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Rubber-sand mixtures (RSM), characterized by low unit weight, strong elastic deformation ability, good dura-
bility, and high energy dissipation, hold significant potential for civil engineering applications. However,
research on the time-dependent dynamic behavior remains relatively scarce, limiting their broader application in
practical construction. A thorough understanding of this behavior is critical for ensuring long-term performance
of RSM across various engineering contexts. In the study, the effects of rubber’s thermal aging and loading
history, two key factors of time-dependent behavior, on the dynamic properties of RSM under small to medium
strains were investigated. Aging of rubber particles was accelerated through oven aging experiments, followed by
resonant column tests to determine the dynamic shear modulus and damping ratio of RSM samples with rubber
particles of varying aging levels (5%, 10 %, 15 %, and 20 % rubber content). Furthermore, multiple load tests
were also conducted on the same samples to assess the impact of loading history on RSM’s dynamic properties.
The results reveal that thermal aging causes volumetric expansion and a reduction in compressive strength of
rubber particles, leading to changes in the dynamic shear modulus and damping ratio of RSM. Specifically, the
dynamic shear modulus initially decreases during early aging stages, then increases, eventually stabilizing, while
the damping ratio consistently decreases with prolonged aging. With repeated loading cycles resulting in a
reduction in dynamic shear modulus and an increase in damping ratio. These results improve our understanding
of this composite’s long-term behavior and offer practical advice for its use in seismic isolation and geotechnical
engineering.

1. Introduction substantiating the notion that recycled rubber tires should not be clas-

sified as hazardous materials [4-6]. Given its hydrophobic nature,

As the prevalence of household automobiles increases, the disposal
of rubber tires, as a consumable, has become an escalating environ-
mental concern [1,2]. Conventional disposal methods, including incin-
eration and landfilling, are known to cause severe environmental
pollution and do not capitalize on the intrinsic properties of rubber. The
search for sustainable disposal solutions has been a focal point for re-
searchers. Rubber, characterized by its superior elasticity, lightweight
nature, water resistance, and cost-effectiveness, stands out as an ideal
material for a range of civil engineering applications [3]. Laboratory and
field research has demonstrated that tire-derived rubber crumbs exhibit
negligible leaching of substances of particular concern to public health,

rubber interacts minimally with groundwater, thereby mitigating
adverse environmental impacts on soil and groundwater [7]. Conse-
quently, rubber emerges as an eco-friendly engineering material. A
plethora of studies have endeavored to integrate rubber into civil en-
gineering [8,9], with rubber-sand mixtures (RSM) being a notable
example of such innovation.

Recycling scrap tire rubber through mechanical shredding to pro-
duce rubber crumb particles, RSM are created by blending these parti-
cles with sand in specific proportions. RSM boasts low cost,
straightforward manufacturing processes, and features such as light-
weight properties, strong elastic deformation capacity, low shear
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modulus, and high damping ratio, making it suitable for a variety of
engineering applications. For instance, RSM can serve as lightweight fill
material for bridge abutments and retaining walls [10-12], for pipe
backfilling [13-15], for the treatment of soft soil foundations [16,17],
and for road slope construction [1,18,19]. Furthermore, it could be used
as a low-cost energy-absorbing material for seismic isolation applica-
tions, as corroborated by existing numerical studies [20-27], experi-
mental tests [28-36], and microscopic interpretations [37-39].

