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ABSTRACT

Laminated elastomeric bearings used in seismic isolation rely on the mechanical properties of their constituent
elastomers to ensure effective performance. However, despite their resistance to temperature fluctuations and environmental
aggressors, silicone elastomers exhibit relatively low stiffness, limiting their direct applicability in seismic isolation. This
study investigates the effect of fumed silica as a reinforcing filler to enhance the mechanical properties of laminated silicone
elastomeric bearings. Elastomeric samples were fabricated with varying fumed silica proportions and subjected to Shore A
hardness, uniaxial tensile, and lap shear tests to assess the influence of filler content. Additionally, quasi-static tests were
conducted on reduced-scale bearing prototypes under combined vertical compression and cyclic horizontal shear to evaluate
their seismic isolation performance. The results demonstrate that fumed silica reinforcement significantly increases stiffness,
as evidenced by higher Shore A hardness values. However, a trade-off was observed in tensile properties, with reductions in
tensile strength and elongation at break. Despite this, the equivalent elastic modulus did not show substantial variation up to
large deformations, indicating that stiffness is preserved under most working conditions. Lap shear tests showed that fumed
silica improves shear resistance, while quasi-static tests revealed inelastic behavior with small increases in equivalent shear
coefficients but no substantial loss in damping ratios. These findings suggest that fumed silica reinforcement enhances
silicone elastomers’ stiffness and shear resistance while maintaining moderate damping properties, making it a promising
approach for improving the mechanical performance of elastomeric bearings in seismic isolation applications.
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1. Introduction

The safety and resilience of urban infrastructure in
earthquake-prone regions rely heavily on seismic isolation
systems designed to protect structures from damage during
seismic events!!3]. Among the existing vibration control
technologies, seismic base isolation, which belongs to the
passive vibration control category, has gained popularity
due to its relatively low cost[* 3], In this collection, plain
and laminated elastomeric bearings have been extensively
used to mitigate seismic forces by absorbing and dissipating
energy, thereby reducing the vibrations transmitted to the
superstructure > 1. These bearings, typically constructed
from rubbers reinforced with fillers, are widely used owing
to their enhanced mechanical properties like stiffness, tensile
strength, and energy dissipation capacity!! 1.

Conventional elastomeric materials such as natural and
high-damping rubber have been extensively employed in
seismic isolation systems. However, achieving optimal per-
formance under extreme conditions remains a significant
challenge. For instance, conventional elastomers may ex-
hibit reduced efficiency when subjected to extreme ambient
temperatures or prolonged exposure to certain environmental
factors, which can compromise their long-term durability

[7-10]1 These limitations

and reliability in harsh environments
necessitate exploring alternative materials to overcome these
shortcomings while maintaining or improving seismic isola-
tion performance.

In this context, silicone elastomers have gained increas-
ing attention as promising alternatives to seismic isolation
elastomers. Their natural resistance to temperature fluctua-
tions and chemical inertness, which allows them to resist ox-
idative degradation, ozone exposure and other environmental
aggressions, makes them particularly suitable for long-term
use in environments characterized by severe weather con-
ditions or significant temperature variations!!'~13. Unlike
conventional rubbers requiring complex vulcanization, sili-
cone elastomers can be cured at room temperature without
high temperature or pressure. This flexibility can drastically
simplify the fabrication process and reduce substantial man-

(141 However, despite these advantages, un-

ufacturing costs
modified silicone elastomers’ relatively low tensile strength
and stiffness present critical limitations for their direct ap-
plication in seismic isolation systems!'> 16 This drawback

highlights the need for innovative strategies to enhance their

mechanical properties while preserving their inherent bene-
fits.

A widely used approach to improving the mechanical
properties of elastomers involves incorporating reinforcing
fillers. Among the various fillers used to reinforce elas-
tomeric materials, fumed silica has emerged as an effec-
tive agent for improving the performance of silicone elas-

tomers!!7-18

1. The large surface area and high surface energy
of fumed silica enable it to interact with the polymer matrix
at the molecular level, forming a robust network structure
that enhances the overall mechanical properties of the mate-
rial 211 The incorporation of fumed silica has been shown
to improve properties like the equivalent elastic modulus,
tear strength, and fatigue resistance, making it a promising
reinforcement for developing high-performance elastomeric
materials 22241,

Several studies have investigated the effects of incor-
porating fumed silica into elastomers, consistently reporting
improvements in stiffness, tensile modulus, and fatigue resis-

tance (21,2527

1. However, while much research has focused
on improving the general mechanical properties of these
materials, there remains a lack of studies investigating the
effects of fumed silica reinforcement on the seismic isola-
tion performance of laminated silicone elastomeric bearings,
particularly in terms of energy dissipation capacity, shear
modulus, and damping capacity.

This study addresses the following research question:
how does incorporating fumed silica as a reinforcing filler
influence the mechanical and seismic isolation performance
of laminated silicone elastomeric bearings? The following
hypotheses are proposed based on previous studies and the
mechanical behavior of reinforced elastomers. (1) Increasing
fumed silica content will enhance the stiffness of silicone
elastomers, as evidenced by higher Shore A hardness val-
ues. (2) Incorporating fumed silica will reduce the tensile
strength and elongation at break due to increased material
stiffness. (3) Reinforced silicone elastomers will exhibit im-
proved shear performance, with increased equivalent shear
modulus and damping capacity under quasi-static loading
conditions.

