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Abstract

The use of common seismic bearings poses a significant challenge due to their high cost, limiting their application to struc-
tures with a high occupancy importance factor. Consequently, this research aims to introduce innovative and cost-effective
base isolators made from discarded tires. These base isolators are particularly suitable for low-rise buildings in developing
countries, offering a sustainable solution to mitigate the environmental impact associated with the tire disposal. The study
involved the modeling of six different types of these base isolators, with a focus on evaluating their compression and shear
behavior through numerical analysis. The results of the study indicate that base isolators featuring bonded rubber layers and
vertical steel rods exhibit the most favorable structural performance. Furthermore, the seismic behavior of two-story steel
building models, with both fixed-base and base-isolated configurations, was investigated using earthquake accelerograms. The
findings demonstrate that the novel base isolator, incorporating bonded rubber layers and vertical steel rods, can effectively
reduce the maximum absolute acceleration, maximum interstory drift ratio and max base shear by an average of 47.73%,
51.13% and 59.27%, respectively. Additionally, this base isolator provides a vertical secant stiffness of 55.25 kN/mm and an
average effective damping of 0.16. These outcomes highlight the potential of the proposed base isolator design in enhancing

the seismic resilience of structures while offering economic benefits.
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1 Introduction

To ensure the structural integrity of buildings and safeguard
the lives of occupants from natural calamities like severe
earthquakes, structural engineers employ various strategies.
These include designating specific zones within the build-
ing members that act as fuse elements (Hamed and Basim
2020; Saeidzadeh et al. 2022, 2023), as well as incorpo-
rating dampers (Akbari Hamed and Mofid 2015, 2017;
Hamed et al. 2022; Akbari Hamed and Hashemi 2023;
Akbari Hamed et al. 2023) or base isolators. The purpose
of these measures is to dissipate seismic energy and mini-
mize its impact on the structure. Additionally, the use of
large-deformable base isolators with low shear modulus,
as proposed by Kelly (1993a, b); Naeim and Kelly (1999),
serves to prevent the transmission of seismic energy into the
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building. The conventional base isolators that are commonly
used include elastomeric bearings (Kelly 1993a, b) and fric-
tion-pendulum bearings (Zayas et al. 1989a, b; Zayas et al.
1989a, b). Despite their excellent seismic performance, these
isolators are too expensive to be used in rural or low-rise
buildings with the lowest occupancy category in developing
countries. Therefore, there is a need to introduce economi-
cal seismic base isolators that can be used in buildings with
low hazard to human life in failure. One effective solution
could be the use of alternative rubber materials with low
cost, as rubber is the main material used in conventional
elastomeric bearings. According to a report by the Tire
Industry Project for the World Business Council for Sustain-
able Development, there are currently 4 billion end-of-life
tires in landfills and stockpiles throughout the world, with
a generation rate of 1 billion waste tires per year (Hailstone
2022). The accumulation of waste tires in landfills can lead
to the release of harmful chemicals into the environment,
including methane gas, which contributes to the greenhouse
effect. Additionally, if these tires catch fire, they can release
toxic smoke into the atmosphere (ECOGREEN 2021). The
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production of new tires and the retreading process also con-
tribute to carbon emissions, with 31 kg and 22 kg of CO,
produced, respectively (VehicleServicePros 2020). To com-
bat the negative effects of climate change and achieve net
zero carbon emissions, it is crucial to prioritize the use of
non-biodegradable waste materials. One promising solution
is to repurpose scrap tires to create cost-effective and sus-
tainable seismic base isolators, which can help reduce the
environmental impact of construction and minimize damage
from natural disasters in rural areas and low-rise buildings.

Kelly (Kelly 2002) conducted experimental tests on a
low-cost strip isolator that was reinforced with carbon fiber.
The purpose of this study was to develop a solution for the
developing world, and the vertical stiffness of the isolator
was evaluated theoretically based on the flexibility of rein-
forcement and the compressibility of elastomer. In addition,
the use of low-cost scrap tire pads with different proper-
ties was investigated as seismic base isolation by (Ozden
2006; Turer and Ozden 2008). The performance of these
pads was successfully evaluated through axial compression
and shear tests. The researchers concluded that the shear
stiffness of scrap tire pads could be adjusted by changing
the number of tire layers, and their size could be altered
by placing side-by-side longer strips or by using a woven
structure. Konstantinidis and Kelly examined two types of
low-cost seismic isolation systems, which replaced thick and
inflexible reinforcing steel plate elements with thin flexible
reinforcements such as carbon fibers and steel shims. Both
theoretical and experimental tests were conducted on these
systems (Konstantinidis and Kelly 2012, 2014). From 2012
to 2014, an extensive investigation into the performance of
unbonded and bonded scrap tire rubber pads (STRP) through
numerical simulations and experimental analysis was done
by Mishra et al. (Mishra 2012; Mishra and Igarashi 2012;
Mishra et al. 2012, 2013, 2014). The findings of these stud-
ies indicated that these cost-effective base isolators exhibit
comparable axial pressure tolerance to conventional bear-
ings, effectively reducing structural responses to acceptable
levels during seismic events. Furthermore, the researchers
concluded that both unbonded and bonded STRPs can be
considered as viable seismic isolation devices for structures.
In addition, Wand and Zhang conducted a study in which
they designed 90 STRPs with varying geometric param-
eters, tire types, and loading conditions. Their investiga-
tion focused on evaluating the impact of these factors on
the damping ratio, vertical and horizontal stiffness of the
STRPs. The results of their study demonstrated that struc-
tures equipped with these low-cost base isolators can effec-
tively reduce peak floor accelerations by up to 56.64% when
compared to fixed-base structures (Wang and Zhang 2023).

Extensive and valuable research conducted by various
researchers has led to a significant improvement in the
performance of low-cost base isolators. As a result, it has
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been observed that the use of STRPs presents a viable and
sustainable solution for protecting rural and low-rise build-
ings. The objective of this study is to examine the seismic
performance of six new types of STRPs. These include: (1)
STRP with unbonded rubber layers, (2) STRP with bonded
rubber layers, (3) STRP with bonded rubber layers and load-
ing steel plates, (4) STRP with bonded rubber layers and
steel layers, (5) STRP with bonded rubber layers and lead
core, and (6) STRP with bonded rubber layers and vertical
steel rods. In order to achieve this objective, the finite ele-
ment modeling procedure was validated, and the considered
STRP base isolators were modeled. Their compression and
shear behavior were then evaluated numerically. Finally, the
seismic behavior of fixed-base and base-isolated two-story
steel building models was investigated using the selected
earthquake accelerograms.

