mm] εres   [%]

T1a-1 0.6 43.9 43.5 1.3T1
T1b-1 0.5 43.6 43.3 1.3

T2a-1 0.4 33.4 32.8 1.1T2
T2b-1 0.4 33.0 32.6 1.2

Based on these results, it can be inferred that this type of test could be used to obtain the static response of 
the isolators in terms of the maximum displacement under the design vertical load, which in this case was 
between 2.0 and 2.5mm in both cases.

5.1.2 Cyclic test
Figure 13 sets out the force-displacement curves obtained from the cyclic tests. The dynamic vertical stiffness 

 was calculated using the slope of the straight lines passing through the cyclic portions of the curves (𝐾𝑉𝑑)
[12] (Table 6). Even though the tension modulus of the carbon fiber was two orders of magnitude higher 
than the polyester version, the vertical stiffness of T6 was only 1.5 times lower than that of T7. This 
outcome can be explained by considering that vertical stiffness is related to the axial stiffness of the fiber 
sheet, i.e. the tension modulus multiplied by the thickness of the mesh. The combination of both parameters 
allowed the polyester prototypes to achieve properties similar to the carbon fiber devices, thus partially 
overcoming the lack of tension modulus. The maximum displacements were similar in both cases, because 
the rubber can be considered as unconfined (unloaded reinforcement) at the beginning of the test, due to a 
passive confinement against bulging, with an initial higher deformation thus occurring. After the fibers 
were tensioned, the isolators were laterally confined and the deformations significantly reduced. 

The experimental results were compared with the theoretical ones calculated through Eq. 11 (Table 6), 
with a maximum difference of 5% and 27% for T6 and T7, respectively, with a better approximation in 
the case of polyester. These stiffness values are deemed to be representative of the expected behavior of 
the isolators during an earthquake, where a variation of the vertical pressure in the range ±30% can 
represent a good approximation of the load history, as the internal fibers are completely tensioned. 
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a) b)

Figure 13. Force-displacement curves in cyclic compression tests: a) T1a-2, T1b-2, and b) T2a-2, T2b-2.

Table 6. Vertical stiffness – cyclic compression.
Kvd [kN/mm]

Prototype Specimen Cycle 1 Cycle 2 Cycle 3 Average
Kv [kN/mm]
Theoretical Difference [%]

T1a-2 17 20 20 19 5T1
T1b-2 20 20 20 20

20
0

T2a-2 28 29 29 29 27T2
T2b-2 31 32 31 31

40
22

Finally, the average vertical stiffness (  and average horizontal stiffness  ratio was calculated for the 𝐾𝑣𝑑,𝑎𝑣) (𝐾𝐻)
prototypes in each case. The average horizontal stiffness was obtained from the shear test results at the design 
displacement level ( ), as explained later. Likewise, the vertical frequency and period were obtained from (14 𝐷𝑀
(Table 7). The stiffness ratios were in the order of 300-400 for both isolators, showing that these values were 
satisfactory for providing a stable behavior of the isolators and the decoupling of the rocking motion. 

                                                                                                                                                          (14)𝑓𝑣 =
1

2𝜋
𝐾𝑣𝑑𝑔

𝑃

Table 7. Average vertical and horizontal stiffness ratio, vertical frequency and vertical period – cyclic compression.

Prototype Kvd,av [kN/mm] KH  [kN/mm] Kvd,av/ KH

fv
[Hz]

Tv
[s]

T1 20 0.07 286 16 0.06

T2 30 0.08 375 20 0.05

5.1.3 Maintained load test
The maintained load tests results are shown in Figure 14. The T1 displacement stabilization was achieved after 
30min, while T2 required only 13min. It is worth mentioning that a preload was applied to the specimens to 
activate the acquisition system.

a) b)

Figure 14. Force-displacement curves in maintained compression tests: a) T1A-3, T1B-3, and b) T2A-3, T2B-3.

