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Abstract

Numerical modeling represents a pivotal tool in the seismic analysis and design
of structural systems, enabling the detailed prediction and examination of struc-
tural responses under seismic loading. This research conducts a comparative
analysis of two numerical modeling approaches aimed at simulating the seis-
mic response of unbonded fiber-reinforced elastomeric isolators (UFREIs). The
research focuses on a finite element (FE) model developed using Abaqus and
a developed phenomenological model implemented in OpenSees, outlining the
development and calibration processes for each. The FE model is developed
based on simple rubber material testing data, while the phenomenological model
is calibrated using experimental results from cyclic shear tests conducted on the
UFREI device and the FE model. The primary objective of this study is to assess
the effectiveness of these modeling approaches in predicting UFREI behavior
under seismic conditions. This evaluation entails comparing model predictions
with experimental data obtained from unidirectional shake table tests performed
on arigid block isolated by two UFREIs. This paper highlights the distinct advan-
tages and limitations of each model in simulating UFREI dynamic responses
during seismic events. Furthermore, it provides insights into the modeling tech-
niques and discusses the computational demands and data requirements of each
model, thereby aiding in their application to various aspects of seismic analysis
and design.
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1 | INTRODUCTION

Fiber-reinforced elastomeric isolators (FREIs) represent an innovative class of seismic isolators, distinct from traditional
steel-reinforced elastomeric isolators (SREIs)."> FREIs are characterized by their use of thin fiber layers rather than
steel laminas for reinforcement. This shift not only significantly reduces the weight of the isolators but also facilitates
production via cold vulcanization, a process that further decreases manufacturing costs. Cost efficiencies make seismic iso-
lation systems more accessible, particularly in economically constrained settings, thereby expanding their use in regions
and applications where they were previously unaffordable."* The reinforcement in FREIs can involve various types of
fibers, such as glas,s,4 Kevlar,” and carbon,® each contributing distinct properties to the isolators. FREIs can be imple-
mented in several configurations depending on the needs of the structure and the specific seismic requirements: bonded
(BFREI),” unbonded (UFREI),” and partially bonded (PBFREI).®'” The unbonded variant is particularly noteworthy; it
operates without any bonding or mechanical fastening to the structure, relying on the friction between the isolator and the
structural surfaces to transfer shear loads. This friction-based interaction, characterized by the so-called rollover lateral
deformation, not only enhances damping capabilities but also decreases horizontal stiffness, which improves the overall
seismic response of the structure compared to similar bonded designs.!' These unique properties have attracted signifi-
cant research interest, prompting investigations into their behavior and seismic performance. A considerable number of
numerical and experimental studies have been conducted on UFREIs. Although the mechanical behavior of these devices
iswell-documented through both numerical and experimental studies, their application in real-world structures continues
to be explored.'” Numerical models, which serve as a cost-effective alternative to the production and experimental testing
of these devices, are a valuable tool for the investigation of the seismic performance in structural applications. Nonethe-
less, the inherent non-linear behavior of these devices presents significant challenges in developing effective numerical
models."!

The force-displacement relationship of an UFREI is characterized by softening and stiffening regimes. The softening
region is characterized by a reduction in effective lateral stiffness due to rollover, resulting in a more efficient device
by shifting the fundamental period further away from the critical high-energy range of typical earthquake events. This
phenomenon (i.e., rollover) occurs when the end sections of the isolator lose contact with the upper and lower supports
as lateral displacements are applied, shown in Figure 1A. The process of rollover continues until the initial vertical faces
of the bearing rotate 90° and contact the supports, known as full rollover (Figure 1B). In the stiffening region, there is a
gradual increase in effective stiffness, which acts as a self-restraint mechanism to prevent excessive displacements during
extreme events.*

This study presents an in-depth comparison analysis of non-linear time history analyses performed using the finite
element (FE) software Abaqus" and a phenomenological model implemented in OpenSees.'® Specifically, experimental
unidirectional shake table tests of a rigid block isolated with two UFREIs are modeled and analyzed using these two
different numerical approaches, and the outcomes are evaluated against experimental results. The primary objective is to
assess the capability of these numerical models to predict experimental outcomes accurately and to delineate the strengths
and weaknesses of each approach, considering factors such as computational costs and the necessity for experimental tests
in developing the numerical models. The numerical results are compared with experimental data using a procedure that
allows for a detailed comparison, extending beyond, considering only the peak response. Additionally, given the tendency
of these devices for slip instability, this research examines the ability of numerical models to predict such behavior.

The document is structured into six sections. Section 2 offers an overview of the numerical models, with a particular
emphasis on 3D FE and phenomenological models. Section 3 describes the devices and the setup characteristics of the

FIGURE 1 Lateral displacement of an UFREI illustrating (A) rollover and (B) full rollover. UFREI, unbonded fiber reinforced
elastomeric isolator
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experimental cyclic and shake table tests. Section 4 details the numerical models used in the study and the non-linear
time history analyses performed. Section 5 includes a comprehensive discussion of the results obtained, focusing on the
comparison of the considered numerical models and the experimental results. Finally, Section 6 presents the conclusions
drawn from the study.