2 The Concept of STRP Base Isolators

The STRP base isolators are constructed using the thread
section of discarded tires that are sliced into smaller rec-
tangular strips and then layered on top of each other. The
inclusion of reinforcing steel cord layers, such as the belt
and carcass layers, provides the necessary vertical rigidity
to the STRP and prevents any lateral bulging of this eco-
nomical bearing. Regarding Mishra (2012), the unbonded
STRPs were constructed using six layers in which each layer
consisted of five steel reinforcing cords. The considered
material properties for the shear modulus of tire rubber (G),
Poisson’s ratio of steel reinforcing cords (v), and Young’s
modulus of steel reinforcing cords (E) were 0.89 MPa, 0.3,
and 200 GPa, respectively. The square-shaped STRPs had a
width of 100 mm and a total thickness of 72 mm. Each layer
had a thickness of 12 mm, while each steel reinforcing cord
had a thickness of 0.4 mm. Consequently, the net total thick-
ness of rubber in the STRPs was calculated to be 60 mm.

3 Verification of Finite Element Modeling
Method

In order to validate the finite element modeling procedure,
the six-layer unbonded STRP specimen (Mishra 2012) was
modeled. The solid elements were used to model the rub-
ber layers and upper and lower steel loading plates, while
surface elements were utilized to model the reinforcing steel
cord layers embedded in tire rubbers, as depicted in Fig. 1a.
The orientation angle of wires in the lowest carcass layer
was assumed to be zero with respect to the horizon, whereas
the orientation angle in the upper layers (i.e., belt layers) was
considered to be +70° with the wire spacing of 0.4 mm and
the cross-section area of each single wire of 0.1256 mm?>.
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Fig. 1 a Position of the reinforcing steel cord layers inside each rub-
ber layer (dimensions are in mm.), b comparison of rubber stress—
strain curves obtained for the considered various strain energy poten-
tial models, ¢ deformed shape of the six-layer unbonded STRP model
at a vertical displacement of 11.2 mm, d comparison of the numerical
and experimental hysteretic curves of the six-layer unbonded STRP

It is worth mentioning that the different orientation angles
lead to the anisotropic nonlinear behavior of tires. After
evaluating various strain energy potential models for the

(@)

model for the compression test, e deformed shape of the six-layer
unbonded STRP model at a shear displacement of 48 mm, f compari-
son of the numerical and experimental hysteretic curves of the six-
layer unbonded STRP model for the cyclic shear test, g mesh sensitiv-
ity analysis for the verified six-layer unbonded STRP model

hyperelastic material, it was concluded that the Marlow
model provided the best match with the existing uniaxial test
data (Fig. 1b); therefore, the Marlow hyperelastic material
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with a near-incompressible Poisson’s ratio of 0.45, along
with the hysteresis behavior consisting of stress scaling fac-
tor=1.6, creep parameter =5, E stress exponent=4, and
creep strain exponent =-1, was assigned to the tire rubber
(Bergstrom and Boyce 1998). The penalty friction formula-
tion was used to define the tangential behavior of contact
property, with a friction coefficient of 0.95 and 0.8 between
the rubber—rubber and rubber—steel layers, respectively. The
hard contact normal behavior was assigned for the interac-
tion between layers. Furthermore, the linear elastic isotropic
behavior of steel material and the other dimensions of model
were considered as mentioned in Sect. 2. Subsequently, the
model was analyzed twice using the displacement-control
general static procedure considering the geometrical nonlin-
earity to simulate the compression and cyclic shear tests per-
formed by (Mishra 2012). It is worth noting that during the
compressive test, the model was incrementally compressed
until it reached a vertical displacement of 11.2 mm. As for
the cyclic shear test, the model experienced incremental
cyclic shear displacements with three repetitive cycles at
each step. These displacements had amplitudes of 12 mm,
24 mm, 36 mm, and 48 mm. Additionally, an initial constant
compressive load of 5 MPa was applied to the model. The
deformed shape and force—displacement curves of the finite
element model are depicted in Fig. lc-f. The close resem-
blance between the numerical and experimental curves in
this figure confirms the accuracy of the modeling procedure
employed in this study. Figure 1g illustrates the pushover
curves acquired for the six-layer unbonded STRP model,
employing various mesh sizes to ascertain the optimal mesh
size, which is determined to be 10 mm.