It is well-recognized that soils subjected to vibrations induced by
earthquakes, traffic loads, wind turbines, etc. cause many geotechnical
engineering problems. A thorough understanding of these problems is
based on the evaluation of the dynamic response, i.e. shear modulus and
damping, before design and construction [40-43]. Therefore, research
on the dynamic characteristics of RSM is crucial. Researchers have
conducted extensive studies on the dynamic characteristics of RSM
[44-47]. In previous research [46], we tested the effect of particle size
ratio on the dynamic properties of Resonant Column specimens.
Furthermore, we established a new empirical equation to quantitatively
analyze the dynamic properties of RSM specimens, in which the pre-
dicted values of dynamic shear modulus and modulus damping ratio
were in good agreement with the measured values. Madhusudhan et al.
[47] conducted a study on the dynamic characteristics of a mix of
gap-graded sand and fine rubber tire shreds under undrained,
strain-controlled cyclic simple shear (CSS) conditions. The results indi-
cated that the mixture with a 10 % rubber content exhibited superior
dynamic performance compared to other mixtures. Furthermore, the use
of sand-rubber tire shred mixtures helped delay the development of pore
pressure. Banzibaganye and Vrettos [45] evaluated the dynamic prop-
erties of unsaturated sand-rubber shred mixtures with different weight
contents through resonant column tests using fixed-free devices. Finally,
design equations for the dynamic response of composite materials were
derived based on the experimental results. These studies have reached a
consensus: the addition of rubber can decrease the shear modulus of the
mixture and increase the damping ratio.

The geotechnical characteristics of soil are subject to temporal var-
iations. During the material’s service period, natural deposition,
external perturbations, and a multitude of additional factors may impact
its properties. It is especially significant to recognize that the mechanical
properties of soil undergo gradual changes over time, even under con-
ditions of constant stress. This phenomenon is denoted as Time-
Dependent Behavior [48]. While there is a substantial amount of
research on Time-Dependent Behavior concerning traditional geotech-
nical materials [49-52], there is a notable lack of studies focused on
RSM. Time-Dependent Behavior is closely linked to the durability of
materials, an essential aspect that must be investigated for nearly all
construction materials before widespread application. Therefore, it is
critical to conduct in-depth research on the influence of Time-Dependent
Behavior on the dynamic properties of RSM.

Time-Dependent Behavior primarily encompasses three influencing
factors: physical processes, chemical processes, and microbial activity.
Research conducted by Anastasiadis et al. [53] has investigated the ef-
fects of the duration of consolidation on the dynamic shear modulus and
damping ratio of RSM. The results indicated that as the consolidation
duration increases, the samples’ dynamic shear modulus rises, while the
damping ratio decreases. The duration of consolidation is indeed a sig-
nificant factor influencing Time-Dependent Behavior. As a composite
material, the Time-Dependent Behavior of RSM is further influenced by
additional factors, including the aging of the material itself and distur-
bances caused by external forces.

When exploring the Time-Dependent Behavior effects of RSM, we
recognize the unique environmental conditions it faces when used as a
seismic isolation layer underground. Isolated from light and air, RSM is
primarily affected by heat and ground vibrations. In recent years, the
uncertainty of the effects of material aging on RSM has hindered its
widespread application. Additionally, whether RSM can still maintain
good performance after being disturbed by external forces has also been
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Fig. 1. Grain-size distribution of sand particles and rubber particles (not aged).

a matter of debate. Therefore, we innovatively studied these two factors.
First, we subjected rubber particles to aging treatment and tested the
compressive performance of rubber particles with different degrees of
aging. Then, through a series of resonant column tests, we investigated
the influence of the aging degree of rubber particles and loading history
on the dynamic shear modulus and damping ratio of RSM under small
strain conditions. Furthermore, the analysis delves into the mechanisms
underlying the experimental results by examining changes in the
fundamental properties of rubber and the interactions between particles.
The findings contribute to a better understanding of the influence of
Time-Dependent Behavior on the performance of RSM, providing valu-
able insights for its design in practical applications.

2. Experimental scheme
2.1. Materials

The tested sand was the Fujian sand (FJS) with the G rjs = 2.67, and
the mean particle size Dsg, pjs = 0.64 mm. The tested granulated rubber
was procured from a local rubber processing factory and was classified
as granulated rubber. It consists of scrap tires from which the steel and
fibers have been removed. The specific gravity of the rubbers is G rubber
=1.1 and the particle size is Dsg, rypber = 2 mm. The main component is
natural rubber, primarily composed of polymer isoprene. In addition,
the rubber contains other substances, such as vulcanizing agents.

