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Abstract: Friction pendulum bearings are widely used seismic isolation devices for bridges,
with their behavior governed by friction during excitation. Sliding velocity and contact
pressure are among the factors that substantially affect the friction coefficient. Common
friction models include the Coulomb model, which assumes constant friction and neglects
both sliding velocity and contact pressure, and the velocity-dependent model, which
ignores contact pressure. This study investigates the impact of neglecting contact pressure
on bridge response by additionally employing a velocity-pressure-dependent friction
model and comparing the effects of these three models on the bridge response. Five
3-span box-girder RC bridges were modeled in OpenSees (v3.5.0) using Coulomb, velocity-
dependent, and velocity-pressure-dependent friction models. Deck height variations were
introduced to account for axial load changes on bearings. Nonlinear time history analyses
were performed to evaluate seismic responses. The study also explored the effects of
substructure-to-superstructure mass ratio and variations in the experimentally obtained
rate parameter of velocity-dependent and velocity-pressure-dependent models. Results
indicate that the velocity-pressure-dependent model provides more consistent predictions,
while the rate parameter has negligible effects. The velocity-pressure-dependent model
increases isolator displacement by nearly 2.5 times compared to the Coulomb and velocity-
dependent models. Differences in responses are influenced more by the mass ratio than by
the deck aspect ratio.

Keywords: box-girder bridges; friction pendulum,; friction model; contact pressure; deck
aspect ratio; nonlinear dynamic analysis

1. Introduction

Bridges are crucial for transportation, especially following severe earthquakes, and
must remain functional in their aftermath. To ensure this, a high level of seismic perfor-
mance is essential. The required high seismic performance level can effectively be satisfied
by utilizing seismic isolators between the bridge deck and the pier, which decouple the
superstructure—a large mass—from horizontal ground motion. Friction pendulum bear-
ings (FPBs) are among the most commonly used isolation devices for bridges, as reported in
the literature [1-5]. These devices dissipate energy through the friction generated between
the articulated slider and the concave sliding surfaces. Consequently, the behavior of an
FPB is primarily governed by friction, adding complexity to its performance [6].

Due to their vital post-earthquake role, not only the bridge but also its bearings must be
accurately modeled. When FPBs are used as bearings, developing a reliable analytical model
for them in bridges requires precise assumptions about friction and dependable modeling
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methods. Many studies have investigated the friction coefficient of FPBs and its dependent
parameters. Apart from various factors such as environmental conditions and the inherent
properties of materials, as detailed in the study by Constantinou et al. [7], the friction coef-
ficient of an FPB primarily depends on the sliding velocity, temperature, and the apparent
contact pressure between the articulated slider and the concave surface [8-12]. Friction in
sliding isolators and the parameters influencing it are comprehensively discussed in the
following section.

Despite its dependency on sliding velocity, temperature, and contact pressure, a con-
stant friction coefficient, commonly known as Coulomb friction, is often used in modeling
due to its simplicity and convenience [13-15]. Another commonly used friction model in
the literature is the velocity-dependent model, which accounts for the effects of sliding ve-
locity on the friction coefficient. This model is implemented in several analytical modeling
programs, such as SAP2000 [16] and OpenSees [17]. During a seismic event, sliding velocity
significantly influences the system, making it a critical factor in friction behavior. Due to its
relevance, the velocity-dependent friction model was adopted for this study [18-21].

Another parameter that affects friction is contact pressure, or in other words, the
axial load on the bearing. While its significant influence on the friction coefficient has
been highlighted in several studies [7,12,22], incorporating pressure-dependent effects,
i.e., axial load, into analytical modeling of bridges is not a common practice. Given the
variation in axial load on bearings due to overturning effects induced by lateral forces, a
pressure-dependent friction model could have a substantial impact on the seismic behavior
of both the bearing and the bridge [6]. This effect becomes particularly significant in bridges
with high ratios of deck center-of-mass height to the distance between bearings [23].

To date, there is a noticeable lack of documented studies in the literature exploring the
impact of pressure-dependent friction models on the seismic behavior of bridges. Calvi
et al. [23] investigated the effects of axial load variation on the seismic response of bridges
with FPBs using single-pier models for variable aspect ratios (ARs), defined as the ratio
between the relative distance between two bearings and the vertical distance from the
center of gravity of the deck mass to the FPB base. Nonlinear time history analyses were
performed with five ground motion records, each comprising three components. The
structural system included the foundation, pier, isolation devices, and deck section. All
elements were modeled with linear elastic behavior, except for the isolators, which were
represented as nonlinear radial elements. While the study assumed a constant friction
coefficient of 5%, the yielding level and post-yield stiffness in the nonlinear phase of the
hysteretic response were adjusted to account for axial load variations. The findings revealed
that including axial force effects may not significantly impact displacement demand but can
result in notable increases in shear, bending, and torsional moment demands on the piers.
However, the study’s results are based on a parametric analytical model that excludes
bending-shear—torsion interaction. Incorporating these interactions into analytical models
is now feasible with the capabilities of modern high-performance computational programs.