4 The Considered Sustainable and Economic
STRP Base Isolators

In this section, the seismic performance of existing STRP
isolators with unbonded and bonded rubber layers is com-
pared to newly introduced STRP isolators. The new isolators
include four variations: (1) STRP with bonded rubber lay-
ers and loading steel plates, (2) STRP with bonded rubber
layers and steel layers, (3) STRP with bonded rubber layers
and lead core, and (4) STRP with bonded rubber layers and
vertical steel rods. All the considered STRP models in this
study had a width of 100 mm and a total thickness of 72 mm,
with each rubber layer having a thickness of 12 mm. The
aspect ratio and shape factor, which are important factors
in determining stability, shear deformation capacity, and
stress demand of the STRP isolators, were kept constant
at values of 1.389 and 2.083, respectively, for all models.
As the seismic base isolators are typically utilized in axial
pressure levels between 5 and 7 MPa (Kelly 1993a, b), all of
them were examined under the simultaneous application of
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a constant compressive axial pressure of 6 MPa and incre-
mental cyclic shear displacement. The shear displacement
amplitudes include 12 mm, 24 mm, 36 mm, 48 mm, and
60 mm. In line with Mishra’s research on unbonded STRP
bearings (Mishra 2012), the maximum shear strain value
was considered to be 83.33% for all the investigated models.
By maintaining consistent conditions throughout the study,
a fair comparison of the seismic performance of the differ-
ent STRP isolators was achieved. It is worth noting that the
geometrical and material properties of the STRP models, as
well as their finite element modeling procedure, were con-
sistent with those outlined in Sects. 2 and 3. It is noteworthy
that in this study, various mesh elements were utilized for
modeling purposes. For steel cord layers, linear quadrilat-
eral elements of type SFM3D4 (i.e., four-node quadrilateral
surface element) were used. Linear hexahedral elements of
type C3D8R (i.e., eight-node linear brick, reduced integra-
tion, hourglass control) were employed for modeling steel
and rubber plates. For steel rods, linear hexahedral elements
of type C3D8R and linear wedge elements of type C3D6
(i.e., six-node linear triangular prism) were used. Bowl-
shaped components were modeled using linear hexahedral
elements of type C3D8R and quadratic tetrahedral elements
of type C3D10 (i.e., ten-node quadratic tetrahedron). The
lead core was modeled using linear hexahedral elements of
type C3D8R. Different mesh techniques were used for differ-
ent geometries in this study. Structured technique was used
for regular geometries such as steel and rubber plates and
steel cord layers. Sweep technique was employed for mod-
eling the lead core, the plates with a central hole, and steel
rods. Structured and free techniques were used for modeling
the bowl-shaped components. The mesh sizes used in this
study varied depending on the geometry being modeled. A
mesh size of 10 mm was used for steel cord layers, steel
and rubber plates. For steel rods, a mesh size of 5 mm was
used. Bowl-shaped components and lead core were mod-
eled using a mesh size of 3 mm. The deformed shape and
hysteretic curves of the STRP models with unbonded and
bonded rubber layers are depicted in Fig. 2a and b. The
adhesive between the rubber layers was modeled using the
Tie interaction, and the negligible thickness of the adhesive
layers was disregarded to maintain the height of all com-
pared models constant. The application of adhesive between
rubber layers in STRP-2 resulted in the layers being held
tightly without any slippage between them, unlike in STRP-
1. However, both the unbonded and bonded STRPs exhibited
similar shear force—shear displacement curves. In STRP-1
and STRP-2, there was no adhesive between the end rubber
layers and upper and lower steel plates, leading to roll-off
and the generation of large compressive stresses at two con-
tacted corners, with no tension at the separated corners. As
the resultant compressive force couple in elastomeric bear-
ings balances the induced moment by the shear force, the
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Fig.2 Deformed shape and the force—displacement hysteretic curves of the STRP: a with unbonded rubber layers (STRP-1), b with bonded rub-
ber layers (STRP-2), ¢ with bonded rubber layers and loading steel plates (STRP-3)

shear resistance was reduced due to the roll-off, resulting in
strength degradation in both bonded and unbonded STRPs
at the shear displacement of 40 mm, equivalent to the shear
strain of 55.56%. To address this issue, the STRP-3 model
was introduced and examined in this study. This model
involved bonding the end rubber layers to both the upper
and lower steel loading plates, as illustrated in Fig. 2c. As
can be observed from Fig. 2c, the reduction in contact area
caused by the roll-out instability was eliminated, resulting
in a uniformly distributed compression column zone from
the top to the bottom of the STRP. Furthermore, the model
was able to withstand tension stresses at the corners of the
bearing, leading to an increase in its stability. As a result, a
stable hysteretic shear force—shear displacement curve was

achieved, and the shear strength of the STRP-3 was doubled.
Additionally, the model was able to provide a shear defor-
mation capacity of 83.33% (i.e., up to the end of applied
loading) without significant strength or stiffness degradation.

Regarding Fig. 2, it is evident that although STRP-3 pro-
vides a stable hysteretic curve, there is an urgent require-
ment to enhance the seismic performance of STRPs in order
to achieve greater seismic energy dissipation. In the case
of unbonded STRPs, the input seismic energy is dissipated
through three mechanisms: (1) friction between the rubber
layers that causes slippage, (2) inherent damping of the rub-
ber layers, and (3) friction generated between the individual
filaments of the steel reinforcing cords when the cords are
stretched due to induced shear deformation, resulting in
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curved cross sections. Since the slippage between layers
has been eliminated in STRP-3, additional elements need
to be incorporated to achieve a more pronounced hysteretic
curve. To address this objective, as illustrated in Fig. 3, three
new STRP models were introduced and investigated in this
study: (1) STRP-4 with bonded rubber and steel layers, (2)
STRP-5 with bonded rubber layers and a lead core, and (3)
STRP-6 with bonded rubber layers and vertical steel rods. In
order to maintain a consistent overall height of 72 mm for all

(d)

(e)

(®

Fig.3 The schematic view of the STRP: a with bonded rubber and
steel layers (STRP-4), b with bonded rubber layers and lead core
(STRP-5), ¢ with bonded rubber layers and vertical steel rods (STRP-

@ Springer

models, one of the rubber layers with a thickness of 12 mm
was replaced with four steel layers, each with a thickness of
3 mm, in the STRP-4 model (Fig. 3a). In the case of STRP-
5, a circular lead core with a diameter of 18 mm was posi-
tioned at the center of the stacked rubber layers (Fig. 3b).
The material properties of lead considered in this study
were as follows: Young’s modulus = 16,000 MPa, Poisson’
ratio=0.42, and yield strength=5.5 MPa. Figure 3c illus-
trates the placement of four steel circular rods at the corners
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of the STRP-6. These rods are equipped with spherical parts
at both ends, which are housed within bowl-shaped compo-
nents. This design allows for easy movement of the rods dur-
ing an earthquake, enabling them to dissipate seismic energy
through friction. It is important to note that the friction coef-
ficient between the steel rods in the STRP-6 is considered
to be 0.5. Additionally, in all three STRP models (STRP-4,
STRP-5, and STRP-6), the rubber layers and steel loading
plates are bonded together, similar to STRP-3. Examining
Fig. 3d, it is evident that the inclusion of steel plates in the
STRP-4 results in a 25% increase in shear strength com-
pared to STRP-3. However, despite the stable hysteretic
curve without degradation, the enhancement in energy dis-
sipation is not significant. On the other hand, Fig. 3e and f
demonstrates that both STRP-5 and STRP-6 exhibit similar
shear strength and shear deformation capacity while there
is a substantial increase in the amount of dissipated energy.
It is worth mentioning that the presence of a chubby part in
the hysteretic curve of STRP-6 (Fig. 3f) can be attributed to
the frictional action of the steel rods.