The gradation curves of the sand particles and rubber particles are
shown in Fig. 1. To investigate the mechanical effects of thermal aging
on the rubber-sand mixture, we subjected the same batch of rubber
particles to artificial aging treatment, with specific procedures described
in the following text.

2.2. Testing equipment

Oven aging experiments effectively replicate the changes in tire
material properties associated with natural aging [54]. Therefore, the
oven aging method was employed for the accelerated aging treatment of
rubber particles. The rubber particles were subjected to accelerated
aging treatment using a high-temperature aging test chamber produced
by Wuxi Boao Testing Equipment Co., Ltd. This aging chamber allows
for the control of temperature, humidity, and duration, enabling precise
aging treatment of the materials.

The consolidometer is a commonly used industrial instrument
designed to determine the compressive properties of samples under
varying loads and confined conditions. It can perform both standard
consolidation tests and rapid consolidation tests, measuring the initial
consolidation pressure and consolidation coefficient.

The primary testing equipment for this project is the GDS resonant
column apparatus, widely regarded as one of the most reliable in-
struments for measuring the shear modulus of samples at small strains
(ranging from 107° to 10~). It has been extensively utilized for advanced
testing of sandy soils in various states. Put the soil sample into the
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Fig. 2. Experimental equipment. a: High-temperature aging test chamber; b: Consolidometer; c: GDS resonant column system.

resonant column, and apply periodic vibration excitation to the resonant
column through the exciter, so that the resonant column resonates. In
the resonant state, the vibration frequency of the resonant column is the
same as the natural frequency of the soil sample, and the soil sample
receives the maximum vibration energy at this time, thereby studying
the dynamic characteristics of the soil sample in the resonant state.
During the test, the vibration acceleration of the resonant column is
measured by the acceleration sensor, and the data is transmitted to the
data acquisition system for processing and analysis. By analyzing the
vibration acceleration of the resonant column, the shear wave velocity,
dynamic elastic modulus, and damping ratio of the soil sample can be
obtained.

Descriptive photographs of all equipment are provided in the Fig. 2.

2.3. Sample preparation and testing process

2.3.1. Accelerated aging treatment of rubber particles using oven method
To simulate the aging effects on rubber particles, an oven method
was employed for accelerated aging treatment. The detailed procedure
follows: The temperature was set to 60 °C, with the humidity between
55 % and 65 %. It was ensured that the oven was properly ventilated,
with an external connection to maintain an adequate oxygen supply
within the chamber, facilitated by a dedicated air circulation system.
Rubber particles from the same batch were placed in the oven for the
accelerated aging process. Samples were extracted at intervals of 4, 8,

12, and 16 weeks for subsequent testing. Throughout the aging process,
the samples were manually turned daily to ensure uniform thermal
aging of the rubber particles. The above methods refer to the research of
Rodriguez et al. [55]. The time rubber has spent aging in the oven is used
as an indicator of its degree of aging.

2.3.2. Routine consolidation test

The consolidometer is utilized to conduct a confined compression
rebound test on rubbers of varying degrees of aging to investigate the
impact of aging on the compressive properties of rubber. Initially, the
maximum dry density of the unaged rubber (pamax, rubber = 0.72 g/ em®)
is determined through compaction tests, while the minimum dry density
(Pdmin, rubber = 0.42 g/cm3) is measured using the funnel method. The
relative density is set to 0.7, and the controlled density is calculated to
be 0.59 g/cm? using the maximum and minimum dry densities. The
mold opening area within the consolidometer is 30 cm?, and the sample
height is controlled at 2 cm during sample preparation to ensure that the
volume of each sample is the same (60 cm?®).

Assuming no mass loss during the rubber aging process, 35.4 g of
rubber of different aging degrees is taken for sample preparation. Each
set of samples is subjected to vertical loads of 25 kPa, 50 kPa, 100 kPa,
and 200 kPa in sequence, followed by unloading. To ensure that the
samples are stable after each loading or unloading, the interval for each
reading is greater than 24 hours.