This study aims to investigate both the effects of different friction models and neglect-
ing contact pressure in the friction model on the seismic response of bridges, considering
axial load variations on the bearings. For this purpose, five distinct 3-span box-girder RC
bridges with two-column piers were analyzed. The bridges differ in their deck height, al-
lowing for variations in the center of gravity of the deck mass and, consequently, the aspect
ratio (AR). Six different ARs, ranging from 4 to 9, were considered, while all other dimen-
sions, including the distance between bearings, remained constant. A double pendulum
bearing (DPB) was used as the seismic isolator. Notably, equations of velocity-dependent
and velocity-pressure-dependent friction models considered in this study include a rate pa-
rameter (explained in the following section) that requires experimental estimation. This pa-
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rameter primarily depends on both the material of the contact surfaces and contact pressure.
The study also examined how variations in this parameter affect the influence of velocity-
dependent and velocity-pressure-dependent friction models on bridge response. To isolate
this effect, material and pressure were not considered, allowing for an investigation of
how the rate parameter impacts the overall behavior of isolators and bridges. To achieve
the study’s objectives, the bridges were modeled in OpenSees (v3.5.0) [17] using the spine
model assumption with Coulomb, velocity-dependent and velocity-pressure-dependent
friction model assumptions available in the OpenSees (v3.5.0) [17] library. Nonlinear time
history analyses were conducted for 11 pairs of ground motions scaled to a target spec-
trum. Additionally, as changes in AR alter the ratio of substructure mass to superstructure
mass, the relationship between this mass ratio and the influence of velocity-dependent
and velocity-pressure-dependent friction models on bridge response was investigated to
determine whether AR plays a significant role in the observed effects. Considering that
even the most important and widely used seismic design guidelines, such as ASCE/SEI
7-22 [24], AASHTO (2014) [25], and EN 15129:2018 [26], suggest accounting for sliding
velocity in friction coefficient modeling without considering the effect of contact pressure,
the results obtained from this study will be highly significant.

2. Friction in Sliding Bearings

Friction controls the behavior of sliding bearings by dissipating seismic energy through
sliding interface interactions and reducing lateral stiffness. Although the friction coefficient
can be influenced by environmental factors such as contamination and corrosion, it is
predominantly governed by inherent parameters, including sliding velocity and axial
pressure, which are unavoidable in practice. Two types of friction emerge in sliding bearings
during seismic loading: breakaway (static) and sliding (dynamic) friction. Breakaway
friction represents the maximum force that must be overcome to initiate movement. Once
the object begins to move, it transitions from breakaway friction to sliding friction, which
occurs when two surfaces are in relative motion. After the breakaway friction is overcome,
the friction coefficient generally drops to a minimum value (f,,;,) at slow velocities and
increases with increasing velocity, attaining a constant maximum value (f;4x) at large
velocities. The relation between the coefficient of friction and velocity is represented in
Figure 1, along with the relation to axial load.

S
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(Breakaway value)
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AXIAL LOAD

COEFFICIENT OF FRICTION

SLIDING VELOCITY

Figure 1. Coefficient of friction dependency on sliding velocity and normal load [7].

Mokha et al. [9,27] and Constantinou et al. [8] reported that for PTFE interfaces with
unfilled and glass-filled materials, the pg/f,,i;, ratio at 20 °C ranges from 1.3 to 4.4. According
to the experiments of Campbell et al. [28], this ratio varies approximately between 2 and 7
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for various PTFE interfaces. In contrast, Mokha et al. [9] and Campbell et al. [28] indicate
that for woven PTFE, the up/f,;; ratio lies between 2 and 3. For FPBs with filled PTFE-
polished stainless-steel surfaces, the yp/f,,i, ratio is generally around 1.20 [7]. Constantinou
et al. [29] and Tsopelas et al. [30] further demonstrated through their experiments that the
friction coefficient at high velocities (fi4x) is greater than the static friction coefficient (yp).

Temperature significantly affects breakaway friction and sliding friction at very low
velocities. However, its effect on sliding friction at high velocities is negligible due to
frictional heating [28]. Tests in the literature have shown that the friction coefficient
decreases with increasing temperature [7]. Note that in this study, the effect of temperature
on friction is neglected despite its influence, and a standard temperature is assumed for
friction calculations. An equation for the sliding friction coefficient was proposed by Mokha
et al. [27] and Constantinou et al. [8] for constant apparent pressure, and this relation is
given in Equation (1). In this equation, « describes the transition rate parameter from f,;;;,
to fiuax for constant pressure, while V stands for sliding velocity.