Also, in this case, when the height before (Hi) and after (Hf) the test were compared, the deformations were almost 
completely recovered (Table 8).
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Table 8. Height comparison of the specimens before and after the maintained compression test.
Prototype Specimen Hi [mm] Hf [mm] εres   [%]

T1a-3 44.5 44.1 0.4T1
T1b-3 43.6 43.4 0.2

T2a-3 34.9 33.9 1.0T2
T2b-3 34.1 32.9 1.2

5.1.4 Ultimate load test
The failure of the isolators was due to the tearing at the interface between the reinforcement and the rubber 
layers. The phenomenon was clear in T2, where the cracking reached the top surface (Figure 15).

a) b)

Figure 15. Failure mode in the ultimate compression tests: a) T1a-4 and b) T2a-4.

In the force-displacement curves, beyond a certain load (i.e. initial point of failure) a saw-tooth trend 
providing the isolators with a progressive failure mode can be observed. This involved different levels 
(Figure 16) redistributing the load up to a maximum. The T1 initial point of failure ( ) was around 40% 𝑃𝑢𝑜
higher than that for T2 (Table 9). This difference may be due to the greater flexibility of the polyester 
sheets, reaching the ultimate load at a higher deformation. In comparison with the design load, the initial 
failure point was at least 2.2 times higher (Table 9).

a) b)

Figure 16. Force-displacement curves in the ultimate load compression tests: a) T1a-4, T1b-4 and b) T2a-4, T2b-4.

Table 9. Ultimate load compression tests results.
Prototype Specimen Puo [kN] Puo/P

T1a-4 64 3.3T1
T1b-4 70 3.6

T2a-4 43 2.2T2
T2b-4 54 2.8

The tests were stopped before the complete failure for the T1 prototypes, due to the unstable condition of 
the specimens under the machine. It is worth noting that  took place before the critical load,  [51], 𝑃𝑢𝑜 𝑃𝑐𝑟𝑖𝑡
was achieved for T1 and T2 (i.e. 56kN for polyester and 82kN for carbon). However, all the prototypes 
showed a stable behavior between  and the end of the test. 𝑃𝑢𝑜

5.2 Shear test
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The static (Figure 17) and hysteretic behaviors were estimated from the shear test (Figure 18). In all cases, a 
stiffness reduction with respect to the first cycle was observed for each deformation level, due to the rupture of 
the bonds among the polymer chains and the reinforced particles (Mullins effect) [52]. The monotonic test 
provided a very similar response between all prototypes, with overall stable behavior up to a 300% deformation 
level. Figure 18 shows that the skeleton curves are enveloping the hysteresis curves obtained from protocols 2 
and 3, reflecting the stable properties of the prototypes. 

a) b)

Figure 17. Force vs displacement curve for protocol P4: a) T1a and T1b, and b) T2a and T2b.

In all cases, the stiffness decreased after P1 and then the isolators achieved a stable behavior (Figure 19). This 
stress softening is related to the Mullins effect on filled rubber, as mentioned previously [53]. The resulting 
stiffness of T1 and T2 at low deformation levels is very similar, since both have the same area, rubber and 
connection condition. At higher deformation levels (g>100%), T2 tends to be stiffer than T1 due to the 
greater slenderness (total height/diameter) of the latter, with the consequence being a more significant 
influence of flexural deformation.

a) b) 

c) d) 

e) f)

g) h)
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i) j)

k) l)

Figure 18. Force vs displacement curves in shear tests: a) T1a P1-4, b) T2a P1-4, c) T1a P2-4, d) T2a P2-4, e) T1a P3-4, f) 
T2a P3-4, g) T1b P1-4, h) T2b P1-4, i) T1b P2-4, j) T2b P2-4, k) T1b P3-4, and l) T2b P3-4.

As far as the influence of the vertical stiffness is concerned, even if T2 is stiffer than T1, this effect is 
negligible in the horizontal direction, because the maximum vertical displacement at the design load of 
both prototypes is similar (2.6mm and 2.3mm for T1 and T2, respectively). This phenomenon is due to the 
confinement effect that is triggered at a higher axial deformation level for carbon than for polyester.

a) b) 

c) d) 

Figure 19. Horizontal stiffness  versus shear deformation : a) T1a, b) T1b, c) T2a, and d) T2b.(𝐊𝐇) (𝛄𝐬)