5 The Best STRP Base Isolator

Regarding the findings presented in Sect. 4 (Fig. 4a), it
appears that STRP-5 and STRP-6 exhibited superior seis-
mic performance compared to the other STRP models under
consideration. However, in order to make an accurate deci-
sion on the selection of the most suitable STRP bearings,
this section provides a quantitative comparison of several
important parameters that were calculated for the examined
models. First and foremost, it is important to note that the
STRPs must fulfill certain fundamental requirements in
order to be considered as suitable seismic base isolators for
construction applications. These requirements include: (1)
a certain level of horizontal stiffness, (2) significant vertical
stiffness, (3) damping, and (4) endurance. In light of this, the
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effective horizontal stiffness (K,) of the considered STRP
models was calculated using Eq. (1), taking into account the
hysteretic curves depicted in Fig. 4a.

Ft—F~

Ker = oA )]

where Ft, F~, A*, and A~ are the maximum values of
the shear force and shear displacement at each step of the
obtained hysteretic curves. Then, the effective damping
parameter () was estimated for all STRP models using

Eq. (2).

ﬂeﬁzzl

Eloop
r|K + - 2] &
a([A*] + A=)
where E,, is the amount of dissipated energy at each load-
ing cycle. It is worth noting that the relationships presented
in Eqgs. (1) and (2) have gained widespread acceptance.
These equations, proposed by UBC97 (UBC97 1997) and
ASCE7-22 (ASCE7-22 2022), are utilized for the computa-
tion of the effective stiffness and effective damping of an
isolator unit in seismically isolated structures, respectively.
Furthermore, the STRP models were pushed down up to a
vertical displacement of 10 mm in a displacement-control
manner. The resulting compressive force—vertical displace-
ment curves can be seen in Fig. 4b. It is important to note
that STRP-6 was pushed down in two different types of
downward displacement. In one case, its lateral sway was
restricted, as indicated by the dashed black curve in Fig. 4b.
In the other case, it was allowed to sway freely, represented
by the solid black curve in Fig. 4b. Upon analyzing Fig. 4b,
it is evident that when the rubber layers were compressed
to a vertical displacement of 3.6 mm, the gap between the
spherical parts at both ends of the steel rods and the inner
surface of the bowl-shaped parts (as shown in Fig. 3c) was
filled. Subsequently, the additional compressive force was
absorbed through the combined action of the steel rods and
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Fig.4 Comparison of the shear force—shear displacement and compressive force—vertical displacement curves of the considered STRP models
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rubber layers. When the upper steel plate was permitted to
sway, a slippage plateau occurred. However, when the sway
was restrained, the steel rods buckled upon reaching their
critical compressive force.

Regarding Fig. 5a, which illustrates the K4 values at
different shear strains, it can be observed that STRP-1 and
STRP-2 exhibited a significant decrease in effective hori-
zontal stiffness due to roll-out instability. The rate at which
K. approaches zero was faster for these models compared to
the other STRP models. Consequently, STRP-1 and STRP-2
were unable to withstand higher horizontal forces at larger
shear strains. Additionally, as the period of the base isolation
system elongated, it was unable to provide the required hori-
zontal frequency at higher shear strains. Furthermore, the
ranking of the excellence in the variation of K at different
shear strain values is as follows: STRP-4, STRP-5, STRP-6,
and STRP-3, respectively. Notably, STRP-3 maintained an
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approximately constant K4 at various shear strains, while
the K i values of STRP-3 and STRP-6 were equal after a
shear strain of 67%. Considering Fig. 5b and c, it is evident
that STRP-5 and STRP-6 ranked first in providing the initial
and secant vertical stiffness, respectively. The vertical stiff-
ness of bearings plays a crucial role in supporting vertical
forces and minimizing the rocking motion of the isolated
building. It is important to note that the calculation of the
secant vertical stiffness was based on a line connecting the
starting point of the compressive force—vertical displace-
ment curves (Fig. 4b) to their endpoint at a vertical dis-
placement of 10 mm. As shown in Fig. 5d and e, STRP-6
and STRP-5 ranked first and second, respectively, in terms
of effective damping and total dissipated energy. Their S
values were higher than the 2-3% critical damping of natu-
ral rubber bearings (Naeim and Kelly 1999). It should be
emphasized that the amount of dissipated energy and f 4
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are crucial parameters for controlling the shear displace-
ment of bearings to meet the allowable lateral displacements
specified in design codes. This, in turn, has an implicit effect
on enhancing the endurance of bearings under cyclic loads.
Overall, considering the results obtained for STRP-5 and
STRP-6 in Sects. 4 and 5, such as the elimination of roll-
out instability, the achievement of positive incremental and
chubby shear force—shear displacement hysteretic curves up
to a shear strain of 83.33%, the uniform distribution of com-
pression column zone in the bearing, the average secant ver-
tical stiffness to effective horizontal stiffness ratio of 60.53
for STRP-5 and 141.35 for STRP-6, the vertical secant stiff-
ness of 55.25 kN/mm (which is sufficient for low-rise build-
ings), the average effective damping of 0.12 for STRP-5 and
0.16 for STRP-6, and the higher energy dissipation capacity
of STRP-5 and STRP-6, it can be concluded that STRP-5
and STRP-6 are the most suitable STRP base isolators.

