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Highlights:

e  Changes in the mechanical properties in compression of typical rubber compounds
used for rubber bearings due to thermal effects were investigated.

e  Uniaxial and transient compressive tests exhibited an increased modulus after thermal
ageing due to increases in the crosslink density.

e  Despite hardness is one of the most used techniques to characterize rubber compounds,
no statistical differences between unaged and thermally aged specimens were
observed; therefore, additional tests should be considered to determine the
deterioration of mechanical properties of rubber compounds due to the effect of
thermal oxidation.

Abstract. Molecular changes due to high temperatures, sunlight, and oxygen,
deteriorate the physical properties of rubber compounds, yielding additional
crosslinks and molecular chain breakdown. Since oxidative degradation is the
most important factor that determines the durability of rubber components, this
study evaluated the mechanical behavior of rubber compounds exposed to
accelerated thermal ageing. Therefore, three carbon black-reinforced natural
rubber-based compounds typically used for rubber bearings were exposed to
thermal oxidation and their mechanical properties under typical loading states
were assessed through standardized tests. Significant differences were found due
to thermal ageing in the compressive modulus, compression set, and creep
compliance in compression, exhibiting a stiffening effect caused by additional
crosslinks. However, no significant differences were observed in hardness, which
is a superficial measurement and a typical test in the rubber industry to characterize
rubber compounds. Therefore, the assessment of ageing in rubber bearings should
not be limited to a hardness test, which is required in design standards but also
addresses compressive, cyclic, and transient tests. The results obtained in this
study can be considered in the design process of rubber bearings by limiting the
allowable compressive stress and creep deflection due to ageing effects.
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1 Introduction

Rubber bearings are used as vibration isolators of structures like bridges,
machinery, industrial equipment, and as seismic protection of buildings due to
their vertical stiffness and horizontal flexibility; however, their mechanical
properties may vary over time due to ageing. Environmental factors like oxygen
exposure, heat, and sunlight, which deteriorate physical properties of rubber
bearings such as elasticity and strength, are usually not considered during the
design process of rubber bearings. Understanding the degradation of the material
properties is considered essential in their lifetime prediction [1-3]. As the service
temperature rises, molecular changes take place, resulting in a loss of mechanical
properties. Those changes include, initially, the formation of additional crosslinks
due to residual sulfur or the so-called post-curing effect (leading to some
hardening), scission of crosslinks (causing softening), and molecular chain break
down (charring and embrittlement occur) [4-5]. These changes are caused by
chemical reactions, which lead to a progressive increase or decrease in hardness
and modulus, and a loss of tensile and elastic properties [6]. Nevertheless, in
bulky components degradation of rubber normally occurs at the surface level
because diffusion of oxygen through oxidized rubber is slower than through new
rubber and dependent on the temperature, pressure, exposed surface area, and
permeability of the elastomer [4].