It is important to highlight that all the prototypes achieved the design displacement without damage and 
remained undamaged after the end of P1. Damage was only observed under the loading phase of P2, after 
200% strain, in prototypes T1a and T2b. For this reason, damping and stiffness values were only considered 
before the occurrence of this phenomenon (Table 11). Specifically, in the T1a case, tearing of the cover part of 
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the rubber occurred (Figure 20a), while failure occurred in PT2b due to the delamination of the carbon and rubber 
layers (Figure 20b). This permanent sliding at the rubber-fiber interface may be produced by a lack of adhesive 
impregnation during the manufacturing process. In any case, failure took place at a displacement level greater 
than the design value.

a) b)

Figure 20. Failure modes of the prototypes in shear tests: a) T1a, and b) T2b.

The prototypes showed a stable rollover, in part due to the value of the second shape factor L, which is defined 
as the ratio between the diameter and the total rubber thickness (L =2.5). The flexibility of the reinforcement 
allowed the unbonded surfaces to roll off until the vertical faces touched the horizontal plates. After the original 
vertical surfaces made contact with the horizontal supports at high deformations levels (more than 200%), the 
prototypes showed a positive tangent stiffness and hardening behavior (Figure 18). This hardening may be 
regarded as an advantage when it comes to limiting the lateral displacement under the maximum considered 
earthquake (MCE) [54], [55]. It is important to clarify that, due to the aforementioned failure mechanism, a 
negative tangent stiffness was obtained for T1a and T2b before complete rollover (Figure 18c, j).
As expected, in all cases, the equivalent damping ratio [44] was higher than the one obtained for the pure rubber 
(5%) [7], due to the interaction with the reinforcement. Specifically, damping ratios higher than 10% were 
always attained, which are expected values for SREIs with high damping rubber [7], [24]–[26], [46].  
According to a previous experimental campaign conducted on the pure rubber [56], the P1 and P3 results 
confirmed that the properties of the isolators do not significantly depend on the load period in the examined 
range. Even if a viscoelastic material is expected to exhibit a frequency dependent behaviour, the high 
damping compound tested under shear stress in the range of period [1.25-30]s provided mechanical 
properties having a 8% difference with respect to minimum values. This outcome is in compliance with 
the code [EN 15129] [49], [49], requiring to measure stiffness and damping properties at 0.1, 0.5 and 2.0 
Hz and that values at the highest and lowest frequencies shall not differ by more than 20% from the value 
at the middle frequency. Also, inside the range specified by FEMA450 (from 0.1 to 2 times the frequency 
corresponding to ) [43], the properties did not differ more than 15%, proving the independent behavior 𝑇𝐷
of the rubber to the rate of loading. Table 11 summarizes the results for the principal deformation levels 
of P2 during the loading phase.

a) b) 

c) d) 
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Figure 21. Damping isolators: a) T1a, b) T1b, c) T2a, and d) T1b.

Toopchi-Nezhad et al. [46] suggested, for preliminary design of a square FREI bearing, plane dimension 
to be larger than 2.5 times its height in order to obtain a stable rollover. In [45] and  [57] the same authors 
show a stable rollover behavior for a bearing with an aspect ratio (side length/total height) equal to 2.8. In 
the proposed paper, the aspect ratio ranged from 1.7 for P-FREI to 2.3 for C-FREI with Λ = 2.5 in both 
cases. Even if these parameters would be lightly lower than those addressed in the different works of 
Toopchi-Nezhad et al., a stable behaviour was probably achieved thanks to two main features. First, the 
influence of the different geometry since in a circular bearing the effective area under a given lateral 
displacement is expected to be larger than in a square one having the same total area. Second, according 
to Russo and Pauletta [58], the influence of an axial load sufficiently lower than buckling one can provide 
a beneficial effect on the stability of FREI . In [58], the authors demonstrated that for a square isolator with 
an aspect ratio of 4.6, stable rollover is only achieved for an axial stress larger than 0.5 mPa, demonstrating 
the latter parameter playing an important role also on lateral effective stiffness. In general, a satisfactory 
behavior was obtained for both prototypes, demonstrating the feasibility of polyester as internal 
reinforcement compared to carbon fiber. Further investigations are ongoing to i) improve the 
manufacturing process in terms of the adhesion at the layers’ interface, and ii) study the overall stability 
of the isolators in the case of significant rollover deformation and higher axial load. 