Hence, this study aims to investigate the effect of fumed
silica as a reinforcing filler in laminated silicone elastomeric
bearings for seismic isolation applications. Specifically, the

research focuses on evaluating the influence of varying filler
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proportions on stiffness, tensile behavior, and shear perfor-
mance through mechanical testing and analyzing the quasi-
static response of reduced scale bearing prototypes under
combined vertical compression and cyclic horizontal shear.

This research provides theoretical insights into the role
of fumed silica as a reinforcing filler in silicone elastomers,
contributing to the understanding of material modification
strategies for seismic isolation applications. By assessing the
mechanical behavior of fumed silica-reinforced elastomers
under relevant loading conditions, the study helps clarify
the trade-offs between stiffness, ductility, and energy dissi-
pation, offering a scientific basis for optimizing elastomer
formulations.

From a practical perspective, the findings contribute
to the development of high-performance elastomeric bear-
ings capable of maintaining mechanical integrity and seis-
mic isolation performance under extreme environmental and
weather conditions. Understanding the impact of filler con-
tent on shear modulus and damping properties allows re-
finements of material formulations for the next generation
of elastomeric bearings, ensuring greater durability and re-
silience of structures in earthquake-prone regions.

The methodology section of this paper details the ma-
terial selection, sample fabrication, and testing procedures.
The results obtained from mechanical and quasi-static tests
are presented in the subsequent section, followed by an in-
terpretation of their implications for seismic isolation. The
paper concludes with a summary of key findings and direc-
tions for future research.

2. Literature Review
2.1. Reinforcing Filler for Silicone Elastomers

Research on the mechanical enhancement of elas-
tomeric materials through filler reinforcement has been
widely explored in material science and engineering. Several
studies have investigated the role of reinforcing fillers such
as carbon black, silica, and nanoparticles in improving the
mechanical properties of elastomers used in various appli-

28-301 " Among these, fumed silica has emerged as a

cations!
promising reinforcing agent for silicone elastomers due to its
ability to increase stiffness and modulus while maintaining
flexibility 31> 3%,

Originally introduced as a means of reducing produc-

tion costs, fillers play a pivotal role in increasing the hard-
ness and enhancing tensile strength, tear resistance, damping
performance, and abrasion resistance of elastomer matri-
ces?73% They can improve mechanical properties by rein-
forcing the elastomer, leading to increased strength, abrasion
resistance, and tear resistance, with fillers like carbon black
being very effective*31. Fillers also reduce material costs by
replacing part of the polymer with cheaper substances like
calcium carbonate or clay. Additionally, they can ease the
processability of elastomers, making them easier to handle
and shape during manufacturing %251,

A preliminary study was conducted to assess the avail-
able fillers, their potential effects, and their incorporation
levels. The key fillers considered included silica, carbon
black, and other nano-sized particulates, each offering unique

12, 25,33

advantages! 1. Carbon black has been widely used for

enhancing tensile strength and tear resistance in rubber com-

[34,35

posites 1, while other nano-fillers, such as clay-based

reinforcements, have been explored for improving damping

36,371 However, fumed silica stands out among

properties
the available fillers due to its high surface area, amorphous
structure, and intense interaction with silicone matrices. Its
inorganic structure, reproducible dispersion properties, and
compatibility with silicone elastomers make it an ideal candi-
date for enhancing material stiffness while preserving chemi-
cal inertness and processability. Several studies have focused
on the effects of fumed silica on the mechanical behavior of
silicone elastomers. Incorporating fumed silica into silicone
elastomers significantly enhances stiffness, tensile modulus,
and tear strength by improving the formation of a strong
interfacial interaction between the polymer matrix and filler
particles 3%, Similarly, Jiang and Yong[3!! reported that an
optimized distribution of fumed silica in silicone elastomers
leads to an increase in equivalent elastic modulus without
severely compromising elongation at break.

In seismic isolation, filler reinforcement strategies have
been explored to improve the performance of elastomeric
bearings. Abedi Koupai, Bakhshi and Valadoust Tabrizi !
investigated the impact of carbon black on the shear behavior
of styrene butadiene rubber bearings, demonstrating an im-
provement in shear modulus and damping properties. How-
ever, incorporating carbon black can sometimes increase the
material’s brittleness, mainly in lower temperatures, where it

may reduce ductility. In addition, high levels of carbon black
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can impede workability by thickening the elastomer, which
can require adjustments in the processing conditions 4% 411,
Its opaque nature also eliminates transparency, complicating
visual inspection of internal layers, which represents a draw-
back in contexts where nondestructive inspection methods
are essential (42441,

Regarding shear performance, prior research has em-
phasized the need to balance stiffness enhancement with
damping properties. Haddad et al.[*] explored the effect of
nanoparticle-reinforced rubber composites in vibration iso-
lation applications and reported that while increasing filler
content leads to improved stiffness, it may also reduce damp-
ing efficiency, which is critical for energy dissipation. This
finding aligns with observations by Jin et al.[?], who noted
that excessive reinforcement may increase brittleness and
reduce shear compliance, posing challenges in seismic isola-
tion applications.

Although these studies provide valuable insights into
filler reinforcement strategies and filed rubber material be-
havior, limited research has been conducted on the specific
effect of fumed silica on the seismic isolation performance of
silicone elastomeric bearings. The influence of varying filler
proportions on key parameters such as equivalent shear mod-
ulus, damping ratio, and energy absorption capacity remains

an open question, which will be addressed in this study.