Oxidative degradation is the most important factor that determines durability in
most engineering applications, including bridge rubber bearings, where the
oxygen availability is limited by diffusion [2-3]. Itoh, et al. [3,7] have evaluated
the evolution of tensile mechanical properties (such as elongation at break and
tensile strength) of different types of rubber compounds used for bridge bearings
exposed to different ageing tests, including thermal oxidation, ozone, low
temperature ozone, ultraviolet radiation, salt water, and acid rain. In other studies,
Itoh and collaborators have estimated the variation of material properties in
tension of specimens cut from rubber blocks exposed to accelerated thermal
oxidation, ozone, and ultraviolet exposure [8], and evaluated the deterioration of
high damping rubber through accelerated thermal oxidation to develop life
prediction models [2,9]. It was found by the contributions of Itoh and
collaborators that changes in rubber properties due to thermal oxidation are
significantly higher than other factors [3,7,8]. Abedi Koupai, et al. [10] found
increased hardness and decreased tensile strength and elongation at break of
typical rubber compounds used for seismic isolators exposed to seven days of
thermal-oxidative ageing at 70 °C.
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The effect of thermal ageing on the properties of rubber compounds for different
applications has been reported. The compression set of different rubber
compounds exhibiting reduced values due to long-term ageing was studied in[11-
12]. The thermal effect on the behavior of natural rubber-based compounds
subjected to nonzero-mean cyclic strain (ratcheting) in tension has been evaluated
[13]. To estimate the depth of the oxidized layer based on diffusion and chemical
reactions theory, Azura, et al. [14] studied the effect of thermal-oxidative ageing
at different distances from the surface using tensile strips. Kumar, et al. [15]
identified both chain scission and recombination reactions through Fourier
transform infrared (FTIR) spectroscopy during thermo-oxidative ageing of
natural rubber. Based on swelling measurements, wide angle X-ray scattering
(WAXS), and differential scanning calorimetry (DSC), Grasland, et al. [16]
found that crosslinking reactions take place during thermo-oxidative ageing due
to residual sulfur and that longer exposure times create highly crosslinked
domains, owing to sulfur grafted onto the polymer chains. Changes in the
crosslink density and thermal ageing resistance of natural rubber vulcanizates are
dependent on the reinforcing [17] and curing systems [18-20] used in the
formulation of the compound and also on the ageing time and temperature [13].
In other studies, the effect of thermal degradation of rubber compounds was
evaluated by measuring changes in the crosslink distribution, establishing that
higher levels of polysulfidic crosslinks result in higher mechanical properties
[21].

Additionally, industrial standards widely used in America, British and ISO
standards contain testing methods to evaluate the properties of the elastomer,
including hardness limits, tensile properties, high-temperature resistance,
compression set, and determination of the shear modulus, which are quality-
control tests and cannot be directly related to performance [22]. A relation
between standardized tests and field performance is needed and according to [22]
Young’s modulus should be estimated, by compressing a cylindrical specimen,
and creep and stress relaxation, which affects the service life, are variables not
measured and used as often as they should. Mechanical testing of actual rubber
bearings exposed to real environmental and loading conditions can be expensive
and difficult to implement. Therefore, the assessment of the thermal-oxidative
effect on the mechanical behavior of rubber bearings evaluating standardized
specimens subjected to real loading conditions is required.

The present study took into account the variation of physical properties of rubber
bearings due to molecular changes caused by chemical reactions that occur during
the exposure to environmental conditions. This study evaluated the mechanical
properties of carbon black-reinforced natural rubber-based compounds typically
used in rubber bearings exposed to thermal oxidation by evaluating standardized
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specimens through uniaxial compressive, cyclic and transient tests, which are
typical loading states observed in rubber bearings.

2 Experimental

2.1 Materials

Three carbon black-reinforced natural rubber-based compounds, hereafter called
NR15, NR30, and NR45, that are typically used in elastomeric bearings with 15,
30, and 45 phr (parts per hundred of rubber) of carbon black, respectively, were
obtained using an open two-roller mill using the same ingredients, with only the
carbon black content varying among them. The curing parameters and rheometric
and viscoelastic properties of the compounds have previously been studied in
[23]. Table 1 shows the rubber formulation with a semi-efficient vulcanizing
system since conventional vulcanizing systems have poor resistance to reversion,
resulting in a larger drop in properties compared to efficient vulcanization
systems; furthermore, compounds used for rubber bearings normally use a semi-
efficient vulcanizing system, which possesses characteristics between both
conventional and efficient systems [24]. Twenty phr of Rubbersil RS-200"
precipitated silica was added to the rubber compounds as a processing aid in order
to increase the fatigue resistance, improve the adhesion of rubber to metals and
decrease heat build-up. Precipitated silica and N550 carbon black have been used
in compounds for isolation applications [8]. Although silica affects certain
properties of carbon black-filled natural rubber compounds, the changes in the
behavior of the compounds evaluated in this study are attributed to the changes
in the carbon black content. The ingredients of the formulation (Table 1) were
acquired from Industrial del Caucho in Medellin, Colombia.

Table 1 Formulation of the compounds (in phr).