—0— Commix
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Fig. 3. The impact of the stratification phenomenon on the dynamic properties testing results of RSM.
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Fig. 4. The schematic diagram of specimen preparation and experimental procedure.
Table 1
Basic parameters of different materials.
Sample classification RC* Max. dry density (g/cm®) Min. dry density (g/cm®) Relative Density Controlling density (g/cm®)
Pure sand - 1.948 1.573 0.7 1.82
Rubber particles - 0.72 0.417 0.7 0.59
RSM 5% 1.81 1.34 0.7 1.64
10 % 1.74 1.22 0.7 1.54
15 % 1.66 1.17 0.7 1.47
20 % 1.6 1.03 0.7 1.37

a: Rubber content (RC = myybber/Mrsm X 100 %, defined as rubber mass as a percentage of RSM mass)

2.3.3. Resonant column test

The RSM, prepared by mixing rubber particles with sand in a pre-
determined ratio, is subjected to a resonant column test. During the
specimen preparation, RSM is susceptible to stratification, a phenome-
non attributed to the marked disparity in densities between rubber and
sand particles, in addition to their distinct particle sizes. Upon the
application of external forces, the sand particles tend to descend while
the rubber particles ascend, resulting in the formation of layers. As
depicted in Fig. 3, the stratified RSM specimens were tested and their
performance was juxtaposed with that of the homogenized rubber sand
mixtures. It is observed that the stratification significantly influences the
experimental data. Furthermore, the stratified samples are prone to
developing localized weak spots under the application of confining
pressure, which can induce local instability during the resonant column
testing phase, thereby adversely impacting the accuracy of the test
outcomes.

To mitigate the stratification phenomenon, a multitude of re-
searchers have adopted the approach of consolidating the RSM with the
use of consolidating agents; however, this method of treatment can
substantially modify the intrinsic properties of the material [56,57].
Empirical trials have revealed that incorporating a measured quantity of
water during the specimen preparation phase can significantly enhance
the uniformity of RSM. This improvement is attributed to the formation
of a thin aqueous film on the particle surfaces, which augments the
inter-particle surface tension, thereby promoting greater cohesion
among the particles and impeding their inter-granular slippage, as
illustrated in Fig. 4. In contrast to alternative consolidants, the incor-
poration of a modest amount of water is observed to exert a minimal
impact on the dynamic mechanical properties of the material. During
construction, this preparation method can be used to ensure that the
initial state of RSM meets the requirements.

Upon conducting numerous measurements and comparative ana-

lyses, it was determined that at a water content of w = 4 % (by mass),
the inter-particle mixing within the RSM achieves the highest degree of
uniformity, and does not have a great impact on the dynamic charac-
teristics of RSM. At this time, the maximum wet density of RSM reaches
the best value. Therefore, 4 % water is incorporated into all specimens,
and the maximum wet density (pw max) is ascertained through compac-
tion testing. The maximum dry density (pq max) Of the specimens is
calculated using Eq. (1), while the minimum dry density (pq min) is
directly measured via the funnel method. The relative density is stan-
dardized at 0.7, and the controlled density is derived from the maximum
and minimum dry densities.

Pw max

— W 1
1+0.01w )

Pd max =

In practical seismic applications of RSM, e.g., subbuildings as seismic
base isolators, the compressibility of the mixture must be controlled
because the compressibility of RSM increases [56]. Liu et al. [58] found
that the overall rigidity of the RSM is significantly reduced when the
rubber volume content (RV) exceeds 50 %. At this time, the mixture
embodies the properties of rubber-like particles. When RC = 20 %, the
rubber volume content is about 50 % (RV =~ 50 %). Therefore, the RC of
the sample is controlled within 20 %. In this study, four distinct mass
ratios were examined, corresponding to rubber content percentages of
5 %,10 %,15 %, and 20 %. Detailed parameters are delineated in the
accompanying Table 1.