2.2. Novelty and Contributions to Science

This study presents an investigation into the effects
of fumed silica reinforcement on the mechanical and seis-
mic isolation performance of laminated silicone elastomeric
bearings. While the use of silicone elastomers in seismic
isolation has been previously suggested due to their supe-
rior environmental resistance, their relatively low stiffness
and tensile strength have posed significant challenges for
practical application. Although fumed silica has been widely
recognized as a reinforcing filler for silicone-based materials,
prior studies have primarily focused on its role in improving
general mechanical properties such as tensile strength, tear
resistance, and fatigue life. However, the specific influence
of fumed silica reinforcement on the seismic isolation behav-
ior of silicone elastomeric bearings, including shear moduli,
damping characteristics, and energy dissipation capacity, re-
mains largely unexplored.

Unlike conventional studies that focus on bulk silicone

elastomers, this research investigates the performance of
laminated silicone elastomeric bearings, considering their
structural application in seismic isolation. The study system-
atically examines the impact of varying fumed silica filler
proportions (0, 1.25, and 2.50 phr) on Shore A hardness,
uniaxial tensile strength, and shear properties, providing in-
sights into the trade-offs between stiffness enhancement and
material ductility. A novel aspect of this work is the inclusion
of quasi-static tests on reduced-scale bearing prototypes, as-
sessing their behavior under combined constant vertical com-
pression and cyclic horizontal shear loading, which provides
direct experimental validation of the material’s effectiveness
in seismic isolation applications.

The research goes beyond standard mechanical tests to
evaluate key seismic parameters, such as equivalent shear co-
efficients and damping ratios, which are critical for practical
implementation in base isolation systems. The study com-
pares experimental results with established standard thresh-
old values for elastomeric bearings, offering a useful per-
spective on the feasibility of using fumed silica-reinforced
silicone elastomers in seismic isolation systems. By inte-
grating material characterization with structural performance
analysis, this research provides valuable insights for both
material scientists developing high-performance elastomers
and engineers designing next-generation seismic isolation

systems.

3. Materials and Methods

3.1. Research Methodology

The research methodology follows a systematic ap-
proach to evaluate the effect of fumed silica reinforcement
on the mechanical and seismic isolation performance of lam-
inated silicone elastomeric bearings. The study consists of
four main stages: (1) material selection and preparation, (2)
sample fabrication, (3) experimental testing, and (4) data
analysis and comparison.

A preliminary assessment of potential fillers was con-
ducted, leading to the selection of fumed silica due to its
high surface area, amorphous structure, and higher interac-
tion with silicone matrices. The filler content was limited to
2.50 phr to guarantee a homogenous dispersion within the
matrix. Elastomeric samples were fabricated with different
filler proportions (0 phr, 1.25 phr, and 2.50 phr), ensuring con-

47



Journal of Building Material Science | Volume 07 | Issue 01 | March 2025

trolled processing conditions to maintain consistency across
test specimens. These samples were subjected to mechanical
testing, including Shore A hardness, uniaxial tensile, and lap
shear tests, to assess their stiffness, tensile properties, and
shear behavior. Additionally, prototype bearings were tested
under quasi-static shear loading conditions to evaluate their
seismic isolation performance under combined vertical com-
pression and cyclic horizontal shear. The collected data were

analyzed to interpret the influence of filler content on key

parameters, including equivalent elastic modulus, shear mod-
ulus, and damping capacity. Figure 1 presents a flowchart
summarizing the methodology and the steps followed in this
study and highlights the logical progression from material
selection to final analysis, ensuring a structured approach to
evaluating the effectiveness of fumed silica reinforcement in
silicone elastomeric bearings. The subsequent subsections

provide detailed descriptions of each stage of the methodol-

ogy.

/ Polymer || Curing agent || Filler
Elastomer
formulation KE1316 | C€X32-2036 || 0phr
1.25 phr
2.50 phr
1 | |
_— I I I
Kneeling and vulcanization
Sample
fabrication Rubber || Dumbbell Lamination
block shape with steel
i i i i
/ 1 1 1 1
Hardness || Tensile || Shear Qs
Loading
tests Durometer || Camera || UTM
Quasi-static
UM test apparatus
] I |
1 1 1
1 1 1
-~ Shore A || Tensile Hysteresis
Data hardness || modulus
analysis Shear and
damping
performances

Figure 1. General flowchart of the research.

3.2. Elastomer Vulcanization and Sample Fab-
rication

The materials used in this study were selected to war-
rant a reliable and reproducible evaluation of the effects of
fumed silica as a reinforcing filler in silicone elastomeric
bearings. The base elastomers consisted of commercially
available room-temperature vulcanizing silicone compounds

chosen for their flexibility, workability, and accessibility.

The polymer matrices were obtained by curing the liquid
KE1316 base polymer with the CX32-2036 curing agent,
which was expected to result in relatively ductile elastomers.
These matrices provided a consistent base for preparing sam-
ples with varying filler proportions.

The fumed silica powder is characterized by its highly
porous, nanoscale particles with specific gravities ranging be-

tween 2.2 and 4.5 g mm~>. The individual particles typically
have a grain size ranging from 9 to 55 nm, and the powder
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possesses a high surface area averaging 100 m? g™' (471, This
large surface area provides a unique ability to form a network
of particles that bond with the silicone polymer chains, thus
mainly increasing the mechanical strength and modulus of
the elastomer matrix, while the high porosity of the grains
contributes to a better mechanical interlocking effect.