6. Proposed analytical model

On the basis of the available formulations suggested by different authors in previous works, a more accurate 
analytical model is proposed here for the estimation of the horizontal stiffness of the U-FREIs. The method 
proposes an expression for the horizontal stiffness  with an effective shear modulus and contact 𝐾𝐻 = 𝐺𝑒𝑓𝑓𝐴𝑒𝑓𝑓/𝑡𝑟

area. The latter was evaluated taking into account the influence of the vertical behavior. This is a main difference 
to the work of Van Ngo et al. [31]. The model can be deemed suitable for stable isolators, i.e. with a safety factor 
against ultimate load larger than 2.  The method can be divided into four steps:

Step 1: In the first step, the effective shear modulus ( ) is obtained from the rubber characterization curve for 𝐺𝑒𝑓𝑓

the expected deformation levels. This curve is usually supplied by the manufacturing company.

Step 2: In the second step, the height of the compressed isolator , defined as , is estimated (ℎ) ℎ = 𝐻 ‒ 𝑢𝑃
analytically once a compression test on a prototype isolator has been performed. This is different from other 
formulations [24] where this value is obtained experimentally as shown in the following example. The authors 
derived an expression that considers the vertical displacement under the design load (  as the summation of the 𝑢𝑃)
displacement of the unconfined (  and confined rubber  ((15):𝑢𝑟) (𝑢𝑟𝑓)

                                                                                                                                                         (15)𝑢𝑃 = 𝑢𝑟 + 𝑢𝑟𝑓

The first part, , is calculated as the product of the initial height  and the deformation  at the stiffness change 𝑢𝑟 𝐻 𝜀
limit point ( . This deformation  is obtained from the compression test results carried out on the pure 𝑢𝑟 = 𝐻𝜀) 𝜀
rubber once the stiffness change limit point is known from the isolator under study. The second part,  is 𝑢𝑟𝑓,
calculated using the expression , where  is the maximum applied load  minus the load in the 𝑢𝑟𝑓 = ∆𝑃/𝐾𝑉 ∆𝑃 (𝑃)
stiffness change limit ( . The theoretical vertical stiffness  is obtained from Eq. 11. Further investigations 𝑃𝑠𝑐) 𝐾𝑉
will be devoted to studying the stiffness change point depending on the reinforcement type.
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Step 3: The effective area is calculated according to the strain level. For this purpose, the Russo et al. method was 
modified for a circular isolator. As a result, the isolator’s portion in contact with the support and subjected to pure 
shear (  will be equal to the total area (  minus the area of the detached semicircle  (Figure 22). The 𝐴𝑒𝑓𝑓) 𝐴) (𝐴𝑑)
detached area is calculated as , with  and the length 𝐴𝑑 = 𝑅2/2 ∗ (𝜃 ‒ 𝑠𝑖𝑛𝜃) 𝜃 = 2arcsin (𝑐/2𝑅) 𝑐 = √

. The detachment point (  and the detached portion length (  are calculated as  ((𝑅 ‒ 𝑠/2) ∗ 8𝑠) 𝑑0) 𝑠) 𝑑0 = 𝐻2 ‒ ℎ2

and , respectively.  is calculated as in Eq. 16 based on  and the displacement level ( :𝑠 = 𝑑 ‒ 𝑑0 𝐴𝑒𝑓𝑓 𝑑0 𝑑)

                                                                                                         (16){    𝐴𝑒𝑓𝑓 = 𝐴                            𝑓𝑜𝑟 𝑑 ≤  𝑑0, 
𝐴𝑒𝑓𝑓 = 𝐴 ‒ 𝐴𝑑                  𝑓𝑜𝑟  𝑑 >  𝑑0

 
Figure 22. Effective area for circular isolators (𝐀𝐞𝐟𝐟).