The fabrication of the specimen and the experimental workflow are
illustrated in Fig. 4, with the detailed operations for sample preparation
outlined as follows: i) A vacuum pump is employed to achieve a tight
adhesion between the rubber membrane and the mold, with the place-
ment of a filter paper at the base. The soil sample material is evenly
partitioned into five segments. Thereafter, one segment of the soil
sample is incrementally introduced into the mold. ii) Subsequently, the
sample is compacted using a rammer, while concurrently applying
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Table 2
Sample preparation in torsional resonant column testing program.
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Research direction Specimen Rubber aging duration (w) RC Confining pressure o (kPa) Duration of consolidation (h)
The impact of rubber aging FJS-R5-TO 0 5% 50/100/200 >1
FJS-R10-TO 10 %
FJS-R15-TO 15%
FJS-R20-TO 20 %
FJS-R5-T4 4 5%
FJS-R10-T4 10 %
FJS-R15-T4 15 %
FJS-R20-T4 20 %
FJS-R5-T8 8 5%
FJS-R10-T8 10 %
FJS-R15-T8 15 %
FJS-R20-T8 20 %
FJS-R5-T12 12 5%
FJS-R10-T12 10 %
FJS-R15-T12 15 %
FJS-R20-T12 20 %
FJS-R5-T16 16 5%
FJS-R10-T16 10 %
FJS-R15-T16 15 %
FJS-R20-T16 20 %
The impact of loading history FJS-R5-D 0 5% 200 1-60
FJS-R10-D 10 %
FJS-R15-D 15 %
FJS-R20-D 20 %

gentle taps to the mold with a rubber mallet. This compaction routine is
reiterated until the sample attains the pre-set height of 20 mm. iii)
Before the deposition of the subsequent layer, the surface of the com-
pacted sample is roughened to augment the inter-layer continuity. These
procedures are reiterated to finalize the sample assembly, ensuring that
each stratum is subjected to an equivalently stringent protocol.

Following the completion of specimen preparation, a pre-established
confining pressure is exerted upon the sample, with consolidation being
carried out for more than 1 hour after each application of new confining
pressure levels. The initiation of testing for the dynamic shear modulus
and damping ratio of the sample is contingent upon the stabilization of
the soil sample’s volume. All procedural steps are conducted in
compliance with pertinent standards [59].

In examining the impact of loading history on the dynamic charac-
teristics of RSM, an extended consolidation treatment was applied to
each specimen under a confining pressure of 200 kPa. During this pro-
cedure, we conducted a series of resonant loadings, with each loading
session separated by an interval of approximately 10 hours. The samples
configured for the resonant column test are shown in Table 2.

3. Results and discussion
3.1. Influence of rubber aging

3.1.1. Rubber particle property variation

After aging treatment, the appearance of rubber particles remains
essentially unchanged, with no significant alterations. Sieving of rubber
particles with varying degrees of aging and the subsequent replotting of
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Fig. 5. Gradation curves of rubber particles with varying degrees of aging.
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Fig. 7. (continued).

the gradation curves (Fig. 5) demonstrate an increase in particle size
with the progression of aging, with the rate of increase tapering off post
the fourth week. The phenomenon of volume expansion in rubber par-
ticles during the aging process is similar to the findings of Rodriguez
et al. [55]. Upon exposure to high-temperature aging treatments, the
rubber molecules experience chain scission, a decrease in cross-linking
density, and oxidation, which induce structural transformations. These
structural modifications lead to a reduction in intermolecular in-
teractions and an enlargement of molecular distances, thereby causing
the rubber to exhibit a phenomenon of volumetric expansion. Further-
more, rubber aging can also result in the decomposition or dissolution of
additives within the rubber matrix, further contributing to the expansion
of the rubber’s volume [55]. Severe expansion of foundation materials
can indeed lead to engineering problems, such as uneven settlement and
structural damage, which are often related to the uplift force of the
foundation materials. However, according to the gradation curve data in
Fig. 5, the average particle size of rubber particles is approximately
1.9 mm. After aging treatment, the particle size of the rubber particles
increases and eventually stabilizes at 2.1 mm, with an average particle
size increase of only about 10 % of the original value. This change occurs
under conditions of free expansion without external force constraints.
When rubber particles are applied to vibration isolation pads, their
excellent elasticity further reduces the impact of even minor volume
expansion on practical applications. Therefore, we believe that the slight
expansion of rubber particles will not have a significant impact on en-
gineering applications.