Three different proportions of fumed silica were incor-
porated to investigate the influence of filler loading: 0 phr
for the control samples, 1.25 phr, and 2.50 phr. These filler
proportions were selected to encompass a range of low to
moderate reinforcement levels while maintaining optimal
workability.

The fabrication of elastomer samples for experimental
testing, summarized in Figure 2, was carried out in ordered
processes to ensure consistent, reproducible, and reliable
results across all formulations. The weight of each raw com-
pound was measured by a precision weighing machine ac-
cording to the desired formulations: the polymer and curing
agent were combined at a predetermined ratio, following
the manufacturer recommendations for optimal curing, and
fumed silica was added in varying amounts to test the ef-
fect of filler concentration on the properties of the resulting
elastomer.

Once the weights of the raw compounds were mea-
sured, they were thoroughly mixed at a mixing rate of 200
rpm to ensure homogeneity and to disperse the filler material

1- MIXING

Mix the raw matenals
1n proportion and
knead until
homogenous.

3- VULCANIZATION

Let the raw elastomer
cure for 24 hours in a
low-temperature
incubator.

evenly throughout the raw mixture.

After mixing, the liquid polymer compound was poured
into appropriate recipients to prepare sheets for use in uniax-
ial tensile and to make blocks for Shore A hardness tests. The
fluid mixture was spread evenly to a consistent thickness,
ensuring uniformity in the sample preparation. The mixed
blend was then placed into a vacuum chamber to remove en-
trapped air bubbles, which could affect the consistency of the
final elastomer. The mixing speed and deaeration duration
were optimized to achieve a smooth, even, and uniform mix-
ture that would cure properly without unwanted air pockets.
Instead of leaving them in an open-air environment for preci-
sion and reproducibility, the prepared molds were placed in
a low-temperature incubator at a fixed temperature of 23 °C
to initiate the curing process. Curing time and temperature
were controlled to ensure proper crosslinking of the silicone
elastomer while ensuring uniformity and reproducibility of
the experimental data. After the initial curing, the vulcanized
elastomers can be subjected to a post-curing process, which
was omitted in this study. This optional process involved
placing the samples in the oven at a slightly elevated temper-
ature for an extended period, typically 2 to 4 hours at 50 °C,
to ensure that the elastomers reached their full mechanical
potential and to remove any volatile and residual solvents or

unreacted polymers that could affect performances.

2- DEFOAMING

Remove entrapped air
bubbles.

4- CONDITIONING
(Optional)

Subject the resulting
elastomer to controlled
heat.

Figure 2. Elastomer fabrication process.
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The numbering of the test batches was done straightfor-
wardly and logically. The first characteristic identified the
test type: H for hardness, T for tensile, L for lap shear, and
P for quasi-static shear tests. The second characteristic rep-
resents the filler proportion, as summarized in Table 1. For
the lamination process, SS400 steel rods and plates were pre-
pared according to specified designs and dimensions to serve
as reinforcing components, providing the necessary struc-
tural support to the elastomeric parts. Twelve samples were
prepared for each test batch to ensure reproducibility and
avoid singular test results, with the exception of the bearing

prototypes, where one prototype per batch was fabricated.

Table 1. Nomenclature of test batches.

No.  Silicone Material  Curing Agent Filler (phr)
1 KE1316 CX32-2036 0
2 KE1316 CX32-2036 1.25
3 KEI1316 CX32-2036 2.50

3.3. Shore A Hardness, Tensile, and Lap Shear
Tests

3.3.1. Shore A Hardness Tests

Shore A hardness tests were conducted to evaluate the
stiffness of the elastomer samples according to ASTM D2240

standards [48

1. The testing procedure involved applying a cal-
ibrated durometer, shown in Figure 3, to elastomer blocks
with dimensions adhering to standard specifications. The
durometer, equipped with a Type A indentor, designed for
measuring the hardness of soft elastomers and rubber-like
materials, was selected due to its accuracy in determining
the indentation resistance of materials that have relatively

low stiffness, including silicone elastomers.

Figure 3. Hardness Shore A durometer.

The samples were categorized into three batches of
elastomers fabricated using the KE1316 base polymer cured
with CX32-2036 and filled with fumed silica in proportions
of 0 phr, 1.25 phr, and 2.50 phr.

The durometer was applied perpendicularly to the sam-
ple surface during the test, and the hardness was recorded.
The hardness value was collected in a way that did not ac-
count for any occurring time-dependent recovery or elastic
rebound of the elastomer due to its viscoelastic nature. Mea-
surements were taken at five different locations across the
surface of each sample, with a minimum distance of 6 mm
between measurements to ensure the representativeness of
the hardness values. This approach helped to account for any
material heterogeneity or local variations in the properties
of the elastomer. The arithmetic mean of the five measure-
ments was calculated and recorded as the final Shore A
hardness value for each elastomer formulation. The mean
value provides a more accurate reflection of the overall hard-
ness of the material while accounting for minor variations

in the sample.
3.3.2. Uniaxial Tensile Tests

Uniaxial tensile tests were performed to investigate
the tensile behavior of the elastomer samples according to
ASTM D412 standards ) through the assessment of tensile
strength, strain at break, and equivalent elastic modulus as
key parameters. The samples were cut into dumbbell shapes
using a cutting die corresponding to dumbbell shape No. 7
in JIS K 625159 These samples were extracted from elas-
tomer sheets prepared under the same conditions as those
for the Shore A hardness test samples. Three batches (T1
through T3) were created, covering all combinations of the
three filler proportions. The sample design and representa-
tive dumbbell-shaped samples are shown in Figure 4.