# = fmax — (fmax — fmin)e(ﬂxv) 1)

Mokha et al. [31] suggested a rate parameter («) for unfilled Teflon to be 15.75 s/m
and 17.72 s/m in the parallel and perpendicular directions, respectively. These values were
provided for 3.45 MPa pressure on the specimens. Additionally, Constantinou et al. [29]
performed several tests on an FPB with four different materials at the sliding interface
and obtained rate parameters ranging from 47 to 83.4 s/m for 17.2 MPa apparent pressure
and 199.7 s/m for 275.6 MPa apparent pressure. « ranges from 20 to 30 s/m for unfilled
PTFE, whereas it is about 100 s/m or larger for filled PTFE [32]. Moreover, Dao et al. [33]
conducted shake table tests on a full-scale building isolated with Triple Pendulum Bearings
(TPBs) at E-Defence. They suggested a rate parameter value of 54.41 s/m based on the
data obtained from the tests. The literature suggests different rate parameters for various
materials at the sliding interface, ranging from 15 to 200.

Another key parameter influencing the friction coefficient is contact pressure, as
shown in Figure 1, where an increase in pressure corresponds to a decrease in the friction
coefficient [9,32,34]. “Contact’ refers to the sum of the areas of all junctions in the sliding
interface, which represents the real area of contact used to estimate pressure. In contrast, the
geometric contact area between the concave plate and the slider is the apparent area, which
is significantly larger than the actual contact area, particularly for bimetallic interfaces.
However, for FPBs, pressure can be estimated using the apparent area since PTFE, being
much softer than steel, is compressed by the larger rigid stainless-steel plate [7]. A view
of a double concave surface FPB and the definition of contact area types are illustrated in
Figure 2.

[ Geometric Contact Area

Junctions

Total area of junctions refers to the real contact area

Figure 2. Schematic view of a double concave surface FPB and the definition of contact area.

Constantinou et al. [29] and Tsopelas et al. [30] proposed a modification for f,;;5x given
in Equation (1) to incorporate the pressure effect on friction coefficient as in Equation (2).

fmax = fmaxo — Af-tanh('ﬂ’) ()
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In Equation (2), fuaxo is the initial friction coefficient at high velocity, while Af and 7y
are pressure parameters that require experimental calibration. The parameter p represents
the instantaneous bearing pressure. This relationship is further supported by the previous
discussion, where the parameter « varies with changes in pressure. Additionally, Dao
et al. [33] proposed equations for f,;;;, and fy.x as functions of the axial load on an FPB.
These equations, given in Equations (3) and (4), respectively, express f,;;, and fyay in terms
of the axial load W (in Newtons).

Fonin = 8.701W 034 ?3)
finax = 17.239W 038 4)

3. Analytical Model and Methodology
3.1. Bridge Structural Modelling

The study involves five distinct hypothetical multi-span continuous box-girder RC
bridges designed by the researchers to represent a specific type of bridge in California [35,36].
The assumed modulus of elasticity of the concrete for the bridges is 27,790 MPa. All bridges
share uniform characteristics, including span lengths, pier type, and structural element
dimensions, with the sole exception being the deck depth. Figure 3 provides longitudinal and
transverse elevation views of the bridges, along with structural element dimensions. Notably,
Ycwm in Figure 3 denotes the center of mass of the deck.
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Figure 3. Schematic view of the bridges (a) longitudinal elevation, (b) deck cross section, (c) transverse
elevation.

The five bridges are differentiated solely by their deck depth, which allows for the
utilization of different aspect ratios (ARs) and, consequently, mass ratios. The AR of a
deck is defined as the ratio between the relative distance (d) of two FPBs and the vertical
distance (H) from the center of mass of the deck to the base of the FPBs, as illustrated in
Figure 3. The AR estimation is provided in Equation (5). In this study, the mass ratio is
defined as the ratio between the mass of the substructure (pier) and the tributary mass of
the superstructure (deck) supported by the corresponding pier. The chosen deck depths
and the necessary bridge parameters for estimating ARs of 4, 5, 6, 7, and 9 are provided in
Table 1, along with the corresponding mass ratios. The bridges are labeled in Table 1 as
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B-AR#, where # indicates the aspect ratio of the corresponding bridge. The height of the
considered FPBs is 22.9 cm, and their details are elaborated upon in the subsequent section.

d
AR = o ®)
Table 1. Required bridge parameters to estimate AR and mass ratio.