2 | BACKGROUND
2.1 | FE analysis

The utilization of FE models has proven to be a valuable tool for the design, characterization, and assessment of the seismic
performance of FREIs. FE analysis offers significant advantages by reducing the need for costly experimental campaigns
and allowing the exploration of a broader range of geometries and topologies. This method has been widely adopted for
FREI preliminary investigations,'"'”!® optimal design,'**° and fine-tuning of the lateral behavior.?!-**

A commonly used approach for modeling FREIs involves employing a linear-elastic isotropic material model for
the fiber reinforcement and a compressible hyperelastic constitutive model for the rubber material, such as the Neo-
Hookean,'"'” Ogden,'® and Yeoh?*** models. These hyperelastic models are advantageous as they can be derived from the
shear and bulk moduli of the elastomer. Numerous studies have validated this approach through both experimental'’-'-?!
and analytical®® results, highlighting its reliability for bonded and unbonded applications. Due to the limitations of hyper-
elastic models in capturing the energy absorption and the non-linear hysteretic behavior of FREISs, viscoelasticity has also
been incorporated into the modeling. Das et al.'® presented 3D FE models (FEM) for analyzing square FREIs under cyclic
horizontal displacement and constant vertical load. The Ogden model was used to describe the hyperelastic behavior of
the rubber, while the viscoelastic behavior was modeled using Prony’s viscoelastic shear response parameters.”>?° This
model was validated with experimental UFREISs cyclic shear tests, confirming a strong correspondence with the observed
mechanical properties and deformations. Dezfuli et al.>° conducted a detailed parametric study on the different factors,
such as the number and the thickness of rubber layers, as well as the thickness of carbon fiber reinforcing sheets, influ-
encing the performance of rectangular carbon FREIs. The Mooney-Rivlin and Prony models were used for estimating the
hyperelastic and viscoelastic behavior, respectively. The experimental tests on manufactured carbon FREIs were used for
the calibration of the FE model. Subsequently, full-scale carbon FREIs were modeled and analyzed numerically. Ruano
and Strauss'’ introduced advancements with a numerical model for unbonded carbon FREIs. The rubber pads in the
models incorporated a phenomenological rheological model that blended hyperelastic and non-linear viscoelastic formu-
lations. In particular, the rubber pads were modeled with Yeoh and the Bergstrom-Boyce non-linear viscoelastic models,
calibrated using experimental rubber material tests, including uniaxial tensile, planar, and relaxation tests. The UFREI
numerical model was validated with the experimental cyclic shear tests. Once validated, the study explored the effects of
various parameters such as shape factor, aspect ratio, vertical pressure, and fiber orientation on stress distribution and
mechanical properties.

The extensive adoption of FE models attests to their robustness and adaptability, significantly advancing the compre-
hension and innovation of UFREIs. While most studies based their FE models on experimental tests on bearings,''*->?
only one study predicted bearing performance using tests on elastomer materials.'” This approach, discussed in this paper,
can offer valuable insights during the preliminary design phase, allowing for a characterization of the devices without the
need for prototype production and testing. This underscores another remarkable benefit of FE modeling. However, despite
these advantages, the widespread integration of these models into numerical structural analyses can present practical chal-
lenges, primarily due to the substantial computational resources required for multiple FE UFREIs.?*** Consequently, a
judicious approach is essential, balancing both the technical merits and computational feasibility.

2.2 | Phenomenological models

Several phenomenological models have been proposed to simulate the non-linear behavior of UFREIs subjected to
dynamic loads. These models possess unique characteristics regarding their precision, computational efficiency, and the
number and mechanical significance of the parameters utilized. Based on the type of equation used to calculate the restor-
ing force, the hysteresis models of UFREISs can be classified as differential models that use differential equations to express
the rate of variation of the force and displacement, and algebraic models that use mathematical equations to directly relate
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FIGURE 2 High-damping unbonded glass FREI: (A) section and (B) structural application. FREI, fiber-reinforced elastomeric isolator.
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TABLE 1 Geometrical characteristics of the circular high-damping UFREIs.
Height  Base Rubber thickness  Fiber thickness  n° rubber layers  n° Fiber laminas  Total rubber thickness
(mm) (mm)  (mm) (mm) ) ) (mm)
67.0 200 4 0.5 15 14 60

Abbreviation: UFREI, unbonded fiber-reinforced elastomeric isolator.

the force and displacement. Simplified bilinear and trilinear models,”’~%’ are insufficient in capturing the more complex

behavior commonly observed in UFREIs at larger shear strains.*’ Toopchi-Nezhad et al.”’ and Pianese et al.>! utilized
the Hwang et al.> model, which proved effective in predicting the response of SREIs under significant shear strains, to
simulate the hysteretic behavior of UFREIs. This approach was supplemented by an iterative process for adjusting its
parameters during non-linear time history analyses.

Nagarajaiah et al.>* employed the widely adopted differential Bouc-Wen model*** to simulate the behavior of SREIs
under significant shear strains. Following this, Chen and Ahmadi,*® Love et al.,”” and Manzoori and Toopchi-Nezhad**
developed modified versions of the Bouc-Wen model, tailored to accurately depict the hysteretic properties of both SREIs
and UFREIs. Vaiana et al.*" presented a novel algebraic model designed to replicate the rate-independent hysteretic behav-
ior observed in mechanical systems and materials by resolving an algebraic equation.?**>*° Their model exhibited good
accuracy in predicting the performance of UFREIs, particularly at low and intermediate displacements, and demanded less
computational effort due to the absence of an ordinary differential equation (ODE) and a reduced number of parameters
for fitting compared to traditional differential models such as Bouc-Wen models.