6 The Seismic Performance of low-rise
Buildings Equipped with STRP Base
Isolators

6.1 The Building Models and Considered
Earthquake Records

In order to assess the seismic performance of buildings
equipped with the most effective STRP base isolators
under earthquake ground motions, a two-story building
model with a three-span configuration was created. This
model was designed to meet the requirements of a mod-
erate ductility residential moment-resisting frame, situated
in a high-seismicity region with stiff soil conditions. The
floors and roof of the building were subjected to dead and
live loads with intensities of 5.48 kN/m?, 2 kN/m?, 6.18 kN/
m?, and 1.50 kN/m?, respectively. The fundamental period
of the building model was determined to be 0.65 s, with a
span length of 5 m and a story height of 3 m. The beams
and columns were assigned steel sections of IPE300 and
BOX180x 180 % 20, respectively. To simplify the analysis
process and save time, a nonlinear time history analysis
of the building model was conducted using the dynamic
implicit procedure, employing a two-degrees-of-freedom
mass—spring—damper model. Considering that the dimen-
sions of the investigated STRP models in previous sections
were 100x 100 X 72 mm, and the practical approximate
dimensions of seismic elastomeric base isolators (i.e., pro-
totype) are 750 X 750 X 540 mm, a scale factor of 7.5 (i.e.,
S =prototype/model =7.5) was applied. This allowed for
an accurate representation of the small-scale model in the
analysis. The acceleration-based similitude law, as presented
in Table 1 and proposed by (Kim et al. 2004), was utilized
to ensure the fidelity of the scaled model. It is noteworthy

Table 1 Scale factors for the acceleration-based similitude law

Quantity ~ Dimen- Unit Scale Prototype  Model
sion factor
Length L [mm] S - -
Mass M [N.s¥mm] $° 39.83 0.71
Time T [s] sz - -
Stress ML T2 [N/mm?] I - -
Velocity — LT™! [mm/s] S - -
Accelera- LT [mm/s?] 1 - -
tion
Force MLT™? [N] s? - -
Stiffness ~ MT™2 [N/mm] S 11,896.84 1586.25
Damping MT? [N.s/mm] S§%* 60.88 13.43
Frequency T~/ [1/s] s~ - -

that the fundamental periods for the prototype fixed-base,
isolated with STRP-5 and STRP-6 building models were
0.65 s, 0.81 s, and 0.91 s, respectively. Additionally, the
corresponding fundamental periods for the scaled fixed-
base, isolated with STRP-5 and STRP-6 building models
were 0.24 s, 0.30 s, and 0.33 s. These values align with
the acceleration-based similitude law, as indicated by the
scale factor for frequency in the last row of Table 1. It is
important to highlight that STRP-5 and STRP-6, on aver-
age, enhance the value of the fundamental period by 32%,
which is deemed satisfactory for this particular category of
economic base isolators.

A horizontal mass—spring—damper model was con-
structed in accordance with Fig. 6. This model consisted of
two lumped masses that were interconnected and connected
to the base through axial connectors. The properties of the
axial connector were determined by analyzing the capacity
curve (also known as the pushover curve) of each story in the
designed building model, as illustrated in Fig. 7. Based on
the scale factors provided in Table 1 and the capacity curve
shown in Fig. 7, the elasticity behavior of the axial connector
was assigned a value of 1586.25 N/mm (referred to as D11),
while the plasticity behavior was defined by an uncoupled
F1 with kinematic hardening using the half-cycle definition
of force/S>-plastic displacement/S. Additionally, a damping
ratio of 0.05 led to the definition of the damping property of
the axial connector as C11, with a value of 13.43 N.s/mm.
The isotropic mass of 0.71 N.s2/mm was assigned to the
reference points under consideration. Since the model was
created in a horizontal position, the compressive effect of
gravity loads on the base isolators was simulated by apply-
ing a concentrated force of 13,891.3 N (twice the weight
of each lumped mass) to them. The entire model was then
analyzed by applying earthquake accelerograms, with the
total time and time steps scaled by a factor of 1/S"2. It is
important to note that in the fixed-base model (Fig. 6a), all
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(b)
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Fig.6 The considered small scale mass—spring—damper building models with a: a fixed-base, b STRP-5, ¢ STRP-6

degrees of freedom at the base and lumped masses were
restrained, except for the translational degree of freedom
in the X direction. In the base-isolated models (Fig. 6b and
¢), the assigned boundary conditions for the lumped masses
were similar to those in the fixed-base model. However, at
the location of STRPs, the translational degrees of freedom
in the X and Y directions were free at the lower steel plate
level, while the translational degree of freedom at the upper
steel plate level was restrained.

In this study, eleven earthquake accelerograms were con-
sidered, each possessing the specific attributes outlined in
Table 2. These records were scaled according to the pro-
visions of Standard-2800 (Standard-2800 2014). The scale
factors for each record were calculated and are displayed in

1000

Force [kN]
A N )
s 888383838 8
8 88 88 88 8 8

0 200 400 600 800 1000 1200
Displacement [mm]

Fig.7 Capacity curve of each story of the building model

£

i @ Springer

Table 2. It is important to note that the far-field and near-
field characteristics of the selected records, including the
presence or absence of a pulse, were determined based
on FEMA-P695. The scaled pseudo-spectral acceleration
spectra for the earthquake records under consideration are
depicted in Fig. 8.

6.2 Discussion on the Obtained Results

In Fig. 9, a comparison is presented between the absolute
acceleration and interstory drift ratio time-histories for
building models with fixed-base and those equipped with
STRP-5 and STRP-6 bearings, subjected to earthquake
ground motions. The results indicate that in fixed-base mod-
els, the absolute acceleration values for the second story
were higher than those for the first story. However, when
the building was equipped with STRP isolators, the absolute
acceleration values were reduced and became approximately
equal for both stories. Additionally, the interstory drift ratio
for the first story was higher than that for the second story
in both fixed-base and base-isolated buildings, but this was
reduced by the application of STRP isolators. The results
also show that the isolated buildings experienced a sig-
nificant reduction in absolute acceleration and interstory
drift ratio values compared to the fixed-base model during
the Imperial Valley and Kobe earthquakes. Nevertheless,
the decrease in structural responses was less pronounced
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Table 2 The characteristics of considered earthquake records

Record Seq. No Earthquake Recording station name PGA (g) PGV (m/s) Scale factor
name Year M