Ingredient phr
Natural rubber, SGR10 (standardized Guatemalan rubber) 100
Antiozonant, 6PPD (N-(1,3-Dimethylbutyl)-N'-phenyl-p-phenylenediamine) 1.5
Antioxidant, TMQ (2,2,4-Trimethy1-1,2-Dihydroquinoline) 1
Paraffinic oil 15
Silica, RS200® 20
Zinc oxide 5
Stearic acid 1
Wintag95® 10
Sulphur 2
Accelerator, CBS (n-cyclohexyl-2-benzothiazole sulfonamide) 1.5
Accelerator, TMTD (tetramethyl thiuram disulfide) 1
Santogard®, PVI (N-(cyclohexylthio) phthalamide) 1
Carbon black, N550 15, 30, 45
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Cylindrical specimens with nominal dimensions of 28.6 = 0.1 mm in diameter
and 12.5 + 0.5 mm in height were obtained following the recommendations of
the ASTM D575 standard [25]. The specimens were vulcanized using a hydraulic
press at 160 °C with an approximate pressure of 4.6 MPa. The vulcanization time
was 25 minutes based on a tioo of 7 minutes, obtained from moving die rheometry
(MDR). Furthermore, vulcanized sheets of 150 x 150 mm and 2 mm thick were
obtained with a hydraulic press at 160 °C for 7 minutes with an approximate
pressure of 0.9 MPa. From the vulcanized sheets, C-type dumbbell specimens
were cut for uniaxial tensile tests according to the ASTM D412 standard [26].

2.2 Testing Methods

Thermal ageing of the cylindrical and tensile specimens was carried out in a
Binder air circulating oven at 70 °C for 168 hours according to the
recommendations of ASTM D573 [27]. Since ozone has a superficial effect, thin
tensile specimens were exposed to ozone for 100 hours following the
recommendations of ASTM D1149 [28] under a controlled ozone atmosphere of
50 + 5 pphm and a temperature of 40 + 2 °C. Although low temperature also
affects the mechanical performance of rubber bearings, because crystallization
occurs, this study was carried out in locations where temperatures were always
above 15 °C and no seasons were expected, so the effect of low temperature could
not be considered.

The mechanical properties of the compounds were evaluated before and after the
ageing process as follows. Three uniaxial, fully-reversed, compressive cycles
were performed on the cylindrical specimens at a deformation rate of
12 = 3 mm/min according to ASTM D575 (test method A — compression test at
specified deflection) [25] equivalent to 0.01 + 0.0025 min™, i.e. test conditions
that are not based on service conditions since rubber bearings are subjected to
dynamic loading. Sandpaper between the contact surfaces was used to avoid
slippage [25]. Furthermore, creep tests in compression were carried out on the
cylindrical specimens by applying a constant stress of 0.95 MPa for 3 hours.
Shore A hardness was measured according to ASTM D2240 [29] using a CEAST
calibrated durometer. Compression set tests were performed to cylindrical
specimens by applying a constant compressive strain of 25% for 22 hours in a
Binder air circulating oven at 70 °C, following the recommendations of ASTM
D395 [30]. Tensile tests were carried out to both the thermally aged and the ozone
exposed specimens at a deformation rate of 500 mm/min following the
recommendations of ASTM D412 [26]. All compressive, creep, and tensile tests
were carried out using a Shimadzu AGS series unidirectional testing machine
with a 50 kN load cell and a resolution of 0.01 N.
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3 Results and Discussion

3.1 Compressive Tests

The third cycle of the compressive tests of the specimens is presented in Figure 1,
since the first two cycles were for conditioning the specimens and where Mullin’s
effect [31] was observed as expected. Among the unaged compounds, a stiffening
effect was observed due to the carbon black content; thus, the amount of silica of
the compounds was generally used in combination with carbon black as
reinforcement filler; however, no coupling agent was used since the optimum
silica loading in the absence of a coupling agent is close to 20 phr [32].
Furthermore, an accentuated non-linear behavior was observed in all compounds
beyond a deformation around 20%. This non-linear behavior and time-
dependence of the stress-strain response results in a complex behavior of rubber
compounds used for laminated rubber bearings [33]. Moreover, thermally aged
specimens of all compounds exhibited an increased compressive behavior
compared to the unaged specimens (Figure 1).
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Figure 1 Third compressive cycle of the cylindrical specimens. Four specimens
of each compound were tested.