These models have demonstrated the ability to accurately predict hysteretic behavior at low and intermediate displace-
ment levels (typically up to a shear strain of 150%).>%-**#! To address the limitation of not fully aligning with experimental
data at larger displacement levels beyond full rollover, an impact model (IM) was incorporated into the existing phe-
nomenological models' (i.e., Bouc-Wen model with a fifth-order polynomial®® and algebraic model*"). The IM addressed
this by accounting for energy dissipation during the contact between the elastomeric element and the supports, specifically
during full rollover. The resultant hybrid model illustrated that integrating the impact model enhanced the effectiveness
of current numerical models in capturing UFREI behavior at larger displacement amplitudes, particularly beyond full
rollover."® Further validation results for the hybrid model, which involves incorporating the IM into the Bouc-Wen model
with a fifth-order polynomial, and the algebraic model, encompassing both the cyclic test and the shake table test, can be
referenced in Sheikh et al.®

3 | DEVICE PROPERTIES AND SHAKE TABLE TESTS
3.1 | Device geometric and mechanical properties

The isolators examined in this research were designed for the seismic isolation of low-rise masonry buildings.*? These
are UFREIs composed of alternating layers of high-damping rubber and glass fiber fabric. The primary geometrical
characteristics of these devices are detailed in Figure 2 and Table 1. Prior to conducting shake table experiments, the
isolators underwent cyclic shear testing at the Structural Engineering Laboratory of the University of Windsor, under a
vertical pressure of 1.73 MPa and up to 200% shear strain. The outcomes of these tests, in terms of lateral stiffness (X)),
equivalent viscous damping (£), and the area enclosed within the hysteresis loops (W), are compiled in Table 2. Note that
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TABLE 2 Cyclic shear test results.

Cycle (u/t,) K; (KN/mm) & (%) W, (kN mm)
0.25 0.52 10.7 79.1

0.50 0.41 9.97 232

0.75 0.34 9.85 431

1.00 0.29 9.84 661

1.50 0.24 10.8 1333

2.00 0.23 11.6 2422

Sh_zﬂ;e table f

(A) (B)

FIGURE 3 Shake table test setup: (A) experimental setup, (B) north-south view and (C) UFREI devices under the concrete blocks.
UFREI, unbonded fiber-reinforced elastomeric isolator.

the devices underwent numerous compression and cyclic shear tests prior to this final characterization. Consequently, the
final results slightly differ from those of an untested UFREI due to scragging and accumulated deterioration. These pre-
liminary tests were vital for gaining an initial understanding of the behavior of the device and the expected performance
in the shake table test. Additional information on the test program can be found in Pianese et al.** Furthermore, these
tests played a key role in evaluating the accuracy of the 3D FEM in representing the mechanical properties of the isolators
and in calibrating the analytical phenomenological model.

3.2 | Shake table tests

The experimental shake table tests were conducted at the Applied Dynamics Laboratory at McMaster University. The
tests utilized a rigid block made from two concrete slabs, measuring 2.80 m x 2.00 m x 0.40 m and weighing around
110 kN (Figure 3). In this configuration a vertical pressure of 1.73 MPa was applied on each of the two high-damping
UFREIs. The UFREIs were placed along the centerline of the block, spaced 1.30 m apart in the North-South direction (test
direction). Given the unidirectional nature of the shake table tests, the out-of-plane motion of the rigid block was restricted
using two reaction frames. The block was exposed to four distinct seismic ground motions selected from the earthquake
database of Iran, encompassing the 1978 Tabas earthquake (peak ground acceleration (PGA) of 0.85 g at station TBS-A),
the 1990 Manjil earthquake (PGA of 0.51 g at station ABB-A), the 2003 Bam earthquake (PGA of 0.81 g at station MAM),
and the 2017 Sarpol earthquake (PGA of 0.52 g at station SPZ). Each ground motion was time-compressed by a factor of
2. This choice was made because the horizontal displacement of the actuator was limited to + 130 mm and due to the
table weight limitations, which resulted in relatively low axial loads and consequently a shorter period. To address these
constraints, the authors devised a strategy involving time scaling of the original ground motions. This approach allowed
for the investigation of the seismic behavior of the UFREIs under conditions of lower horizontal table displacement but
higher accelerations. Furthermore, the acceleration was incrementally scaled from 0.10 g PGA up to the original PGA
in 0.10 g increments. This incremental analysis allowed for a detailed evaluation of the response of UFREIs to different
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FIGURE 4 Comparison of the FEM and test data for the rubber compound: (A) uniaxial tensile test, (B) relaxation test, and (C) cyclic
shear test. FEM, finite element model.

acceleration levels and ensured the safety of the test setup by identifying potential slips or damages. Further information
about the performed experimental tests can be found in Pianese et al.** In this study, not all test scenarios were conducted
numerically. Specifically, tests were selected at 0.20 g increments, starting at 0.10 g, until slip occurred. Additionally, for
the numerical tests, records of shake table accelerations were utilized as input to ensure uniform external input across
models, thereby enabling the results to be comparable to those obtained experimentally. Consequently, the actual PGAs
listed in the following comparison tables slightly deviate from the expected precise increments of 0.2 g.