. Deck Depth Mg}, Mgyper Mass
Bridge (cm) Ycm (cm) H (cm) d (cm) AR (kNs?/m)  (kNs/m) Ratio
B-AR4 300 164 187 762 4 82.7 651.2 0.13
B-ARS 245 130 153 762 5 82.7 594 0.14
B-AR6 195 104 127 762 6 82.7 542 0.15
B-AR7 160 85.7 108.7 762 7 82.7 505.4 0.16
B-AR9 115 61.79 84.79 762 9 82.7 458.6 0.18

The OpenSees (v3.5.0) [17] analysis program was employed for modeling the bridges,
incorporating the spine model approach as proposed by Ryan and Mojidra [36], Aviram
et al. [37], and Mackie et al. [38]. The bridge superstructure is assumed to remain elastic
and is designed as a capacity-protected system [39]. Furthermore, isolators are strategically
implemented with the primary objective of concentrating nonlinearity within them, pre-
venting the piers from exceeding the elastic limit. Consequently, the bridge superstructure,
cap beam, and columns were modeled in OpenSees (v3.5.0) [17] using the elasticBearnColumn
element. The columns were fixed at their base, and the isolators on the abutments were also
fixed, assuming the abutments to be perfect restraints. Due to the placement of the elastic
beam-column elements at the center of gravity of the structural members, rigid connections
were used to connect the column-cap beam, cap beam-isolator, and isolator-deck. Each
superstructure span is divided into 10 segments, with translational and rotational masses of
tributary length assigned to each node. Rotational inertia about the longitudinal, transverse,
and vertical axes is estimated using Equations (6)—(8), where m, L;,;, and dy, represent mass,
tributary length, and deck width, respectively. Figure 4 provides a visual representation
of the general bridge modeling approach in OpenSees (v3.5.0) [17]. The participation of
soil and abutment mass, as well as soil-structure interaction, was omitted from the bridge
modeling since the primary objective is to evaluate the influence of the friction coefficient
assumption in FPBs on the overall response of the considered bridge type.

mLyipd>
Ilong = % (6)

mL3 .
ltrans = 715117 (7)

mLyip (L7, + d3)

Ivertical = 12 (8)

The OpenSees (v3.5.0) [17] model was validated by comparing its modal properties
with the results obtained from the analysis of Bridge B-AR7 in the CSI Bridge (v18.2.0) [40]
software program under non-isolated conditions. Moreover, fundamental section properties
of the structural members, including the superstructure, to be assigned to the OpenSees
(v3.5.0) [17] models were derived from the analytical models in CSI Bridge (v18.2.0) [40].
The columns and cap beams were defined with elastic frame elements, while shell elements
were used to model the superstructure. A general view of the CSI Bridge (v18.2.0) [40]
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model is shown in Figure 5. Table 2 presents the longitudinal, transverse, and vertical
mode periods of Bridge B-AR7, estimated using both OpenSees (v3.5.0) [17] and CSI Bridge
(v18.2.0) [40]. The comparison reveals that the OpenSees (v3.5.0) [17] modeling approach
satisfactorily represents the higher-fidelity CSI Bridge (v18.2.0) [40] model, as shown by
the results in Table 2.

Abutment 4

® Lumped Mass
— Rigid Link

= Isolator

Cap Beam

Column

Cap Beam
Column

Abutment 1 Pier 2

Figure 4. A general representation of bridge modelling in OpenSees (v3.5.0) [17].

Figure 5. A general view of the CSI Bridge (v18.2.0) [40] model of Bridge B-AR?7.

Table 2. Fundamental periods of Bridge B-AR7 obtained from both OpenSees (v3.5.0) [17] and CSI
Bridge (v18.2.0) [40].

Direction OpenSees CSI Bridge
Longitudinal 0.770 s. 0.765 s.
Transverse 0.353 s. 0.387 s.
Vertical 0.190 s. 0.208 s.

3.2. Isolators and Friction Modeling

In this study, a DPB was used as the isolator on bridges. The cross-section drawing of
the isolator is represented in Figure 6, while its design parameters are given in Table 3.
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Concave Surface

(L, =991 mm)
. 610 mm
|
Concave Surface 7/ \— Articulated Slider

(L, =991 mm)
Figure 6. Cross-section view of the considered DPB.

Table 3. Design parameters of the considered DPB.

Parameters Value
Target friction (p11 = pi2) 0.08
Effective pendulum length L (mm) 1882
Pendulum period T (s) 2.75

Although various materials can be used in FPBs, the concave surface and articulated
slider are typically made of stainless steel, while the concave plates are made of ductile steel.
A common practice is to coat articulated sliders with PTFE or PIFE-composite materials,
creating a PTFE-on-steel interface for enhanced durability and reduced friction [6,22,30].
Different types of PTFE are available on the market, including filled-PTFE, unfilled-PTFE, and
woven-PTFE. However, the specific type of PTFE coating was not specified in this study, as
the considered wide range of o is expected to adequately represent the potential variations.

Isolators were modeled in OpenSees (v3.5.0) [17] using the SingleFPBearing element,
with various parameters considered, including initial stiffness, vertical stiffness, effective
length of the pendulum (L), friction model, and friction coefficient (u). The initial stiffness
was determined based on a 0.25 mm yield displacement assumption [29], while the vertical
stiffness was estimated for a vertical period of 0.03 s., considering the average weight
applied to the isolators.