Additionally, the compressive modulus of the specimens is highly related to the
instantaneous compressive load of real rubber bearings due to the weight of the
structure. Therefore, the compressive modulus of the compounds before and after
thermal ageing, calculated as the initial slope of the third loading cycle from the
uniaxial compressive tests, is shown in Figure 2. It can be seen from the unaged
compounds that as the carbon black content increased, the compressive modulus
increased as a result of the reinforcement. And for each compound, an increased
compressive modulus resulted after thermal ageing owing to increases in the
crosslink density. Enlarged mechanical properties due to increases in the
crosslink density have been reported [21]. Those increases are dependent on the
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type of reinforcement filler; furthermore, the use of coupling agents in carbon
black and silica-filled compounds results in higher crosslink density due to
thermal ageing. The corresponding activation energies increase continuously
using carbon black as reinforcement filler, while silica-filled compounds exhibit
a quasi-steady state [17]. Nevertheless, thermal ageing resistance is also
dependent on the curing system, consumption of antidegradants, and even the
particle size of the ingredients [18,34]. More accentuated differences in the
compressive modulus were observed for the NR45 compound, which had the
highest carbon black content. As an effect of thermal ageing, the mean values of
the compressive modulus increased from 2.84 = 0.11 to 3.01 + 0.09 MPa, from
3.78 £ 0.08 to 4.06 £ 0.09 MPa, and from 4.73 £ 0.09 to 5.14 + 0.06 MPa for the
NR15, NR30, and NR45 compounds respectively. The p-values from the analysis
of variance (ANOVA) are presented at the bottom of Figure 2 for each compound
to determine the differences between the mean values of the compressive
modulus before and after thermal ageing. Since the p-values were less than 0.05
there were statistically significant differences at a 95% confidence level.

Restraining slippage of the loaded surfaces of the specimen as recommended by
ASTM D575 causes bulging, a phenomenon usually observed in laminated
rubber bearings due to the restriction of slippage of the inner rubber layers [35-
37]. Moreover, additional stiffness is developed due to the kinematic constraint;
therefore, a higher load is required to produce the same strain level compared to
unbonded or lubricated surfaces. Furthermore, part of the dissipation of the input
energy can be expended in frictional sliding of the contact surfaces instead of the
inherent damping capacity of the compounds [38]. The current standards regulate
only uniaxial compression tests due to the lack of availability of procedures for
biaxial compression [39]; therefore, uniaxial compressive tests were carried out
in this study, following the recommendations of ASTM D575. Furthermore,
during homogeneous uniaxial compression, the principal stretch in the loading
direction becomes compression and tension in the other two directions and,
considering isotropy and incompressibility, the principal stretches will depend
only on the compressive stretch [40].

Energy dissipation (Figure 3) was calculated from the area enclosed by the
hysteretic loop in the third compressive load. It was observed that while the
content of carbon black as reinforcing filler increased among the unaged
compounds, the energy dissipation increased due to the mobility and slippage of
the rubber molecules and the break and reformation of the filler transient network,
a process that is also related to the viscoelasticity and damping behavior of natural
rubber-based compounds [41]. However, from the p-values > 0.05 (shown at the
bottom of Figure 3), no significant differences between the energy dissipation
before and after thermal ageing were observed within each compound, with a
confidence level of 95%; nevertheless, Gu & Itoh [7] proved, from tensile tests
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and longer ageing times, that the effect of hardening reduces the ability to deform
and absorb energy. However, in this study, energy dissipation was calculated
from cyclic compressive tests, which are typical loading states that rubber
bearings are subjected to.
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Figure 2 Box plot of the compressive modulus of the NR15, NR30, and NR45
compounds before and after thermal ageing. The dots on the left correspond to
individual data. P-values from the ANOVA are presented for each compound.
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Figure 3 Box plot of the energy dissipation of the NR15, NR30, and NR45
compounds before and after thermal ageing. The dots on the left correspond to
individual data. P-values from the ANOVA are presented for each compound.