4 | NUMERICAL MODELS
41 | 3D FEM
4.11 | Calibration

The development of the 3D FE model was based on material tests performed on the rubber. Specifically, uniaxial tensile
tests and relaxation tensile tests were utilized to derive the parameters for Yeoh and Maxwell’s hyperelastic and viscoelastic
models, respectively (Figure 4A,B). The quadruple shear test was considered for validation (Figure 4C). Details of this
process are extensively documented in a previous work.*! This approach is similar to the one proposed by Ruano and
Strauss.'” However, this study extends the investigation by exploring the seismic isolation prediction capability of the FE
model, introducing a novel aspect to the research. Furthermore, the results from the FE model, derived from experimental
tests on virgin rubber compounds, are compared with those from devices that have undergone prior compressive and cyclic
shear testing, investigating the ability of the FE model to accurately reflect the actual conditions of the devices and evaluate
any potential discrepancies.

To assess the accuracy of the proposed model, preliminary cyclic shear tests were replicated using the FE software
Abaqus (Figure 5). The isolator was modeled using eight-node brick elements (C3D8RH) supported by two rigid supports.
The bottom support was fixed, while the top was allowed free vertical and horizontal movement. No adhesive bond was
defined between the supports and the rubber pad. Therefore, a penalty surface-interaction model (red area in Figure 5)
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FIGURE 5 Exploded view of the 3D FEM of the UFREI for the numerical cyclic shear tests. FEM, finite element model; UFREI,
unbounded fiber-reinforced elastomeric isolator.
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FIGURE 6 3D FEM in Abaqus for the shake table setup: (A) mesh, (B) XYZ, (C) XY and (D) YZ views. FEM, finite element model.

was implemented to simulate contact, with a friction coefficient (u) set to 1.** The layers of glass fiber fabric within the
rubber were modeled as embedded regions,"” utilizing a 4-node doubly curved general-purpose shell, finite membrane
strains. The fiber material was modeled with isotropic-elastic characteristics, having a Young’s modulus (E) of 1500 MPa
and a Poisson’s ratio (v) of 0.2.* The device was subjected to two full cycles of sinusoidal motion at a frequency of 0.5 Hz,
experiencing strains ranging from 25% to 200%, under a vertical load of 1.73 MPa.

4.1.2 | Time history analysis

For the time history analyses, the setup of the experimental shake table tests was created in Abaqus, as shown in Figure 6.
The isolators were modeled using the same methodology as applied in the cyclic shear tests. The shake table itself, situated
at the base of the two UFREIs and depicted in dark blue in Figure 6, was modeled as a rigid body using 4-node 3D bilinear
rigid quadrilateral mesh elements. The concrete blocks (shown in grey in Figure 6B-D) positioned above the two UFREIs
were represented as a single element with a Young’s modulus of 22,000 MPa, a Poisson’s ratio of 0.2, and a density of
2.50 x 10~ tonne/mm?. This configuration ensured a vertical pressure of 1.73 MPa on the isolators. Given that the tests
were unidirectional, the concrete block was constrained in the Y direction, while constraints on the shake table were
applied in both the Y and Z directions. Acceleration time history inputs were applied to the reference point (RP) of the
shake table along the X-axis. Similar to the approach in the cyclic shear tests, the interaction between the isolators and
both the rigid block and the shake table was modeled using a penalty surface contact with a friction coefficient of 1. This
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FIGURE 7 Comparison of the normalized experimental and numerical model hysteretic loops.

TABLE 3 MAE percentage of the model to reference ratio for all amplitudes.

MAE (%)
Model K; 153 W
MBWM 4.73 16.9 16.5
AM 3.39 14.2 16.5
AM+IM (Exp.) 3.07 13.3 13.7
AM+IM (FEM) 2.94 8.74 8.94

Abbreviations: AM, algebraic model; FEM, finite element model; IM, impact model; MAE, mean absolute error; MBWM, modified Bouc-Wen model.

value is commonly recommended**; however, it was found to be insufficient to prevent slip as will be discussed later in
the paper.

4.2 | Phenomenological model
421 | Parameter fitting

The Bouc-Wen model, modified by including a fifth-order polynomial (MBWM),**” the algebraic model (AM) proposed
by Vaiana et al.,*° and the impact model,"® which has been incorporated to the AM (AM+IM), have been employed to
validate and select a candidate model for use in time-history analysis.

The AM relies on a set of five parameters (k,, kp, o, 57, and 3,) and defines a force-displacement hysteresis loop using
four types of curves, and each parameter in the model influences the size and shape of the hysteresis loops in a specific
way. Compared to other phenomenological models like the MBWM, the AM offers several advantages. The efficacy of
the AM, along with its simplified implementation and reduced parameterization (i.e., only 5 parameters compared to
12 in the MBWM), make it a promising model for analyzing UFREIs. The IM, which includes a gap element, augments
the predicted isolator force with the contact force when the displacement exceeds the initial contact threshold. The IM
parameters (§, n, and 1) are added to the existing model parameters. All the model parameters need to be calibrated using
experimental data; £is the damping constant, A is a coefficient of the total thickness of elastomeric layers, ¢, and represents
the displacement at the initial contact, and n captures the non-linear behavior. The inclusion of the IM is limited to the
ultimate displacement of UFREIs, which is the point at which delamination/failure occurs or when the bearing loses
lateral stability.