As previously discussed, this study examines the influence of contact pressure, dif-
ferent friction models, and their variable characteristics on box-girder bridges, with a
particular focus on deck aspect ratio and mass ratio. The three primary friction models
analyzed, available in the OpenSees (v3.5.0) [17] library, include the Coulomb, velocity-
dependent, and velocity-pressure-dependent friction models. The Coulomb friction model
incorporates only the friction coefficient, which was set to 0.08 as indicated in Table 3.

The parameters required to define the velocity-dependent friction model are f,,,,, finax,
and «. Values for f,;, and f;;ax were estimated using Equations (3) and (4), based on the
approach suggested by Dao et al. [33]. Since the coefficients in Equations (3) and (4) were
derived for an FBP with a design friction coefficient of 0.08, this value was selected for the
friction coefficient in this study to ensure consistency. The axial load W was calculated as the
tributary weight on each pier and abutment. The parameter « was varied with values of 20,
30, 54.41, 83.4, 100, and 200 to cover a broad range suggested in the literature, as explained
in Section 2, excluding the Teflon layer material properties and pressure rate. This approach
allows for an investigation into the significance of selecting an accurate « value, as well as the
relationship between pressure and aspect ratio. Moreover, the main purpose of selecting this
broad range of «, regardless of material and pressure, is to demonstrate how the selected o
value might affect the overall behavior of the isolator and the bridge.
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The final friction model considered is the velocity-pressure-dependent model, as given
in Equation (2), to evaluate the influence of bearing pressure on the friction coefficient
and, consequently, the seismic behavior of box-girder bridges. fiuxo in Equation (2) was
calculated using Equation (4), while Af and 7 were assumed to be 0.07 and 0.012 MPa~!,
respectively, as suggested by Constantinou et al. [29].

3.3. Ground Motion Records and Time History Analysis

Nonlinear time history analyses were conducted in OpenSees (v3.5.0) [17], and the
equations of motion were solved using the Newmark-3 Method, which is one of the direct
integration methods. The y and 3 constants of the Newmark-3 Method were set to 0.5 and
0.25, respectively, with the average acceleration assumption, which is unconditionally stable.

Nonlinear time history analyses (NLTHAs) were performed for 11 ground motion
(GM) records selected from the PEER NGA [41] database, each with two horizontal com-
ponents. The shear wave velocity of the selected GMs ranges from 760 m/s to 1520 m/s,
corresponding to site class B, and the magnitudes are greater than 6. The GMs were scaled
to a target spectrum to meet code-compliant intensity using the procedure defined in
ASCE 7-22 [24]. Although ASCE 7-22 [24] was developed for buildings, it provides general
guidance for GM selection and scaling procedures. While ASCE 7-22 [24] offers two scaling
methods: amplitude scaling and spectral matching, amplitude scaling was chosen in this
study to preserve the frequency content of the GMs. The GMs were scaled to match the
5%-damped target spectrum using a least-squares approach over the period range of 0.30
to 2.50 s covering the modes of the isolated structure. In accordance with ASCE 7-22 [24],
scaling was based on the maximum direction spectrum (ROTD100). Two components of
each GMs were rotated by an angle 6 from 0° to 180° in 10° increments. The 5%-damped
response spectrum was estimated for each rotated acceleration time history (ag (t)) and the
maximum spectral acceleration across all rotation angles defined the ROTD100 spectrum.
Each ROTD100 spectrum was then scaled to match the target spectrum. After initial scaling,
slight adjustments were made to ensure that the average maximum direction spectrum
of the ground motion suite remained above 90% of the target over the scaling range. The
scaling factors range from 0.33 to 3, and each was applied to the acceleration time history
of its corresponding GM. Figure 7 shows the maximum direction spectrum of the GMs,
along with their average and the 5% target spectrum, whereas list of the GMs with their
related characteristics is given in Table 4. Moreover, the time step of each GM was set to
0.005 s. to increase the reliability of the direct integration solution.

251

! = Target

; = Average
i ———-GMlI
GM2

r

s - ——GM3
| v GM4

[ —e—GMS5
| N GM6
150 £ \\\ — A GM7
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" —*—GM9
: '\ —6—GMI10
| \

Sa(g)

Figure 7. Maximum direction spectrums of the selected GMs along with their average and 5% target
spectrum.
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Table 4. Ground motion suite characteristics.

Tag Earthquake Year Station Name Mag Rjp (km)  Scale Factor ~ Scaled PGA (g)
GM1 Tabas, Iran 1978 Tabas 7.35 1.79 0.345 0.303
GM2 Lome(‘:i”eta' 1989  Gilroy Array #1 693 8.84 0.915 0.456
GM3 Landers, CA 1992 Lucerne 7.28 2.19 0.738 0.593
Mg Northridge0l, g, LA-Wonderland ¢ o 15.11 2.759 0.459