Far field record

953 Northridge, USA 1994 6.7 Beverly Hills-Mulhol 0.52 0.63 0.968

1111 Kobe, Japan 1995 6.9 Nishi-Akashi 0.51 0.37 0.978

1633 Manyjil, Iran 1990 7.4 Abbar 0.51 0.54 0.918

Pulse near field record

292 Irpinia, Italy-01 1980 6.9 Sturno 0.31 0.455 1.474

821 Erzican, Turkey 1992 6.7 Erzican 0.49 0.955 0.952

1063 Northridge, USA 1994 6.7 Rinaldi Receiving Sta 0.87 1.673 0.541

1165 Kocaeli, Turkey 1999 7.5 Izmit 0.22 0.298 2.053

No pulse near field record

160 Imperial Valley, USA 1979 6.5 Bonds Corner 0.76 0.443 0.789

741 Loma Prieta, USA 1989 6.9 Bran 0.64 0.559 0.941

1504 Chi-Chi, Taiwan 1999 7.6 TCU067 0.56 0.918 0.947

2114 Denali, Alaska 2002 7.9 TAPS Pump Sta. #10 0.33 1.264 1.421

I
n

N}

05 ~

Pseudo Spectral Acceleration [g]

=

Period [s]

——Kobe-FF
~——Northridge-Pulse NF
Chi Chi-No Pulse NF

—Northridge-FF
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T.oma Prieta-No Pulse NF
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Kocaeli-Pulse NF
DNenali-No Pulse NF

Irpinia-Pulse NF
Imperial Valley-No Pulse NF

Fig.8 The scaled pseudo-spectral acceleration spectra for the consid-
ered earthquake ground motions

during the Northridge earthquake. This can be attributed to
the unique pulse near field characteristic of the Northridge
record, as well as its significantly higher pseudo-spectral
acceleration value at the fundamental periods of build-
ing models, when compared to Kobe and Imperial Valley
records (Fig. 8). Notably, the interstory drift ratio time-histo-
ries in Fig. 9 indicate that the fixed-base model under Kobe
and Northridge records experienced nonlinearity at the 1st
story, resulting in residual drifts. This issue was eliminated
by equipping the building model with STRP isolators, dem-
onstrating the effectiveness of these bearings in protecting
buildings against earthquakes.

Table 3 displays the results obtained from the building
models' maximum absolute acceleration, maximum inter-
story drift ratio and maximum base shear under eleven
different earthquake ground motions. The quantitative rep-
resentation of the aforementioned conclusions from the
previous paragraph can be observed in the difference per-
centage column of Table 3. It is evident that the building

model subjected to the Northridge-Pulse NF and Denali-
No Pulse NF records exhibited the most severe structural
responses. Consequently, these cases demonstrated the
least difference percentage values between the isolated
models and the fixed-base models. In accordance with the
Standard-2800 provisions, the average response among
the eleven records should be considered. Therefore, based
on the results obtained, the average difference percent-
ages for the model with STRP-5 in reducing the maximum
absolute acceleration, the maximum interstory drift ratio,
and max. base shear were found to be 44.91%, 43.4%, and
54.24%, respectively. Furthermore, the average difference
percentages for the model with STRP-6 in reducing the
maximum absolute acceleration, the maximum interstory
drift ratio, and max. base shear were determined to be
47.73%, 51.13%, and 59.27%, respectively. Figure 10
illustrates the contrast in the average reduction percentage
of maximum absolute acceleration, maximum interstory
drift ratio, and maximum base shear between the building
models equipped with STRP-5 and STRP-6 and empha-
sizes the superior performance of the models incorporat-
ing STRP-6. In order to assess the overall effectiveness of
the analyzed building models incorporating STRP-5 and
STRP-6 when subjected to 11 different earthquake records,
the seismic performance index (SPI) (Mualla and Belev
2002) was calculated using Eq. (3).

SPL=/R}+R} + R ©)

where R, R, and R, are the displacement reduction fac-
tor, base shear reduction factor, and remaining energy fac-
tor, respectively. The estimated SPI values for the models
incorporating STRP-5 and STRP-6 were 0.9 and 0.74,

@ Springer



Iranian Journal of Science and Technology, Transactions of Civil Engineering

Fixed base model- Imperial Valley-No Pulse NF

n

Absolute Acceleration [g]
=3
?

=3
3

-1.5
0 2 4 6 8 10 12 14 16
Time [s]
——Story 1 —Story 2
STRP-5 model- Imperial Valley-No Pulse NF
L5

Absolute Acceleration [;
=3

-1.5
0 2 4 6 8 10 12 14 16
Time [s]
——Story 1 ——Story 2
STRP-6 model- Imperial Valley-No Pulse NF
1.5

Absolute Acceleration [g]
(=1

=4
73

-1.5
0 2 4 6 8 10 12 14 16
Time [s]
——Story 1 ——Story 2
Fixed base model- Kobe-FF
1.5
o
s
2
= 05
5
g o
<
Q
= -05
g
oS .
= 1
-1.5
0 2 4 6 8 10 12 14 16
Time [s]
——Story I ——Story 2
STRP-5 model- Kobe-FF
L5

Absolute Acceleration [g]
(=]

=4
o

0 2 4 6 8 10 12 14 16
Time [s]

——Story I ——Story 2

Fixed base model- Imperial Valley-No Pulse NF
0.004

0.003
0.002
0.001
0 V
-0.001
-0.002
-0.003

-0.004
0 2 4 6 8 10 12 14
Time [s]

mm/mm]

1

ft Rat

1]

Interstory D:

——Story I —Story 2
STRP-5 model- Imperial Valley-No Pulse NF

0004

0.003

'mm

0.002
.2 0.001

& 0.000 —WW\{\J\/W\M\/W\/‘-M

at|

ft

& -0.001
-0.002

ri

-0.003
-0.004

Interstory

0 2 4 6 8 10 12 14
Time [s]
——Story I ——Story 2
STRP-6 model- Imperial valley-No Pulse NF
0.004
0.003

[mm/mm]

0.002
.2 0.001
S

0.000

ti

ft

Tl

-0.001
-0.002
-0.003

Interstory D:

-0.004
0 2 4 6 8 10 12 14

Time [s]
——Story I ——Story 2
Fixed base model- Kobe-FF
__0.004
0.003
0.002
0.001

& -0.001
-0.002

rift Ratio [mm/mm

-0.003

Interstory

-0.004
2 4 6 8 10 12 14

Time [s]
——Story I ——Story 2
STRP-5 model- Kobe-FF
0.004

0.003
0.002
0.001

ft Ratio [mm/mm]