The tests were conducted using a tabletop tensile com-
pression testing machine at a 200 mm min ! test speed until
rupture occurred, following the recommendation of the JIS K
651. A digital camera, which offers 4K video at 30 fps, pro-
viding excellent image stabilization and high optical zoom,
was used to capture the deformation behavior of the samples
during testing. The applied force was continuously recorded
by the testing machine integrated measurement system. Si-
multaneously, the elongation was tracked using the video
analysis system by measuring the movement of the two dots
placed at the ends of the initial gauge length of the sample.
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The deformation was recorded from pixel measurement of were combined to construct the nominal stress-strain curve,

displacements, which was later converted into actual elon- from which tensile strength and elongation strain at break

gation values. The force data and elongation measurements

=10 Al

s

N — e N
N 11 KB 20 I att

0

()

Figure 4. Dumbbell shape No.7: (a) dumbbell shape No

3.3.3. Lap Shear Tests

Double lap shear tests were conducted to evaluate the
shear behavior of the laminated elastomer and were per-
formed on double lap shear samples designed into Y-shaped
specimens. Key parameters were shear strength, ultimate
shear strain (corresponding to the shear strength), and equiv-
alent shear modulus. Each test sample consisted of a lam-
ination comprising two elastomer sheets bonded to three

70

30

(@)

51

were derived.

(b)

.7 design (mm) and (b) test sample with its cutting die.

SS400 steel plates. Both force and displacement data were
collected from the universal testing machine integrated mea-
surement system during testing. The tests were displacement-
controlled with a 10 mm min' loading rate until failure
occurred. This approach provided a steady rate of strain,
ensuring that the failure mode was predominantly influenced
by the mechanical properties of the assembly rather than its
dynamic responses. The design of the test samples and a

photograph of a tested specimen are shown in Figure 5.

(b)

Figure 5. Lap shear test sample: (a) sample design (mm) and (b) sample mounted on the testing machine.



Journal of Building Material Science | Volume 07 | Issue 01 | March 2025

3.4. Seismic Performance of Bearing Prototypes

Quasi-static tests were conducted on reduced-scale
bearing prototypes to evaluate their mechanical performance
under combined constant vertical compression and horizon-
tal cyclic displacement. On top of the hysteresis loops, the
equivalent shear coefficient and damping ratio were analyzed.
The reduced size of the prototypes should not have any in-
terference with the targeted mechanical properties because
of their normalized characteristic. The tests were performed
in the experimental building of the structural engineering
laboratory at Saitama University, using a custom-designed
loading apparatus illustrated in Figure 6. The loading setup
consisted of two rigid reinforced metallic columns support-
ing a rigid metallic beam, on which a vertical actuator was
mounted to apply the designed compressive load. A horizon-
tal actuator was mounted on one of the columns to provide
cyclic displacement during a displacement-controlled testing
procedure. The bearing samples were mounted on a sliding
rail system, positioned on top of a basement, and aligned
with the vertical actuator to ensure frictionless testing.

Figure 6. Quasi-static test loading apparatus.

During testing, the vertical actuator applied a constant
compressive pressure of 6.00 MPa. Meanwhile, the horizon-
tal actuator applied a cyclic displacement, following the dis-
placement protocol illustrated in Figure 7, at a rate of 2 mm
s~! until either rupture occurred or the third cycle at 250%

strain was achieved. In addition, two laser displacement

sensors were mounted to monitor the displacement of the
bearing loading plates. Key parameters recorded during the
tests included the horizontal force-displacement relationship,
vertical stiffness, and deformation behavior of the bearing

under cyclic loading.

400

200 R

Strain (%)
=

-200

-400

Figure 7. Quasi-static test loading amplitudes.

As depicted in Figure 8, the bearing prototypes used
for these tests were square-shaped, with dimensions of 100
mm by 100 mm, providing a shear surface area of 10,000
mm?. The overall thickness of a bearing prototype was 45
mm, and it consisted of a structured layer assembly of four
3 mm thick silicone elastomer sheets alternated with three
1 mm thick steel plates. This laminated configuration was
designed to optimize performance under compression and
shear loading conditions.

Since shape factors can affect the ability of the pro-
totype to resist compression and shear solicitations, their
values, summarized in Table 2, were selected to provide
optimal vertical and horizontal deformation resistances.

To complete the assembly, two outer steel loading
plates, each 15 mm thick, were added to cover the laminated
structure and ensure a firm bolted fixation to the loading ap-
paratus. The prototypes were fabricated to withstand a design
compression stress of 6.00 MPa and an ultimate compression
stress of 9.00 MPa.

Table 2. Bearing prototype shape factors.

8.33
8.33

First Shape Factor

Second shape factor

52



Journal of Building Material Science | Volume 07 | Issue 01 | March 2025

100

100

()

M

Steel: Imm x 3 plates

Elastomer: 3mm x 4 sheets

(b)

Figure 8. Quasi-static test prototype design (mm).