CA Ave
Gvs  Northridge-0l, —qq,  VasquezRocks ¢ g 23.1 1.882 0.325
CA Park
GM6 Kobe, Japan 1995  Kobe University 6.9 0.9 0.700 0.231
GM7 Kocaeli, Turkey 1999 Gebze 7.51 7.57 1.424 0.389
GMS Kocaeli, Turkey 1999 Izmit 7.51 3.62 1.260 0.312
Loma Prieta Los
GM9 CA ’ 1989  Gatos-Lexington 6.93 3.22 0.464 0.215
Dam
GM10 Tottori, Japan 2000 SMNH10 6.61 15.58 1.845 0.445
Parkfield-02, Parkfield-Turkey
GM11 CA 2004 Flat #1 0 M 6 4.66 2.765 0.709

4. Results and Discussion
4.1. The Aspect Ratio

To assess the influence of deck aspect ratio and the considered friction models on the
seismic response of box-girder RC bridges, isolator displacement (Ujg,), defined as the peak
displacement in any isolator over the motion history, along with isolator shear force (Tiso)
and pier shear force (Tpier), representing the peak sum of these forces across all individual
isolators or bridge piers over time, were compared. Both isolator and pier shear forces
were normalized by the superstructure (deck) weight (W) and the total bridge weight
(Wy,) carried by the piers (excluding the portion supported by abutments), respectively, to
provide insight into the magnitude of the estimated forces. Analysis results for various
friction models are presented in Figure 8, showing the average peak responses of bridges
subjected to 11 ground motion records. Additionally, C, V, and VP represent the Coulomb
friction model, the velocity-dependent friction model, and the velocity-pressure-dependent
friction model, respectively, while the parameter « denotes the experimentally determined
transition rate.

Figure 8a,b show that both the Coulomb and velocity-dependent friction models result
in similar isolator displacements in both directions, with the Coulomb model producing
slightly smaller displacements. In contrast, the velocity-pressure-dependent friction model
leads to a significant increase in isolator displacement compared to the other two models.

The Coulomb friction model results in isolator displacements of approximately 72 mm
in the transverse direction and 60 mm in the longitudinal direction, regardless of AR.
With the velocity-dependent friction model, transverse isolator displacement decreases
as AR increases, from 88 mm for AR4 to 78 mm for AR9. Notably, « has little effect on
isolator displacement in this model. In contrast, in the velocity-pressure-dependent friction
model, AR has minimal impact on isolator displacement, while increasing « leads to larger
displacements. For this model, transverse displacement increases from 180 mm at « = 20
to 192 mm at o« = 200, while longitudinal displacement increases from 161 mm to 175 mm
over the same range.
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Figure 8. Peak responses of bridges due to various friction models.

Regarding the isolator shear coefficient (Tiso/Ws), all friction models yield similar
results, regardless of AR and «. The Coulomb model produces an isolator shear coefficient
of approximately 12% in the transverse direction and 10% in the longitudinal direction
across all AR values. The velocity-dependent friction model results in a shear coefficient of
10% in the transverse direction and 9% in the longitudinal direction, remaining consistent
across all AR and « values. For the velocity-pressure-dependent model, increasing « causes
a slight, negligible increase in the isolator shear coefficient, independent of AR. Specifically,
in the transverse direction, the coefficient is 12% for « = 20 and decreases slightly to 10% for
o = 200. In the longitudinal direction, it is 10% for « = 20 and decreases to 9% for « = 200.

The pier shear coefficient (Tpier/Wp) is slightly affected by the friction models. The
parameters « and AR have no significant impact on the estimated pier shear coefficient,
except for & = 20 in the velocity-pressure-dependent model, where the coefficient is ap-
proximately 1% higher than for other « values. In both directions, the Coulomb model
produces a pier shear coefficient ranging from 9% to 10% as AR increases from 4 to 9. The
velocity-dependent model yields coefficients between 7.5% and 9% over the same AR range,
irrespective of . The velocity-pressure-dependent model results in pier shear coefficients
between 8% and 9% for all o values, except for & = 20 in the transverse direction, where it
reaches 9.5%.

To further illustrate the impact of these friction models relative to the Coulomb model,
Figure 9 presents the ratio of peak responses from the velocity-dependent and velocity-
pressure-dependent models to those from the Coulomb model for varying AR and o.
The velocity-dependent friction model increases isolator displacement compared to the
Coulomb model, with displacement ratios ranging from 1.20 to 1.09 for AR values of 4 to 9
in the transverse direction and from 1.15 to 1.06 in the longitudinal direction, regardless
of «. In contrast, the isolator displacement ratio for the velocity-pressure-dependent
model remains nearly constant across AR values but increases with o. Specifically, isolator
displacement in this model is 2.50 to 2.66 times greater than in the Coulomb model for
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Figure 9. The ratio of peak responses for bridges obtained for the velocity- and velocity-pressure-
dependent friction models to those obtained for the Coulomb friction model.