3.2 Creep Tests

Creep is a typical long-term loading state that rubber bearings are subjected to
due to the weight of the structure. In this work it is proposed as the most important
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factor to be added to traditional design processes, especially creep after ageing.
Moreover, the assessment of long-term properties are essential to evaluate the
performance of rubber bearings as isolators due to dynamic loads. Figure 4 shows
the strain curves of long-term compression at a defined stress level (0.95 MPa)
from the creep tests of the standardized specimens. The viscoelastic behavior of
the compounds was evaluated with the creep compliance (a stress-strain relation
analogous to Hooke’s law for a material that is time-independent) defined as
D(t) = &(t)/op, where the strain as function of time ¢(z) changes exponentially
under a constant stress (o9 = 0.95 MPa), as shown in Figure 4. It was observed
that the thermally aged specimens of each compound (red curves) showed
reduced strain (and therefore reduced creep compliance) to maintain the same
stress level. Deformation mechanisms of creep are associated with the long-chain
molecular structure since a continuous loading state induces strain accumulation
as the molecules rotate and unwind to accommodate the load; therefore, less strain
is needed to maintain the same stress level [42]. When molecular changes take
place during thermal ageing due to increases in the crosslink density, the ability
to rotate and unwind are reduced; therefore, increased long-term mechanical
properties in compression arise [21]. Similar to the compressive modulus results,
a stiffening effect due to thermal ageing is observed, as the strain to reach the
same stress level to reach the same stress level is lower for each compound.
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Figure 4 Creep results of the unaged and thermally aged compounds. The shown
curves correspond to a representative specimen from triplicate tests for each
compound.
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33 Compression Set

Compression set is expressed in terms of a percentage of the original deflection
after a long-term compression. Values of 0% mean a fully recovered height, while
100% means no recovery [12]. The compression set results of the unaged and
thermally aged specimens of the different compounds are shown in Figure 5.
Among the unaged specimens it was observed that as the carbon black content
increased, the ability of the compounds to retain their elastic properties was
increased due to the stiffening effect of the carbon black as reinforcement
(Figure 2). Moreover, compression set was reduced for all compounds after the
specimens were exposed to thermal ageing, with a greater reduction for the NR15
compound, which had the lowest carbon black content. As an ageing effect,
compression set was reduced from 50.94 £ 1.50 to 30.51 £+ 2.42%, from
3590 +£2.80 to 21.16 = 0.16%, and from 26.31 £+ 0.85 to 16.78 + 1.64% for the
NR15, NR30, and NR45 compounds respectively. P-values less than 0.05 were
obtained from the ANOVA show statistical differences between the compression
set of the unaged and thermally aged specimens of each compound, at a
confidence level of 95%. These results show an enhancement of the compounds
to retain their elastic properties in compression after thermal ageing, possibly due
to the consumption of residual sulfur, which is the main mechanism responsible
for the increase in elastic active chain density [16].
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Figure 5 Box plot of the compression set of the NR15, NR30, and NR45
compounds before and after thermal ageing. The dots on the left correspond to
individual data. P-values from the ANOVA are presented for each compound.
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34 Hardness

Figure 6 shows the Shore A hardness results. As expected, it was observed among
the unaged specimens that the reinforcing effect of the carbon black resulted in
compounds with increased hardness as the carbon black content increased.
Nevertheless, the hardness of the thermally aged specimens showed no
statistically significant differences compared to the unaged specimens except for
the NR45 compound, which had the highest carbon black content. Figure 6 also
shows the corresponding p-value of each compound, at a confidence level of
95%. Increases in the hardness have been reported [8,12], both due to molecular
crosslinking between chains and due to decomposition of chains; however, when
degradation accrues, hardness exhibits a reducing trend [11].
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Figure 6 Box plot of the Shore A hardness of the NR15, NR30, and NR45
compounds before and after thermal ageing. The dots on the left correspond to
individual data. P-values from the ANOVA are presented for each compound.