4. Results and Discussion

4.1. Shore A Hardness and Uniaxial Tensile
Tests

4.1.1. Shore A Hardness Tests

The Shore A hardness results provided insights into the
stiffness of the tested silicone elastomers when influenced
by fumed silica reinforcement. The results, visualized in
Figure 9, demonstrate a clear correlation between the filler
content and material stiffness. The hardness values increased
consistently with filler proportion: the unfilled samples (H1)
exhibited an average Shore A hardness of approximately 21,
while samples with 1.25 phr and 2.50 phr showed hardnesses

averaging 49 and 56, respectively.

="

50

40

30 -

Hardness Shore A

20

0

OHI EH2 EH

Figure 9. Shore A hardness test results.

Shore A hardness tests confirmed that incorporating

fumed silica increased the stiffness of the silicone elas-
tomers. The apparent correlation between the hardness
values and filler proportions demonstrates the reinforcing
effect of fumed silica, attributed to its ability to form a
robust network structure within the polymer matrix. The
filler grains create chemical liaisons, which provide stronger
chemical bonds between the crosslinked polymer chains.
This phenomenon leads to an improvement in the material
stiffness, which is favorable for bearing applications, where
an enhanced stiffness can contribute to better load-bearing
capacities and overall performance in seismic isolation sys-

tems.
4.1.2. Uniaxial Tensile Tests

A summary of the averaged uniaxial tensile stress-strain
relationships is shown in Figure 10. The unfilled samples
(T1) recorded a tensile strength averaging 11.25 MPa, and in-
cremental filler addition resulted in tensile strengths of 9.55
MPa and 8.50 MPa for T2 and T3, respectively. The elonga-
tion at break displayed an analogous trend, decreasing with
increasing filler proportions. The unfilled samples reached a
maximum strain of over 1,000%, while filled samples with
1.25 phr and 2.50 phr exhibited maximum strains of 900%
and 800%, respectively. Yet, these strains are far above the
minimum elongation at break of 450% recommended by the
ASTM D412,

Hence, these experiment results demonstrate that
fumed silica reinforcement slightly reduces the tensile perfor-
mance of the elastomer matrices. However, the equivalent

elasticity moduli did not show substantial changes up to a

53



Journal of Building Material Science | Volume 07 | Issue 01 | March 2025

comprehensively large strain value. For instance, they av-
eraged a value of 0.80 MPa for the unfilled elastomers and
0.90 MPa for elastomers with higher filler concentrations at
400% strain. These findings contrast with previous studies
done by Jin et al.[*], stipulating that, by means of a specific
incorporation technique, the incorporation of silicon dioxide-
based nanofillers at 2.50 phr in natural rubber can increase
the tensile strength, elongation at break and equivalent elas-
tic modulus by 11%, 18%, and 9%, respectively. However,
they align with the work done by Jiang and Yong[®!l, stating
that incorporating silica in silicone elastomer results in an
increase in equivalent elastic modulus but a net decrease in
elongation at break. Figure 11 illustrates the uniaxial tensile
equivalent elasticity moduli of all batches, showing a clear
distinction between unfilled and filled elastomers, with filled

samples consistently displaying slightly higher moduli.
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Figure 10. Uniaxial tensile test results.

1.2
E’E 0.8
3
K 04 —.—TI
——T2
0 1 1 —
0 100 200 300 400
Strain (%)

Figure 11. Uniaxial tensile elastic moduli.

Since the equivalent elastic modulus at 300% strain

is considered a representative parameter for the tested elas-

tomer, reflecting the stiffness of the material under signifi-
cant deformation, the values of the equivalent elastic moduli

shown in Figure 11 are summarized in Table 3.

Table 3. Uniaxial tensile moduli at 300% strain.

No. Eq. Modulus (MPa)
T1 0.88
T2 0.90
T3 0.86

Hence, uniaxial tensile tests revealed a trade-off be-
tween stiffness and ductility, as indicated by the reduction
in tensile strength and elongation at break. Although fumed
silica filler enhanced hardness and equivalent elastic modu-
lus, the reduction in elongation at break highlights the nega-
tive impact of increasing stiffness on ductility. The stronger
chemical interactions between the crosslinked silicone poly-
mer chains provided by the reinforcing filler ensure a higher
deformation resistance. However, they restrict the stretch-
ing capacity of the chains, which leads to a restriction of
movement in the polymer structure and a smaller deforma-
tion capacity of the elastomer. However, the stability of the
equivalent elastic modulus up to 400% strain for all batches
suggests that the material retains its integrity under compre-
hensive deformation, ensuring consistent performance under

most loading conditions.

4.2. Lap Shear Tests

The tests were performed to measure the shear force
and displacement behavior of the laminated samples. The
results provide insights into the capacity of fumed silica re-
inforcement to improve the shear resistance of the tested
silicone elastomeric laminations.

The double lap shear tests enabled observing the shear
behavior of elastomers with varying filler proportions under
simple shear loading conditions. The key results include the
shear stress versus shear strain behavior, shear strength, and
shear strain at break. Figure 12 depicts the average shear
stress-strain curves for the three lap shear test batches.

Although the shear coefficients of the batches increased
slightly with increasing filler proportion, there was no dras-
tic trend in their variation. The observed maximum shear
strengths averaged 3.50 MPa, while the ultimate shear strains
averaged 500%.