The model parameters utilized for simulating the hysteresis loops were derived through the calibration of numerical
models to all cycle amplitudes simultaneously using the particle swarm optimization algorithm (PSO). The experimen-
tal test used for calibration was conducted immediately prior to the shake table investigation. This calibration process
included minimizing the squared differences between the calculated and measured force during experimental testing.
Figure 7 shows the comparison of the MBWM, AM, and AM+IM and the experimental hysteresis loops. The mean abso-
lute error (MAE) of the model-to-experimental ratio for all amplitudes for K;, £ and W; for each model is presented in
Table 3. The integration of the IM with the AM was conceptualized to capture hysteresis loops at larger displacements
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TABLE 4 The model parameters used to simulate hysteresis loops with AM+IM.

Model k, k; o B B g n s
AM+IM (Exp.) 8.86 X 10° 3.09 x 10° 68.28 —2.55x 107 1.21 x 10° 1.70 x 10° 1.17 1.00
AM+IM (FEM) 6.85 X 10° 2.33 X 10° 16.09 —1.79 x 107 1.26 x 10° 6.83 x 10° 1.18 1.35

Abbreviations: AM, algebraic model; FEM, finite element model; IM, impact model.

beyond full rollover. Previous studies'*'* have indicated that the AM+IM demonstrates a significant reduction in predic-
tion error compared to existing numerical models for UFREIs. However, due to the limited displacement capacity of the
cyclic shear test setup, constrained to 2.0 ¢,, the effectiveness of the IM in this context is not fully demonstrated. Regard-
less, the comparative analyses in Table 3 reveal that AM+IM outperforms the other models and has consequently been
chosen for utilization in time history analysis.

The 3D FEM relies on fundamental rubber material testing data, while the AM+IM is calibrated using experimental
cyclic shear tests. These models require varying computational demands. The FEM, while invaluable for designing and
exploring geometric parameter effects on the lateral behavior of UFREISs, needs substantial computational costs in time
history analyses, often taking several days to complete (depending on computer specifications). In contrast, simulations
conducted using the AM+IM in OpenSees can be completed within minutes. However, it necessitates calibration through
experimental cyclic shear tests for parameter identification. Therefore, considering that the FEM can be developed using
straightforward rubber material tests, which are widely available in laboratories, an innovative approach is integrating
these two models to leverage their respective strengths. The cyclic shear tests can be conducted by the FEM in Abaqus
using rubber material test data, and subsequently, the AM+IM can be calibrated to the cyclic shear analysis data from the
FEM. Table 4 shows the model parameters derived for simulating the hysteresis loops of the AM+IM fitted to experimental
data (AM+IM (Exp.)) and the AM+IM fitted to FEM (AM+IM (FEM)). The MAE of the AM+IM (FEM) to the FEM
outputs is also shown in Table 3.

4.2.2 | Time history analysis

The time history analysis was performed using OpenSees 3.4.0'° in two dimensions. The OpenSees model was designed to
match the characteristics of the experimental shake table test. The phenomenological model parameters obtained from the
cyclic test (Table 4) were used in the time history analysis to represent the behavior of the considered UFREIs. The mass of
the concrete block was evenly distributed between the two isolation devices. The experimental tests were conducted under
a constant vertical load and the out-of-plane motion of the rigid block was restricted. Therefore, the rotational degrees of
freedom at the isolators were held fixed, and these effects were not considered in the model. Consequently, the 2D model
included an isolator element with a 3 X 3 stiffness matrix, featuring infinite axial and rotational stiffness but finite shear
stiffness. The AM+IM was locally implemented as a uniaxial material object in OpenSees for analysis convenience.

5 | MODEL COMPARISON AND DISCUSSION
5.1 | Cyclicshear test

The three modeling approaches have been evaluated against the cyclic shear tests. The experimental data and the numer-
ical models output for FEM, AM+IM (Exp.), and AM+IM (FEM) are presented in Figure 8. The model-to-experimental
ratios for K;, £, and W; for the three approaches are shown in Table 5. The model-to-experimental ratio is a measure of
the accuracy of the fitted model. The table reveals that the error in predicting the lateral effective stiffness by the AM+IM
(Exp.) is minimal, approximately 3.10%, indicating the efficacy of the AM+IM in estimating the lateral stiffness. The MAE
for £ and W, considering all the displacement amplitudes, is 13.3% and 13.7%, respectively. However, the maximum error
occurs at the lowest displacement level (0.25 t,), a range typically surpassed by lateral displacement demands in practical
isolation systems. In scenarios where the anticipated displacement demands are considerably lower, AM+IM fitting can
be tailored to accommodate lower amplitude cycles, thereby enhancing the overall fit across all cases.

The 3D FEM exhibits a stiffer response compared to the actual device performance, with the MAE for K;, £, and W,
across all displacement amplitudes, equal to 20.8%, 18.3%, and 36.1%. Validation of FREI FEMs typically have errors
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FIGURE 8 Comparison of the normalized hysteretic loops of experimental, 3D FEM, and AM+IM fitted to experimental and FEM data.
AM, algebraic model; FEM, finite element model; IM, impact model.