When using the velocity-dependent friction model, the isolator shear force ratio
decreases by approximately 8% compared to the Coulomb friction model in the transverse
direction for all AR values, except when AR =9, regardless of «. For AR =9, this reduction
increases to nearly 14% across all « values. In the longitudinal direction, the velocity-
dependent friction model results in an approximately 11% reduction in isolator shear force
for AR values ranging from 4 to 7, regardless of o, and a 15% reduction when AR = 9. For
the velocity-pressure-dependent friction model, the isolator shear force ratio decreases as
o increases. When « = 20, this model predicts a 12% increase in transverse isolator shear
force compared to the Coulomb model for AR values from 4 to 7, while for AR =9, the
increase is only 3%. When o = 30 or 54.41, the results from the velocity-pressure-dependent
model closely match those from the Coulomb model. However, for o = 83.4, 100, and 200,
the velocity-pressure-dependent model predicts smaller transverse isolator shear forces,
with reductions averaging 5% for AR values from 4 to 7. For AR =9, the transverse isolator
shear force decreases by 3% to 14% as « ranges from 30 to 200. In the longitudinal direction,
the velocity-pressure-dependent model consistently predicts lower isolator shear forces
than the Coulomb model, with reductions ranging from 2% to 10% for « values between 20
and 200 and AR values from 4 to 7. For AR =9, this reduction increases to between 8% and
17% as « varies from 20 to 200.

Overall, the velocity-dependent friction model results in smaller pier shear forces
compared to the Coulomb friction model. The reduction in pier shear force due to this model
ranges from 12% to 16% in the transverse direction and 14% to 20% in the longitudinal
direction across all AR values. Additionally, variations in o have little to no effect on the
velocity-dependent model’s influence on pier shear force. The velocity-pressure-dependent
friction model also reduces pier shear forces compared to the Coulomb model, but its
effect varies with « in the transverse direction while remaining unaffected by « in the
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longitudinal direction. Similar to the velocity-dependent model, AR does not significantly
impact the pier shear force reduction caused by the velocity-pressure-dependent model.
In the transverse direction, the pier shear force reduction relative to the Coulomb model
decreases from 10% to 1% as « increases for AR values from 4 to 7. However, for AR =9,
the reduction increases from 7% to 15% with «. In the longitudinal direction, the pier shear
force reduction remains nearly constant at 11% for AR values from 4 to 7 and increases to
15% for AR =9.

4.2. The Mass Ratio

In this study, another key parameter that varies among bridges is the mass ratio—the
ratio of substructure mass to superstructure mass. This variation is achieved by adjusting
the deck cross-section height, thereby altering the superstructure mass while keeping the
substructure mass constant. As noted by Koval et al. [42] and Rasouli et al. [43], the mass
ratio may influence bridge responses independently of AR. To investigate this effect, the
mass ratio of Bridge B-AR6 was hypothetically modified to 0.12, 0.15, and 0.21 by adjusting
only the substructure mass while maintaining a constant AR. Figure 10 presents the peak
responses of the bridges for different mass ratios.

(a) Peak Iso. Displacement in Transverse (b) Peak Iso. Displacement in Longitudinal
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Figure 10. Peak responses for bridges due to various ratios of substructure mass to superstructure
mass for B-AR6.

Figure 10a,b show trends similar to those observed in Figure 8. The peak isolator
displacement in the transverse direction is approximately 70 mm and 80 mm for the
Coulomb and velocity-dependent friction models, respectively, regardless of the mass
ratio. In the longitudinal direction, the peak isolator displacement remains around 62 mm
for both models. For the velocity-pressure-dependent friction model, the peak isolator
displacement in the transverse direction increases slightly with x, independent of the mass
ratio, ranging from 180 mm to 192 mm as « changes from 20 to 200. In the longitudinal
direction, this displacement varies between 160 mm and 176 mm for the same range of o.

According to Figure 10c,d, the mass ratio has a negligible effect on the isolator shear
coefficient. The Coulomb friction model results in an isolator shear coefficient of approx-
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imately 11% in the transverse direction and 10% in the longitudinal direction. For the
velocity-dependent friction model, the coefficient remains around 10% in both directions,
regardless of . In contrast, the velocity-pressure-dependent friction model shows a de-
creasing trend in the isolator shear coefficient with increasing «, dropping from 12.5% to
9% in the transverse direction and from 10% to 9% in the longitudinal direction.

The pier shear coefficient increases slightly with a higher mass ratio, with the effect
being more pronounced in the longitudinal direction, particularly for the velocity-pressure-
dependent friction model. For the Coulomb friction model, the pier shear coefficient is
9.4% in both directions for mass ratios of 0.12 and 0.15, increasing to 11% for a mass ratio of
0.21. Similarly, the velocity-dependent friction model results in a pier shear coefficient of
approximately 8.3% for mass ratios of 0.12 and 0.15, rising to about 9.4% for a mass ratio
of 0.21.