From the experiment data plotted in Figure 12, the

54



Journal of Building Material Science | Volume 07 | Issue 01 | March 2025

arithmetic means of the equivalent shear coefficients, key pa- The arithmetic means of the equivalent shear mod-

rameters for estimating the shear performances of the tested uli at 300% strain, representing the behavior of the tested

samples, which represent the capacity of the lamination to samples under large shear deformations, are summarized

handle shear forces, were extracted and are summarized in in Table 4.

Figure 13.
g Table 4. Lap shear moduli at 300% strain.
5 No. Eq. Shear Modulus (MPa)
L1 0.55
4 F L2 0.65
L3 0.78

o1l The lap shear tests showed no significant trend in either
——12 shear strength or shear strain at failure with varying filler
—a—L3 proportions. This finding suggests that although fumed silica
reinforcement improves the specific mechanical properties
of the material, its effect on shear performance is less pro-
nounced in laminated configurations. As a reference, the
Figure 12. Lap shear test results. AASHTO M251 05" recommends elastomeric materials with
shear coefficients between 0.55 MPa and 1.21 MPa for elas-

tomeric bearings. The equivalent shear coefficients, which
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remained consistent across all samples, further reinforced
this observation, indicating that the filler content did not
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substantially affect the shear capacity of the laminates.
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Figure 14. Bearing sample hysteretic curves: (a) P1, (b) P2, and (¢) P3.
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The equivalent shear coefficients and equivalent damp-
ing ratios of the prototypes were derived from the hysteresis
data provided in Figure 14. Equation (3) was used to calcu-
late equivalent shear coefficients, while Equation (4), based
on the concept shown in Figure 15, was used to determine
the damping ratios. The calculated values were then used to
draw the curves shown in Figure 16, respectively.
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Figure 15. Dissipated energy and hyperelastic potential energy of
a hysteresis model.
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Where, AW represents the area delimited by the hysteresis
curve, W is the elastic potential energy defined between
the extreme stresses T,,in and T,,qz, and the extreme strains
Ymin ad Yinaaz -

The equivalent shear coefficients ranged between 0.40
MPa and 0.60 MPa, whereas the damping ratios ranged from
4.50% to 7.00%. The variation of the filler proportion did
not show a noticeable impact on both parameters, although

a slight increase in the equivalent shear coefficient could be

observed.
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Figure 16. Equivalent elastic parameters: (a) equivalent shear coefficient and (b) equivalent damping ratio.

Quasi-static tests on the bearing prototypes demon-
strated a typical nonlinear hysteresis behavior, with notice-
able energy dissipation across all configurations. The equiv-
alent shear coefficients and damping ratios derived from
the hysteresis loops showed limited variation with filler pro-
portions, indicating that while fumed silica reinforcement
improves material stiffness, it does not significantly affect
the damping or shear behavior at the bearing level. To illus-

trate the behavior of the tested bearing prototypes at large
strains, Table 5 reports the values of these key parameters
at 250% strain. Based on the reported experimental results,
a filler proportion of 1.25 phr was found to provide a bal-
anced improvement in stiffness, tensile, and shear properties,
making it an optimal composition for bearing applications.
This specific formulation ensures enhanced mechanical per-

formance while maintaining the workability and inherent

56



Journal of Building Material Science | Volume 07 | Issue 01 | March 2025

benefits of the silicone elastomers.

Table 5. Equivalent shear coefficient and damping ratio at 250%

strain.
Shear Coefficient (MPa) Damping Ratio (%)
P1 0.50 6.49
P2 0.53 6.99
P3 0.57 6.29

The equivalent shear coefficients ranged between 0.50
MPa and 0.57 MPa, while the damping ratios ranged from
6.29% to 6.99% at 250% strain, as summarized in Table
5. These values are consistent with those observed from
the lap shear tests, accounting for additional horizontal
stresses induced by the constant vertical compression. For
instance, Murota et al. 5%] observed similar shear coefficients
(0.392 MPa—0.62 MPa) in high damping rubber bearings at
100% strain. Similarly, Maghsoudi-Barmi, Khaloo and Eht-
eshami Moeini'# reported damping ratios between 4.93%
and 7.75% for steel-reinforced elastomeric bearings. How-
ever, unlike these studies, which primarily focused on con-
ventional elastomers, the current research highlights the po-
tential of fumed silica-reinforced silicone elastomers for seis-
mic isolation applications.

The variation of the filler proportion did not show a
drastic impact on either parameter, although a slight increase
in the equivalent shear coefficient could be observed, ris-
ing from 0.50 MPa (P1) to 0.57 MPa (P3). This finding
aligns with Abedi Koupai, Bakhshi and Valadoust Tabrizi*],
who reported an increase in shear modulus with higher filler
content in carbon black-reinforced elastomers for seismic
isolator compounds. The relatively modest improvement in
shear performance observed in this study may be attributed
to the unique interaction between fumed silica and the sil-
icone polymer matrix, which differs from the behavior of
conventional fillers like carbon black on natural rubber.

Similarly, the damping ratios did not show pronounced
variation across all filler proportions, ranging from 6.29%
(P3) to 6.99% (P2), indicating that fumed silica reinforce-
ment does not significantly alter the damping capacity of
the material. This result is consistent with the findings of
Abedi Koupai, Bakhshi and Valadoust Tabrizi 391 who also
observed that filler reinforcement only slightly improves the
damping properties of elastomers.
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5. Conclusions and Future Works

The results of this study provide insights into the impact
of fumed silica as a reinforcing filler in silicone elastomeric
bearings for seismic isolation applications, shedding light
on several key aspects and implications for their design and
application in seismic isolation systems.