Step 4: In the final step,  is calculated at different levels with the obtained values of  and . Two 𝐾𝐻 𝐺𝑒𝑓𝑓 𝐴𝑒𝑓𝑓
important aspects of this method should be highlighted. First, according to Figure 1d, it is possible to assume that 
all the lateral surface will be in contact with the top support when . This means that the total 𝑠 = 𝑠𝑚𝑎𝑥 = 𝜋𝐻/2
rollover displacement is . The method could be applied until that point with good accuracy, i.e. 𝑑𝑚𝑎𝑥 = 𝑑𝑜 + 𝑠𝑚𝑎𝑥
until the rollover is completed. Based on the proposed equations, it can be stated that isolators experiencing higher 
vertical displacement under the design load  are expected to be stiffer in the horizontal direction, because the 𝑃
detachment process will take longer to start, thus ensuring a full contact area. 

This process has been applied to the prototypes under study, as shown in the following:

Step 1: The values of  were obtained from a shear test carried out on the pure rubber in a previous experiment 𝐺𝑒𝑓𝑓
conducted by the authors [56] (Figure 23). 

Figure 23. Shear modulus of the rubber [56].

Step 2: The deformation  at the stress level applied to the prototypes at the stiffness change limit point was 𝜀
obtained from Figure 24. According to the compression cyclic test results, in the case of the polyester prototypes, 
the load in the stiffness change limit (  was 0.7kN (3.6% of the maximum load) for stress equal to 0.16MPa; 𝑃𝑠𝑐)
in the carbon prototypes,  was 1.1kN (5.7% of the maximum load), with stress of 0.25MPa (Figure 13). The 𝑃𝑠𝑐
corresponding deformation values were 3.5% and 5.5%, respectively (Figure 24). The resulting  are presented  𝑢𝑟
in Table 10. According to this comment, it comes out that the carbon fiber reinforcement is tensioned later than  
polyester one  due to a different interaction with the rubber, and the corresponding  is slightly higher. 𝑢𝑟
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Figure 24. Stress vs deformation curves of the pure rubber under compression.

The second part,  was calculated using the load increment  and the theoretical  presented in Table 6. 𝑢𝑟𝑓, ∆𝑃 𝐾𝑉𝑑
The theoretical and experimental results are presented in Table 10 based on the analytical model. A maximum 
difference, , of 7.7 % in the worst case was deemed satisfactory for the prediction of the ∆ = (𝑢𝑒𝑥 ‒ 𝑢𝑃)/𝑢𝑒𝑥
vertical settlement under the design vertical load. Despite a higher value of , it transpired that the ratio /  𝐾𝑉𝑑 𝑢𝑟 𝑢𝑟𝑓
was more significant in the C-FREIs, while the maximum vertical displacement at the design load of both 
prototypes was similar for that reason. The theoretical height of the compressed isolator, , was calculated for ℎ𝑡ℎ
a given . It should be noted that this value is about 30% higher for the P-FREIs than the C-FREIs, thus 𝑢𝑡ℎ
determining a greater slenderness of the former even if the same shape factor is maintained.

Table 10. Theoretical and experimental vertical displacement comparison.
1st Part 2nd Part

Prototype Specimen
H 

[mm]
ε  

[%]
ur 

[mm] P [kN]
Psc 

[kN]
ΔP 

[kN]
KVd 

[kN/mm]
urf 

[mm]
uP          

[mm]
uex 

[mm]
D 

[%] ur/urf

hth           
[mm]

T1a 45.0 1.6 2.5 2.6 3.8 1.8 42.5T1
T1b 43.6

3.5
1.5

19.0 0.7 18.3 20.0 0.9
2.4 2.6 7.7 1.7 41.2

T2a 32.8 1.8 2.2 2.3 4.3 4.5 30.6T2
T2b 32.3

5.5
1.8

19.0 1.1 17.9 40.0 0.4
2.2 2.3 4.3 4.5 30.1

Step 3: The average of the theoretical detachment points, , was 14.5mm (48%) and 11.8mm (39%) for T1 and 𝑑0
T2, respectively. The total rollover displacement values  were 83mm and 63mm for T1 and T2, 𝑑𝑚𝑎𝑥
corresponding to 276% and 210%, respectively. The  for each displacement level was calculated based on 𝐴𝑒𝑓𝑓
these results and is presented in Figure 25, which includes the results obtained with the formulations proposed by 
Toopchi-Nezhad et al. [38], Russo et al. [24] and Van Ngo et al. [31].

a) b)

Figure 25. Theoretical effective area from different authors: a) T1, and b) T2.