Tl

-0.001
-0.002
-0.003

-0.004
0 2 4 6 8 10 12 14

Time [s]

Interstory Di

—Story I —Story 2

Fig.9 Comparison of the absolute acceleration and interstory drift ratio time-histories for the building models with the fixed-base and equipped
with STRP-5 and STRP-6 bearings under the considered earthquake ground motions
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Fig.9 (continued)

respectively. It is important to note that a lower value of SPI
indicates a higher level of seismic isolation performance.
In light of the results obtained from Sects. 4 and 5, which
demonstrate higher percentage values in reducing structural
responses of buildings equipped with STRP-6 under the
eleven considered ground motions, it has been confirmed
that the novel STRP-6 isolator is efficient and superior in
protecting low-rise buildings against far-field, pulse, and
no pulse near-field earthquake records. This sustainable
and economic base isolator, made with scrap tires, requires
further investigation to assess its seismic performance in
different low-rise structural systems equipped with STRP-6
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isolator under more severe situations, such as mainshock-
aftershock sequences (Basim et al. 2022), both numerically
and experimentally.

7 Conclusions

In this research, a comprehensive investigation was con-
ducted to evaluate the seismic performance of four novel
types of sustainable and cost-effective base isolators, which
were constructed using discarded tires. These isolators
were compared with existing unbonded and bonded STRP

2§\ Springer



Iranian Journal of Science and Technology, Transactions of Civil Engineering

L6'CI 10ccl 80°¢C 6Tl 1000 81000 1344 879 128°0 799°0 feuad
'S9 €08°¢ £eee 98y 90000 8000°0 9¢CL 11'%9 7120 10C°0 O-D
¥€'€9 iy T L99Y L0000 80000 creL €979 81C°0 €170 BjoLld eWo]
LE09 [488Y £€¢'8¢ NS €000°0 60000 81°L9 €0'vS 96C°0 G820 ASeA Teedwy
proda1 pray-1eau asind oN
99°'1L €02'C 09 LS'8C 70000 €000°0 LO'LT 811C 761°0 LOT0 1[oBd03]
08¢l 809°CI €r'1C ST 1100°0 12000 1LvC S6'9 YLLO 1L°0 93pLIyIION
SL'SS L9TS 8¢€CS 8¢'1¢ 100°0 €100°0 80°6C 6811 6¢t°0 €050 uedIzIyg
€109 107 1.9 98¢ 90000 8000°0 7L'0¢ CL'eT 8¢€0 [45X0) erurday
PIOOAI p[ay-Ieau S[ng
1L°69 108 SL'EY 898 60000 100°0 LO'EL £0'8¢ SLTO (444 [Hfuey
9629 SLT'S 6C19 6’19 €000°0 80000 L9'TL ¥8'CS L8T0 61C°0 2qo3|
€5Y9 10°¢ [ANSY Y1°LS L0000 60000 17'69 98 10€°0 €€T0 S3pLIYIION
PI0daI play-Ie S-dULS UMM paje[ost aseg
- [40h4! - - €100°0 1200°0 - - 101°1T 1L°0 euag
- L66°01 - - 60000 7100°0 - - 8L0 9¢0 O-14D
- SO¢'TT - - 60000 S100°0 - - 1180 LSO BJoLld BWO]
- 6l - - T100°0 2000 - - 2060 290 KaqreA rerroduy
pIroda1 pray-1eau asind oN
- VLL'L - - 100°0 L0000 - - 99C°0 €LT0 1[oed03]
- L29Y1 - - 7100°0 82000 - - 8201 €9L°0 93pLIYIION
- €06°T1 - - 1200°0 61000 - - 6190 165°0 uedIzIyg
- LSO01 - - L1000 €100°0 - - 881°0 60t°0 erurdiy
PIOOAI p[oy-Ieau AS[ng
- €00v1 91000 €200°0 120°1 6250 [Hfuey
- cL6’El - - ¥100°0 12000 - - €10'1 8¢S°0 2qo3|
- 9CIvl - - S100°0 1200°0 - - G860 (4350 S3pLIYION
pIodaI ploy-1e 9SBQ-pPaXI]
7 k101§ 1 K101§ 7 k101§ 1 L1038 7 k101§ 1 L1038 7 k101§ 1 K103
[%] [Nl [%] [/t ] (%] (5]
a3evjuaorad oner uon
ouRIIq Ieays oseq "XelN  a8evjuadiad aouarsyI(q Jjup K103s10ur "XepN  9SeIuao1ad Q0UQIQlI(] -BIS[00E IN[OSUE “XEBIA[ pIooar ayenbyreg [°POIN

suonow punoid ayenbyies || 1opun sfepow SUIP[INgG Y} I0J JeAYS ASBQ "XBW PUE ‘Orjel JJLIPp AI0ISIOUI "XBW ‘UONILIS[9I0' 9JN[OSqE "XBW I0J SAN[BA PAUILIqo oy], € d|qel

pringer

Qs

b
Shiraz University



Iranian Journal of Science and Technology, Transactions of Civil Engineering

60°S1 Y06°T1 LLOE 18°€C 60000 91000 9I'LC L 080 8690 feueq
LSTL 910°¢ £e'ee 0s 90000 L0000 ov'EL S9 L0T'0 961°0 UD-ud
6¥°99 88L'¢ Yy €ees §000°0 L0000 YTeEL 91°¢9 L1TO 10 elolld ewWo]
6919 o'y L9°99 09 ¥000°0 80000 L9 6C9¢ £6C°0 ILT0 K9[TeA Terreduy
PI0oaI ploy-reau asind oN
LY'SL L06'1 0L 98y £000°0 ¥000°0 ILce LLOE 6L1°0 681°0 128203
081 166°11 LS'8C IL°¢¢ 100°0 8100°0 L09T 98’L 9L°0 €0L°0 a3pyIoN
0L°S9 €801 YI'LS LELY 6000°0 1000 £6°¢E 181 60¥°0 (4340 Uestzry
01°¢9 IS¢ 6S°0L SI'oy S000°0 L0000 L1CE 919¢ 1eeo c0¢0 erurdiy
PI0d3I p[oy-1eau as[nd
569 99Ty 0S L8°09 8000°0 6000°0 IL°GL 1¥°8¢ 8¥C°0 o [ifue
YeIL Y00 ev'IL L9799 ¥000°0 L0000 LL YL19 €€C0 00 9qo3|
96°0L wry £e°¢s 6’19 L0000 8000°0 SL'9L 1T6S 6¢C0 LIT0 a3pryiioN
PI0dI p[oy-Te 9-dYLS YIM paje[osT aseq
7 k103§ 1 K101 7 K103§ 1 K103§ 7 k101§ 1 K103 7 k101§ 1 K103
(%] (N1 [%] [wwyww] (%] (5]
a3ejuoorad oner uon
QoUdIRYIg Ieqys oseq 'xe[y|  oSeiueorad sousropI jJup K10)s103ut "Xey  aSejucorod o0UQIOHI(] -BIS[AO0E AINJOSQE "XBIA PI0031 oxenbylreg [oPOIN