In the transverse direction, the pier shear coefficient for the velocity-pressure-
dependent friction model decreases as « increases from 20 to 200. For mass ratios of
0.12 and 0.15, it declines from 9.6% to 8.5%, while for a mass ratio of 0.21, it remains steady
at approximately 10%, regardless of c. In the longitudinal direction, the pier shear coeftfi-
cient remains at 8.1%, 8.7%, and 11% for mass ratios of 0.12, 0.15, and 0.21, respectively,
independent of «.

Figure 11 illustrates the ratio of peak bridge responses for a mass ratio of 0.21 to those
for a mass ratio of 0.12, providing insight into the effect of mass ratio on these responses.
As shown in Figure 11a, the mass ratio has no significant impact on isolator displacement
in either direction for the friction models considered, except for the Coulomb and velocity-
dependent friction models in the longitudinal direction. Figure 11b demonstrates that the
mass ratio has a negligible effect on the isolator shear force across all cases.
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Figure 11. The ratio of the peak bridge responses obtained for a mass ratio of 0.21 to those obtained
for a mass ratio of 0.12 (mg = 0.21/mg = 0.12).

In contrast, Figure 11c reveals that the mass ratio substantially influences the pier shear
force, regardless of the parameter «. Specifically, increasing the mass ratio to 0.21 results in
an approximately 15% increase in pier shear force in the transverse direction for all friction
models compared to a mass ratio of 0.12. In the longitudinal direction, the Coulomb and
velocity-dependent friction models lead to a 12% increase in pier shear force, whereas the
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velocity-pressure-dependent friction model produces a more pronounced 30% increase,
irrespective of «.

5. Conclusions

This study aimed to evaluate the impact of different friction models used to simulate
friction pendulum bearings on the seismic response of box-girder RC bridges. Additionally,
itinvestigated the influence of deck aspect ratio and the mass ratio between the substructure
and superstructure on the effects of these friction models. To achieve this, five three-span
box-girder RC bridges with double pendulum bearings were analyzed. The bridges varied
in deck height, which determined their aspect ratios, while other parameters remained
constant. Their mass ratios differed because the substructure mass was fixed while the
superstructure mass increased with deck height. The analytical models incorporated
Coulomb, velocity-dependent, and velocity-pressure-dependent friction models. Nonlinear
time history analyses were conducted using 11 pairs of ground motion records to evaluate
peak seismic responses, including isolator displacement, isolator shear force, and pier shear
force. The findings of this study led to the following conclusions:

e  The velocity-pressure-dependent friction model results in isolator displacements that
are nearly 2.5 to 3 times larger in both directions compared to those produced by the
Coulomb and velocity-dependent friction models, regardless of the aspect ratio or rate
parameter «. This result indicates that the contact pressure effect should be considered
in friction modeling during the design phase to estimate a more conservative isolator
displacement capacity.

e  The velocity-dependent friction model results in a decrease in the isolator shear force
for all @ and AR values compared to the Coulomb model, although the decrease is
negligible. The most pronounced reduction was observed for an AR of 9, with a
decrease of nearly 14%.

o  The effect of the velocity-pressure-dependent friction model on the isolator shear force
varies with direction and the parameter «, as an increase in « results in a decrease in
isolator shear force. This model leads to a 12% increase in isolator shear force in the
transverse direction compared to the Coulomb friction model when « = 20 and AR
ranges from 4 to 7. However, the increase is negligible for an AR of 9. When « exceeds
83.4, the velocity-pressure-dependent model predicts smaller transverse isolator shear
forces than the Coulomb model. In the longitudinal direction, the velocity-pressure-
dependent friction model consistently results in a reduction in isolator shear force
compared to the Coulomb friction model.

e  Both the velocity-dependent and velocity-pressure-dependent friction models result in
smaller pier shear forces in both directions compared to the Coulomb model, regardless
of the rate parameter o and the AR. However, when « is 20 in the velocity-pressure-
dependent friction model, the results are closer to those of the Coulomb friction model.

e In general, the mass ratio does not influence the effects of friction models on the peak
responses. Specifically, the mass ratio has no impact on isolator displacement or shear
forces, but it affects the pier shear, particularly for the velocity-pressure-dependent
friction model in the longitudinal direction.

e  According to the results, the differences in responses depend more on the mass ratio
than on the deck aspect ratio.

e  The results showed that the suggested values of the rate parameter o for different
PTFE composite materials used in modeling an FPB have insignificant effects on the
seismic responses of box-girder RC bridges, particularly for the velocity-dependent
friction model and any « value can be selected for this model. However, « should



Buildings 2025, 15, 556 16 of 17

be carefully chosen for the velocity-pressure-dependent friction model, as « = 20
produces different results compared to other « values.

e  Theresults of this study reveal that the velocity-pressure-dependent friction model should
be considered in the analytical model of FPBs to estimate more consistent responses.

These results provide valuable insights for optimizing bridge designs and selecting
appropriate friction models and parameters to enhance seismic performance. Future
research could explore extending the study to include various bridge configurations, soil-
structure interaction, and the vertical component of ground motions.
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