TABLE 5 The model-to-experimental ratio for K;, & and W,.

FEM AM-+IM (Exp.) AM-+IM (FEM)

Cycle (u/t,) Ky & W, Ky 53 Wi K St Wi

0.25 0.82 0.51 0.41 0.97 0.73 0.71 0.85 0.51 0.45
0.50 0.98 0.78 0.75 1.03 1.05 1.08 1.01 0.63 0.74
0.75 1.08 0.96 1.02 1.05 1.13 1.18 1.13 0.87 0.74
1.00 1.15 1.07 1.22 1.03 1.13 1.17 1.20 1.00 1.18
1.50 1.26 1.26 1.57 0.96 1.03 0.99 1.28 1.14 1.44
2.00 1.57 0.98 1.52 1.01 0.82 0.91 1.57 0.93 1.44
MAE (%) 20.8 18.3 36.1 3.07 13.3 13.7 22.3 20.1 35.7

Abbreviations: AM, algebraic model; FEM, finite element model; IM, impact model; MAE, mean absolute error.

between 5% and 10%.''72° This disparity is anticipated because the model is based on material tests performed on a virgin
rubber material. Therefore, the numerical model is a representation of an ideal untested UFREIs and doesn’t consider
the degradation of the rubber compound. As mentioned before, the experimental cyclic shear test used for calibration of
the phenomenological model was performed on the devices after an experimental campaign that involved several com-
pression and cyclic shear tests. So, this justifies the stiffer and less damped behavior of a virgin device compared to the
real tested one. It is imperative to acknowledge the potential to fine-tune the accuracy of the FEM through calibrating the
Yeoh and Maxwell parameters with UFREI experimental data.** However, for the scope of this research, the model was
utilized in its initial form. The primary objective was to evaluate the ability of the FEM, developed solely from material
tests, to predict the seismic performance of the device. This highlights the potential utility of the model in preliminary
design evaluations.

Since the AM+IM (FEM) is calibrated to match the FEM analysis data, it exhibits comparable errors to the FEM outputs
with respect to experimental data. The MAE for K;, &, and W, across all displacement amplitudes, is 22.3%, 20.1%, and
35.7% for AM+IM (FEM), respectively.

5.2 | Time history analyses
5.2.1 | Stable response

The numerical model outputs of the non-linear time history analyses were evaluated with experimental data, based on
the horizontal acceleration, displacement, and force time histories. For each earthquake record, the first three peak values
were selected for comparison. The numerical models to the experimental ratio for each peak were calculated. Additionally,
to assess the general trend over time, the running root mean square (RMS) of the displacement, force, and acceleration
using a 1 s window were used to compare the estimation error of the models to experimental data, as shown in Figure 9.
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FIGURE 9 Non-linear time history results for the Tabas test at 0.50 g: (A,B) comparison of the acceleration, (C,D) force, and (E,F)

displacement.

Although peak values are typically the primary focus, analyzing the running RMS provides insight into the overall model
fit across all signal amplitudes and their variation over time.'* As an example, Figure 9 shows the time history acceleration,
displacement, force, and the corresponding running RMS plots using a 1 s window for the Tabas 0.5 g ground motion

test. The quality of the fit of the running RMS plots is measured by the RMS error. This error is quantified as a scalar

value, representing the average magnitude of errors within a given set of predictions. The RMS error shares the same
physical units as the running RMS plots. However, for a more effective comparison, the RMS error for each time history is
normalized against the peak value of the experimental RMS signal, yielding the normalized RMS (NRMS). The numerical
and experimental results are presented in Tables 6-8, respectively, for the horizontal displacement, force, and acceleration.
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The MAE of the three peaks within each amplitude is also calculated and included in the tables to facilitate comparison.
Additionally, the last two rows of each table show the MAE of each column; MAE! represents the mean absolute error
percentage across all PGA amplitudes and ground motions, while MAE? represents the mean absolute error percentage
across all PGA amplitudes and ground motions excluding the lowest PGA amplitude in each ground motion set.

The considered models encountered challenges in accurately capturing the behavior of the devices at the lowest PGA
amplitude (approximately 0.10 g), that is indicative of low shear strain. This was expected for both models. The FEM
showed differences in stiffness and damping during cyclic shear tests at low displacements. In the case of the phenomeno-
logical models, previous studies have demonstrated that it is less accurate at lower amplitudes.'*!* Note that since the
values involved in the lowest amplitudes are very small, it results in relatively large percent errors, which inaccurately
represent the significance of the error in relation to the magnitude of the values being measured. Therefore, MAE? was
defined to address this issue.