Step 4:  was calculated taking into account the results of the previous steps. From a comparison of the 𝐾𝐻  
theoretical  with the experimental version (Figure 26, Table 11), very good agreement was observed up to 𝐾𝐻
250% (T1) and 150% (T2) of strain, which was close to levels where the rollover was completed according to the 
theoretical provisions (276% for T1 and 210% for T2). There was a percentage of difference lower than 20% in 
both cases. This result seems to be consistent with the behavior in the experiment, where the rollover starts 
immediately below 50% in both cases and reaches full contact between 200 and 250%.  

Different to the prediction of the suggested method, T2 was also lightly stiffer than T1 in the horizontal direction. 
As the difference was less than 10%, it can be claimed that this possibly occurred due to the greater influence of 
the bending deformation in the horizontal response of the P-FREIs compared to the C-FREIs, with the former 
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being taller due to thicker fiber sheets. Future developments will include this parameter in the proposed 
methodology to better predict the horizontal behavior of U-FREIs with a slender geometry. In the case of 
higher values of the secondary shape factor, the method provides better results, as shown in the following 
for different experimental findings.

a) b)

c) d)

Figure 26. Theoretical and experimental comparison of the horizontal stiffness: a) T1, b) T2, c) percentage of difference T1, 
and d) percentage of difference T2.

Table 11. Theoretical and experimental horizontal stiffness comparison and the damping ratio for 𝛄𝐬
.= 𝟐𝟓%, 𝟓𝟎%,𝟏𝟎𝟎%, 𝟏𝟓𝟎%  𝐚𝐧𝐝  𝟐𝟎𝟎%

γs=25% γs=50% γs=100%

Prototype Specimen
KHth

[N/mm]
KHex 

[N/mm]
%Diff β            

[%]
KHth

[N/mm]
KHex 

[N/mm]
%Diff β            

[%]
KHth

[N/mm]
KHex 

[N/mm]
%Diff β            

[%]

a 161.9 151.7 6.8 21.0 117.8 104.0 13.3 17.0 76.7 70.3 9.1 12.91
b 161.9 158.5 2.2 20.3 117.8 107.5 9.6 15.4 76.0 72.0 5.7 11.6

a 161.9 167.1 3.1 20.9 116.7 113.5 2.8 16.1 73.4 82.4 10.9 12.42
b 161.9 151.3 7.1 24.8 116.6 108.1 7.8 18.2 73.3 73.9 0.8 13.4

γs=150% γs=200%

Prototype Specimen
KHth

[N/mm]
KHex 

[N/mm]
%Diff β            

[%]
KHth

[N/mm]
KHex 

[N/mm]
%Diff β            

[%]

a 54.4 49.9 8.9 13.4 32.7 34.1 4.2 17.01
b 53.7 51.8 3.6 12.7 32.0 33.9 5.7 17.1

a 50.6 63.6 20.5 13.3 29.0 55.9 48.1 14.52
b 50.4 57.9 12.9 13.4 28.9 59.9 51.8 13.0

The comparison of the experimental and analytical results with respect to horizontal stiffness is shown in Figure 
27, and includes the formulations displayed in Table 1. For the sake of brevity, the results for only one specimen 
of T1 and T2 will be detailed. With this aim, the suggested expressions were adapted to a circular isolator, while 
the initial shear modulus (G) used was the corresponding value at 20% of strain. The exception was the Russo et 
al. method, where the value at 100% of strain was adopted. The experimental area in Toopchi-Nezhad’s 
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formulation provides the maximum difference (50% for polyester and 40% for carbon, up to 200% strain) with 
respect to the experimental results. This is probably because it does not contemplates the variation of the shear 
modulus ( ) and, from the beginning, considers a portion detached from the contact surface despite the fact that 𝐺
rollover starts at between 40% and 50% of strain. With the Gerhaher model, the same values are obtained for both 
types of isolators, since it does not take into account the influence of the reinforcement properties and the area 
variation (A). In the Van Ngo model, the second method presents a better approximation to the experimental 
results for C-FREIs, due to the considered variation of both G and A according to the strain levels. Like Gerhaher, 
the same values are also obtained for the two prototypes in this case. The best match was obtained by the proposed 
method and that of Russo et al., with the latter assuming a constant value of G. It is also worth mentioning that 
Russo et al. evaluated vertical deformation experimentally, whereas the current method provides an analytical 
tool for the assessment of this parameter.   