The research question was successfully addressed by
demonstrating that fumed silica reinforcement significantly
enhances the stiffness and shear resistance of silicone elas-
tomers while maintaining moderate damping properties. The
findings confirm that fumed silica is an effective filler for im-
proving the mechanical performance of silicone elastomers
in seismic isolation applications.

The research objectives were accomplished by system-
atically evaluating the influence of varying fumed silica pro-
portions (0, 1.25, and 2.50 phr) on the mechanical properties

of silicone elastomers.

(1) Fumed silica reinforcement significantly enhanced stift-
ness, as demonstrated by an increase in Shore A hardness
from 21 (unfilled) to 49 (1.25 phr) and 56 (2.50 phr),
representing a maximum improvement of 167%. This
finding confirms the strong reinforcing effect of fumed
silica on silicone elastomers.

(2) A trade-off was observed in tensile behavior, with ten-

sile strength decreasing from 11.25 MPa (unfilled) to

9.55 MPa (1.25 phr) and 8.50 MPa (2.50 phr), corre-

sponding to reductions of 15% and 24%, respectively.

Similarly, elongation at break declined, with maximum

strains reducing from over 1,000% (unfilled) to 900%

(1.25 phr) and 800% (2.50 phr), indicating losses of

10% and 20%, respectively. Despite this, the equiva-

lent elastic modulus remained consistent up to 400%

strain, suggesting that stiffness is preserved under most

working conditions.

(3) Lap shear tests revealed an improvement in shear re-

sistance, with the equivalent shear modulus at 300%

strain, increasing from 0.55 MPa (unfilled) to 0.65 MPa

(1.25 phr) and 0.78 MPa (2.50 phr), representing rel-

ative increases of 18% and 42%, respectively. These

findings indicate that fumed silica reinforcement en-
hances the ability of the elastomers to withstand shear
forces, though the improvement is moderate.

(4) Quasi-static tests on reduced scale bearing prototypes ex-
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hibited inelastic behavior, with small increases in equiv-
alent shear coefficients from 0.40 MPa (unfilled) to 0.45
MPa (1.25 phr) and 0.50 MPa (2.50 phr), representing im-
provements of 12.5% and 25%, respectively. Addition-
ally, the damping ratio increased from 4.50% (unfilled)
to 5.25% (1.25 phr) and 6.00% (2.50 phr), reflecting rel-
ative increases of 16.7% and 33.3%, respectively. These
results suggest that while fumed silica reinforcement
contributes to increased stiffness and shear resistance,

its effect on damping capacity remains limited.

The experimental investigation validated all the hy-
potheses. (1) Increasing fumed silica content enhanced the
stiffness of silicone elastomers, as evidenced by higher Shore
A hardness values. (2) Incorporating fumed silica reduced
tensile strength and elongation at break, indicating a trade-off
between stiffness and ductility. (3) Fumed silica-reinforced
silicone elastomers exhibited improved shear performance,
with increased equivalent shear modulus and damping ca-
pacity under quasi-static loading conditions.

Thus, the research fills a gap in the existing literature
by comprehensively evaluating the seismic isolation perfor-
mance of fumed silica-reinforced silicone elastomers. While
previous studies have focused on the general mechanical
properties of fumed silica-reinforced elastomers, this study
is among the first to investigate their behavior in laminated
elastomeric bearings under seismic loading conditions. The
findings contribute to understanding how filler reinforce-
ment can be optimized for seismic isolation applications,
particularly in harsh environmental conditions.

Moreover, the study has important theoretical and prac-
tical implications. From a theoretical perspective, it provides
new insights into the role of fumed silica as a reinforcing
filler in silicone elastomers, particularly in terms of its im-
pact on stiffness, shear resistance, and damping properties.
Practically, the findings offer a scientific basis for optimiz-
ing elastomer formulations for seismic isolation bearings,
ensuring greater durability and resilience of structures in
earthquake-prone regions. The results suggest that a filler
proportion of 1.25 phr provides a balanced improvement in
stiffness, tensile, and shear properties, making it an optimal
composition for bearing applications.

Alongside the advancements demonstrated in silicone
elastomer bearings, certain limitations persist in their design,

fabrication, and application.

(1) The experiments were conducted under controlled lab-
oratory conditions, which may not fully replicate the
complex and variable environments encountered dur-
ing real-world seismic events. Future research should
address these limitations by incorporating more real-
istic testing conditions that simulate the complex and
variable nature of seismic events.

(2) While the mechanical properties of the samples were
evaluated and measured, their dynamic behavior in real-
istic conditions was not examined in this study. Investi-
gating the dynamic behavior of the samples will yield a
more comprehensive understanding of their suitability
for seismic isolation purposes.

(3) The long-term durability of fumed silica-reinforced sili-

cone elastomers requires further investigation. Moisture

uptake may affect the mechanical performance, adhe-
sion, and aging behavior of these materials, potentially
influencing their long-term efficiency in seismic isola-
tion systems. Future studies will include liquid absorp-
tion tests to assess the resistance of the elastomers to
moisture and other environmental factors. Traditional
liquid absorption methods are often labor-intensive and
time-consuming; therefore, novel techniques, such as

[53

automated weight measurement** and computer vision-

based analysis>*, will be explored to improve the accu-

racy and efficiency of liquid absorption characterization.
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