The displacement MAE! value, as shown in Table 6, is 18.4% for the AM+IM (Exp.), 23.7% for the 3D FEM, and 31.2%
for the AM+IM (FEM). However, when excluding the lowest PGA amplitude, the MAE? values decrease to 10.6%, 19.3%,
and 20.9%, respectively. The force MAE! values, shown in Table 7, for the AM+IM (Exp.), 3D FEM, and AM+IM (FEM)
are 12.9%, 18.6%, and 16.7%, respectively, while the force MAE? values are 9.36%, 16.5%, and 14.8%. Similarly, the accelera-
tion MAE! values, shown in Table 8, are 16.9%, 25.2%, and 25.2%, and the acceleration MAE? values are 10.8%, 25.5%, and
24.3% for the AM+IM (Exp.), 3D FEM, and AM+IM (FEM), respectively. In the 3D FEM analysis, unlike the horizon-
tal forces and displacements, the acceleration MAE? does not show a reduction compared to MAE!. This indicates that
the FEM is less sensitive to accelerations. Anyway, considering MAE?, the three modeling approaches demonstrated an
acceptable ability to approximate the true behavior of the UFREIs during the shake table test. Specifically, the AM+IM
(Exp.) exhibited an average estimation error of about 10%, while the 3D FEM and AM+IM (FEM) displayed an average
estimation error of 20%. Overall, the FEM and the AM+IM (FEM) demonstrated consistently larger errors in comparison
to the AM+IM (Exp.). Moreover, the three approaches exhibited discrepancies between the first and third peaks, with
larger errors observed for the third peak in most of the PGA amplitudes. Notably, the first peaks showed smaller errors,
highlighting the good fitting capacity of the models for capturing the peak response of the UFREIs. Considering the MAE?
for the first peak, the AM+IM (Exp.) exhibited an average estimation error of about 7.6%, while the 3D FEM and AM+IM
(FEM) showed about 17% and 18%, respectively. Note that a previous study>® on a phenomenological model reported an
average error of around 11.1% for the first peak of displacement and force compared with experimental shake table results.
This value is higher than the average first peak error of displacement and force for the AM+IM (Exp.), which is 6.9%.
For the FEM, to the best knowledge of the authors, no studies have been conducted on elastomeric bearings that com-
pare experimental time-history results with FEMs. This gap in research makes it difficult to evaluate the observed 20%
error margin. Nevertheless, given the initially larger errors in the cyclic shear tests (owing in part to the test history of the
devices), these discrepancies in the seismic performance could be reduced to smaller values.

The MAE? values for NRMS of displacement, force, and acceleration average at 12% for the AM+IM (Exp.) and increase
to 18% and 23% for the 3D FEM and AM+IM (FEM). These results indicate an acceptable overall agreement between the
models and the experimental data, suggesting a consistent trend over time.

Note that in the phenomenological modeling approach (AM+IM) the accuracy of time history analysis results signif-
icantly relies on the precise calibration of model parameters utilized in the analysis. Since the experimental cyclic shear
test, utilized for AM+IM model fitting, constituted the final assessment of shear behavior on the UFREIs before the shake
table tests, it closely reflects the realistic behavior of the devices. Consequently, the AM+IM (Exp.), calibrated to this
experimental data, exhibited notably smaller errors compared to the 3D FEM and to the AM+IM (FEM). The discrepancy
observed in the errors between AM+IM (Exp.) and AM+IM (FEM) reflects the advantage of aligning model parameters
with experimental shear test data when available. Moreover, the level of error observed in AM+IM (FEM), calibrated to
the 3D FEM, remained consistent with the 3D FEM errors, emphasizing the feasibility of using this phenomenological
model as an alternative to the FEM in structural analysis to lower computational costs.

Figure 10 shows hysteresis loops depicting the experimental, FEM, and the AM+IM (Exp.) outputs at both minimum
(left) and maximum (right) PGA levels within a stable response domain (i.e., where no slip occurred). These plots further
elucidate the challenges faced by numerical models in accurately capturing device behavior under very low accelerations
and associated minimal horizontal displacements. Experimentally, the devices exhibited a more rigid response and greater
damping capacity than predicted by simulations. Particularly at small displacements, the AM+IM (Exp.) demonstrated
higher stiffness and damping compared to the FEM, suggesting a closer approximation to actual device behavior. However,
at higher PGA levels, the models provided reasonably accurate depictions of device behavior, with the AM+IM (Exp.)
consistently showing a better agreement. The comparison between the hysteresis loops obtained from AM+IM (FEM)
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FIGURE 11 Comparison of horizontal shear strain versus horizontal forces curves of the maximum PGAs using the AM+IM (FEM) and

FEM. AM, algebraic model; FEM, finite element model; IM, impact model; PGA, peak ground acceleration.

with FEM and experimental data at the maximum PGA level is also illustrated in Figure 11. When focusing solely on the
maximum PGA levels (i.e., Bam 0.40 g, Tabas 0.66 g, Manjil 0.51 g, Sarpol 0.54 g), the average error for displacement, force,
and acceleration peaks is 25.0%, 7.80%, and 19.0% for FEM, AM+IM (Exp.), and AM+IM (FEM), respectively. Notably, the
AM+IM (Exp.) exhibited the lowest error and the AM+IM (FEM) demonstrated a closer alignment with experimental
data compared to FEM. However, averaging across all amplitudes, both the AM+IM (FEM) and the FEM showed similar
error levels.