(ponunuoo) ¢ 3jqey

pringer

As

o
SiresUntersit



Iranian Journal of Science and Technology, Transactions of Civil Engineering

-
S

ey
S

o
=3

N
S

v
S

S
S

n
\
\

Average Reduction Percentage [%)]
5

o

Max. Absolute Acceleration Max. Interstory Drift Ratio Max. Base Shear

mSTRP-5 = STRP-6

Fig. 10 Comparison of the average reduction percentage of max.
absolute acceleration, max. interstory drift ratio, and max. base shear
for the building models with STRP-5 and STRP-6

isolators. The study began by verifying the accuracy of
the finite element modeling procedure. Subsequently, the
monotonic compression and cyclic shear behavior of six dif-
ferent STRPs were examined. These included STRPs with
unbonded rubber layers, bonded rubber layers, bonded rub-
ber layers with loading steel plates, bonded rubber layers
with steel layers, bonded rubber layers with lead core, and
bonded rubber layers with vertical steel rods. The investiga-
tion focused on various important parameters, such as effec-
tive horizontal stiffness, vertical initial and secant stiffness,
effective damping, total dissipated energy, and the overall
shape of the obtained hysteretic curves. Based on these cal-
culations, the most promising STRPs were identified. Fur-
thermore, the seismic behavior of both fixed-base and base-
isolated two-story steel building models was analyzed using
earthquake accelerograms. The key findings of this study
provide valuable insights into the effectiveness and suitabil-
ity of the different STRPs for seismic isolation applications.

e STRP-1 and STRP-2 exhibited an incapacity to withstand
amplified horizontal forces under greater shear strains.
This can be attributed to their significantly declining
effective horizontal stiffness, which was caused by roll-
out instability. Moreover, Keff experienced a more rapid
decrease, surpassing the rates observed in other STRP
models.

¢ By implementing an adhesive layer between the rubber
components and incorporating steel plates within the
bonded STRPs, the issue of reduced contact area caused
by roll-out instability was effectively resolved. This
resulted in a uniform distribution of the compression
column zone throughout the entire STRP, from its top to
bottom. Consequently, the STRP-3 exhibited enhanced
stability, enabling it to withstand tension stresses at the
bearing's corners. As a result, a stable hysteretic shear
force—shear displacement curve was achieved, leading to
an increase in shear strength. Furthermore, the STRP-3
demonstrated a remarkable shear deformation capacity

2, @) Springer

of 83.33%, allowing it to sustain applied loading until the
very end without significant degradation in strength or
stiffness.

The inclusion of steel plates in STRP-4 resulted in a 25%
increase in shear strength compared to STRP-3. However,
despite maintaining a stable hysteretic curve without any
degradation, there was not a significant increase in the
amount of energy dissipation. On the other hand, both
STRP-5 and STRP-6 exhibited similar shear strength
and shear deformation capacity, but there was a notable
increase in the amount of dissipated energy.

It is noteworthy that previous research on STRPs has pri-
marily focused on stacking multiple layers of scrap tires
on top of each other, with the investigation of the use of
adhesive between layers being the only aspect explored
thus far. However, this study, as outlined in Sect. 4,
delves into the analysis of previous models (STRP-1
and STRP-2) and initially investigates the use of adhe-
sive between the upper and lower loading steel plates
and rubber layers (STRP-3). This cost-effective base-
isolator (STRP-3) exhibits improved behavior, includ-
ing the elimination of strength and stiffness degradation,
better stress distribution, and the elimination of roll-out
instability. However, it requires greater energy dissipa-
tion. To address this issue, two models with the common
concept of seismic base isolators, namely the use of steel
layers (STRP-4) or a lead core (STRP-5), were general-
ized to STRPs and evaluated alongside a novel idea that
had not been explored before (STRP-6). The new model
(STRP-6) introduced in this study incorporates a friction
damping mechanism, which is highly effective in dis-
sipating seismic energy input. The inclusion of spheri-
cal surfaces within the bowl-shaped parts enhances the
degree of freedom necessary for the base isolator to with-
stand earthquakes without compromising the flexibility
of its rubber layers. The results indicate the superiority of
the proposed model (STRP-6) over the lead core model
(STRP-5), eliminating the need for lead and its detrimen-
tal effects on the environment as a toxic material. Fur-
thermore, the proposed isolator (STRP-6) outperforms
the conventional approach of using both steel and rubber
layers simultaneously in base isolators (STRP-4). Based
on the results obtained, it can be concluded that STRP-6
proved to be the most effective STRP isolator. This is
evidenced by the elimination of roll-out instability, the
achievement of positive incremental and chubby shear
force—shear displacement hysteretic curves up to a shear
strain of 83.33%, and the uniform distribution of com-
pression column zone in the bearing. Additionally, the
average secant vertical stiffness to the effective horizontal
stiffness ratio of 141.35 and the vertical secant stiffness
of 55.25 kN/mm were sufficient to carry the gravity loads
in low-rise buildings and eliminate their rocking motion.
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The average effective damping of 0.16 and higher energy
dissipation capacity further support the effectiveness of
STRP-6. Moreover, when compared to other models, the
reduction of max. absolute acceleration, max. interstory
drift ratio, and max. base shear were significantly higher
with STRP-6, with average difference percentages of
47.73%, 51.13%, and 59.27%, respectively.
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