The proposed methodology was also applied to predict the horizontal stiffness of two different U-FREIs tested in 
a previous experiment conducted by the authors [56]: i) type A with a bidirectional nylon fiber (thickness 1mm); 
and ii) type B with two unidirectional carbon fiber meshes (thickness 0.1mm). Both types of isolator had an 
internal diameter of 130mm, 12 layers of rubber ( mm, mm) and 11 layers of fiber, with a 𝑡𝑟 = 2.5 𝐻𝑟 = 30
secondary shape factor of 4.3. The values plotted in Figure 28a and Figure 28b correspond to the results of the 
shear tests carried out on the specimens under a constant vertical load of 100kN, with a vertical settlement of 
11mm and 7mm, respectively. As a result, very good agreement between the theoretical and experimental values 
was obtained, with a maximum difference of 8% and 10% for nylon and carbon, respectively, in the deformation 
level range between 0% and 300%. It can be stated that, during the test, rollover was not completed at 300% in 
both cases, whereas it started between 50 and 100%, as predicted by the method.  Regarding the influence of the 
reinforcement, nylon FREIs, which were more flexible in the vertical direction, were also stiffer in the horizontal 
one, as predicted theoretically. This outcome confirms the adequacy of the procedure in cases where the second 
shape factor is higher.

a) b)

c)

 

d)

Figure 27. Theoretical approach from different authors and comparison of the horizontal stiffness experimentally: a) T1; b) 
T2; c) percentage of difference T1; and d) percentage of difference T2.

a) b) 
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Figure 28. Theoretical approach of the authors and experimental comparison of the horizontal stiffness [52]: a) TA, and b) 
TB.

6.  Conclusions

This paper presents a thorough investigation of novel U-FREIs reinforced with polyester fiber, which, 
based on the satisfactory behavior shown during experiments, could be a viable alternative to carbon-
reinforced isolators. The same prototypes of P-FREIs and C-FREIs will later be adopted in a shaking-table 
test investigation to achieve a deeper understanding of their mechanical behavior. The results highlight an 
interesting comparison between the vertical and horizontal properties of P-FREIs and C-FREIs, with both 
satisfying required design values. Nevertheless, taking into account the fact that the price of polyester fiber is 
much less than carbon fiber, this seems to be a very promising option, with greater potential to be implemented 
as a low-cost seismic isolation system in developing countries.

A cyclic compression test is recommended to evaluate the vertical stiffness of FREIs, with a variation of 
the applied vertical load representing the case of an earthquake and thus simulating real conditions faced 
by the isolators during their service life. The satisfactory behavior of FREIs was obtained with both types 
of fiber in the horizontal direction. This was due to lower stress at the interface between the different layers, 
achieving strain levels up to 250% (which is significantly higher than the design level of  100%) without 
failing, and approximately 15% of equivalent damping at deformation levels higher than 100%. 

On the basis of experimental results, an analytical formulation was developed to estimate the horizontal 
stiffness of U-FREIs, also taking into account the vertical flexibility. The analytical model proposed by the 
authors allows horizontal stiffness values close to the experimental ones to be obtained, with a difference of less 
than 20% in the range of the design deformation (up to 250% for P-FREIs and 150% for C-FREIs). The 
formulation was compared extensively with other authors’ suggestions and its accuracy was also validated by 
means of additional experiments that referred to high shape factor FREIs, providing excellent results. This 
methodology could therefore be used to predict the horizontal behavior of FREIs with different flexible 
reinforcement, taking into account both the effective shear modulus and contact area considering the influence of 
fibers on the vertical behavior. 

Further investigations will be devoted to improving the manufacturing process and conducting stability 
analyses under large rollover deformation, as well as to modeling the influence of critical axial load and 
the additional flexibility of slender and low-shape factor geometries.
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