5.2.2 | Unstable response

The comparison of numerical and experimental results was also extended to the domain of an unstable response, where
slip occurred. Specifically, during the experimental shake table tests, the slip was observed in Tabas and Bam ground
motions with PGAs of 0.76 g and 0.57 g, respectively. This behavior is challenging to predict, even with sophisticated
models. The comparison for these two tests, as shown in Figure 12, reveals that the numerical models closely aligned with
the experimental data in terms of displacements, and horizontal force, with average peak errors of 13.0% for the AM+IM
(Exp.) and 16.0% for both FEM and the AM+IM (FEM). However, in terms of acceleration peak errors, this value rises to
21.0% for the AM+IM (Exp.), 32.0% for FEM, and 30.0% for the AM+IM (FEM), highlighting the models’ greater sensitivity
to slip occurrence when predicting accelerations.

Although the AM+IM (Exp.) aligns more closely with experimental results even in tests where slip occurred, it does
not account for slip instabilities. In contrast, the 3D FEM can predict such occurrences. In fact, by modeling the setup and
the interaction between the devices and the concrete blocks using a penalty surface contact and a friction coefficient that
closely represents actual conditions, similar behavior could be achieved. In this study, the friction coefficient was set equal
to 1 as is commonly recommended.** Nevertheless, the 3D FE model exhibited slip instability. In particular, due to the
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FIGURE 13 Comparison of FEM and experimental results in terms of vertical accelerations: (A) Tabas 0.55 g, (B) Bam 0.40 g, (C) Tabas
0.76 g, and (D) Bam 0.57 g. FEM, finite element model.

rocking motion of the concrete mass, a reduction of vertical pressure exerted on the devices occurred, allowing horizontal
forces to exceed friction leading to slip instability. This phenomenon was also observed experimentally, highlighting the
potential benefit of the FEM to capture the vertical performances and slip. Figure 13 presents a comparison of the vertical
accelerations obtained from the FEM analysis and experimental measurements. Figure 13A and Figure 13B show the tests
where no slip occurred, while Figure 13C and Figure 13D display tests where slip did occur. Although the discrepancies
are smaller in the tests without slip, the FEM demonstrated limited accuracy in predicting vertical accelerations across
all cases. Variations in setup modeling, friction coefficients, and device characteristics contributed to this discrepancy.
Nonetheless, it remains crucial to highlight the opportunity to refine this model to mirror actual behavior more closely.
Note, that the AM+IM model does not capture any vertical behavior. To include this, vertical experimental testing would
be required and an appropriate model would need to be selected. Furthermore, an additional element would need to be
included to capture sliding behavior.

6 | CONCLUSIONS

This study conducted an in-depth comparison analysis on two numerical models: A 3D FEM simulated in Abaqus and a
phenomenological model (AM+IM) simulated in OpenSees software. The FEM was developed based on rubber material
testing data, while the AM+IM parameters were calibrated through device cyclic shear tests. Despite the computational
costliness of FEM compared to AM+IM, the latter required cyclic shear tests for parameter identification. To leverage their
respective strengths, AM+IM was also calibrated to FEM shear test data. Consequently, three modeling approaches were
considered for comparison: FEM, AM+IM calibrated to experimental shear tests (AM+IM (Exp.)), and AM+IM calibrated
to FEM shear tests (AM+IM (FEM)). The study specifically examined the ability of the numerical models to accurately
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predict outcomes from experimental shake table tests involving a rigid block isolated with two UFREIs. Evaluation of

outputs from the numerical models involved comparing the first three peak values and the running RMS of horizontal

displacement, force, and acceleration time histories against experimental data. Furthermore, the study investigated the

ability of the models to predict slip instability, a common behavior in UFREISs, thus providing comprehensive insights into

their predictive accuracy. The following conclusions were derived:

* Both numerical models faced challenges in accurately capturing behavior at the lowest PGA amplitude (PGA < 0.15 g),
indicative of low shear strain, with discrepancies in stiffness and damping observed at low displacements in cyclic shear
tests.

* The AM+IM (Exp.) achieved smaller errors compared to the 3D FEM and AM+IM (FEM), particularly when excluding
the lowest PGA amplitude.

* The three modeling approaches demonstrated acceptable agreement with experimental data. Specifically, averaging
MAE? on displacement, force, and acceleration; AM+IM (Exp.) exhibited an average estimation error of about 10%,
while the 3D FEM and AM+IM (FEM) displayed an average estimation error of 20%.

* The discrepancy in errors between AM+IM (Exp.) and AM+IM (FEM) underscored the importance of calibrating phe-
nomenological model parameters to experimental shear test data, highlighting the advantage of aligning parameters
with realistic behavior.

* While the 3D FEM exhibited a larger deviation in predicting the seismic response of the UFREIS, its independence from
requiring cyclic shear test data for calibration makes it a viable option when such experimental data is unavailable. Also,
the AM+IM (FEM) demonstrated a similar response to the FEM and is a faster and more suitable alternative in scenarios
where experimental shear test data is lacking.

* Both models offered valuable insights into UFREI behavior during sliding instability. While the AM+IM (Exp.) aligned
more closely with experimental results, even in tests where slip occurred, it does not account for slip instabilities, unlike
the 3D FEM, which can predict such occurrences. However, further investigation is required to refine the FEM to better
mirror actual sliding behavior.

* The AM+IM (FEM) offers a promising path forward, balancing the detailed insights gained from the FEM with the com-
putational efficiency and experimental validation strengths of the phenomenological model, providing a comprehensive
tool for both preliminary design and detailed structural analysis of UFREISs.
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