3.5 Tensile Tests

The results from the tensile tests are shown in Figures 7 and 8, where the M100
and M300 modules, tensile strength, and elongation at break are plotted. No
statistical differences at 95% confidence level are visible in the M100 and M300
modules for the NR15 compound between unaged and thermally aged specimens
(Figure 7); however, as the carbon black content increases, significant differences
are observed. Due to the ageing effect, for the NR30 compound, the mean value
of M100 increased from 2.02 + 0.18 to 2.78 + 0.11 MPa, M300 increases from
6.32 £ 0.53 to 8.33 + 0.32 MPa. For the NR45 compound, M100 increases from
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277 £ 0.11 to 3.81 = 0.11 MPa, M300 increases from 9.06 = 0.38 to
12.27 £ 0.26 MPa.
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Figure 7 Box plot of (a) M100 module and (b) M300 module of the NR15, NR30,
and NR45 compounds before and after thermal ageing and ozone exposure. The
dots on the left correspond to individual data.

Although tensile strength did not show significant differences after thermal
ageing in this study, a significantly reduced elongation at break (Figure 8) was
exhibited by the NR30 and NR45 compounds, as reported in [8], because rubber
becomes harder and more brittle [7]. Furthermore, changes in tensile mechanical
properties due to carbon black loading have also been reported previously
[43,44]. Elongation at break (Figure 8) decreased from 432.34 + 17.65 to
379.80 + 18.47% and from 486.14 = 0.12 to 384.60 + 10.48% for the NR30 and
NR45 compounds respectively. The effect of ozone exposure in the
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aforementioned tensile properties also showed significant differences for the
NR30 and NR45 compounds but to a lesser extent compared to the thermally aged
specimens.
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Figure 8 Box plot of (a) tensile strength and (b) elongation at break of the NR15,
NR30, and NR45 compounds before and after thermal ageing and ozone exposure.
The dots on the left correspond to individual data.

4

The effect of thermal ageing on the mechanical properties of natural rubber-based
compounds typically used in rubber bearings was studied. Three different
compounds were used with only the carbon black content varying among them
for this type of application. From the uniaxial compressive tests, it was observed
that the thermally aged cylindrical specimens showed an increased modulus due

Conclusions
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to increases in crosslink density. The compressive modulus of the thermally aged
specimens increased by 6.20, 7.36, and 8.68% as the carbon black content of the
compounds was varied between 15, 30, and 45 phr respectively. However, energy
dissipation showed no significant differences between the unaged and thermally
aged specimens. The creep results showed a stiffening effect due to thermal
ageing, exhibiting decreased creep compliance, i.e. decreased strains to maintain
a constant stress level. Hardness, which is superficial and one of the most used
techniques to characterize rubber compounds, showed no significant differences
compared to the thermally aged specimens, proving that this simple test is not
sufficient to determine the deterioration of mechanical properties of rubber
compounds due to the effect of thermal oxidation. Furthermore, the ability of the
compounds to retain their elastic properties was also affected by the thermal
oxidation expressed in the reduction of the compression set by 40.11, 41.06, and
36.21% for the NR15, NR30, and NR45 respectively. Finally, the tensile tests
showed increased values after thermal ageing and ozone exposure of the M100
and M300 modules, especially for the compounds with a higher carbon black
content (NR30 and NR45 compounds) and reduction of the elongation at break.

As shown by the results obtained from the tests carried out in this study to
standardized specimens, which are typical loading states that rubber bearings are
subjected to, namely cyclic and long-term compression, are affected by thermal
ageing, which should be taken into account in the design process of rubber
bearings. The compressive modulus can elucidate the expected deformation of
real rubber bearings due to the instantaneous compressive load because of the
weight of the structure. Deterioration of long-term properties must be assessed
by creep tests to evaluate their performance after ageing. Therefore, limiting the
allowable compressive stress and creep deflection between 94% and 91% of the
total capacity of the bearing should be considered as the rubber compounds
increase the carbon black content from 15% to 45%. Nevertheless, longer
exposure times and low temperatures (crystallization of the compounds should
be considered despite it being a reversible phenomenon that can be countered
with heat build-up due to cyclic loading) and heat build-up effects should be
evaluated to study an appropriate relationship between accelerated ageing tests
(suggested by the standards and specifications of rubber bearings design) and
their effect on the mechanical properties of rubber compounds.
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