The compressive characteristics of rubber particles subjected to
diverse levels of aging were examined via routine consolidation tests.
Fig. 6 illustrates the changes in vertical displacement (AS) and corre-
sponding compressibility (AS/20 mm x 100 %) for different samples
during the process of gradually increasing load and subsequent
unloading. While rubber is endowed with superior compressive attri-
butes, the process of thermal aging induces molecular chain degradation

within the rubber matrix,
properties.

Upon comparative analysis of the vertical displacement and
compressibility across various samples, it becomes evident that an
escalation in aging degree is associated with a progressive reduction in
the rubber’s compressive modulus. This results in augmented defor-
mation under load, an elevated compression ratio, a diminished capacity
for recovery post-unloading, and an increase in permanent deformation.
Nonetheless, rubber that has undergone aging treatment for a duration
of 4 weeks demonstrated no pronounced alterations in its compressive
properties. In fact, under conditions of high load-bearing, an enhance-
ment in the compressive modulus was observed. This observation sug-
gests that the performance characteristics of rubber particles remain
largely unaltered before the completion of the 4-week thermal aging
process, aligning with the research outcomes reported by Rodriguez
et al. [55].

consequently affecting its mechanical

3.1.2. Dynamic shear modulus

Resonant column tests were conducted on RSM made of rubber with
varying degrees of aging. Fig. 7 illustrates the variation curves of dy-
namic shear modulus for different samples within the measured strain
range. Upon observation of the chart, it can be seen that due to the aging
of rubber, the dynamic shear modulus curve of RSM exhibits fluctua-
tions. Overall, the dynamic shear modulus curve of aged RSM is
generally lower than that of the unaged samples. This phenomenon in-
dicates that the aging process of rubber leads to a decrease in the dy-
namic shear modulus of RSM. This reduction in shear modulus is
attributed to the significant deformation and rearrangement of the in-
ternal particle structure within the specimen when subjected to large
strains. Such deformation and rearrangement lead to a decrease in the
inter-particle forces, thereby diminishing the specimen’s resistance to
shear forces, which is reflected in the reduced dynamic shear modulus.
Additionally, large strains may induce the destruction or deformation of
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Fig. 8. The influence of rubber aging on the maximum dynamic shear modulus of RSM.

the soil’s pore structure, which in turn affects the internal distribution
and morphology of the pores. This alteration in the soil’s compactness
further contributes to the decrease in the dynamic shear modulus of the
specimen.

Utilizing this pattern, we can fit the Gq ~ y4 curve using the classical
Hardin and Drnevich equations (Eq. (2)) [60], thereby determining the
maximum dynamic shear modulus for each specimen. The maximum
dynamic shear modulus serves as a crucial characterization of soil dy-
namics and a necessary parameter for the dynamic response analysis in
geotechnical earthquake engineering.

Gd max

Gy=— """
T4 e/

(2)

where Ggmax represents the maximum dynamic shear modulus; y, de-
notes the reference shear strain, at which the dynamic shear modulus
attenuates to 0.5 Ggmay; and « is an index parameter greater than 0.

The data points in Fig. 7 were obtained through experimental mea-
surements, while the solid lines in the figure are fits derived from Eq. (2)
based on the measured data. Each sample’s fitting curve corresponds to
a maximum dynamic shear modulus. For ease of observation, the
maximum dynamic shear moduli for each sample have been collated and
presented in Fig. 8.

The maximum dynamic shear modulus of RSM increases with the rise
in confining pressure and decreases with the increase in the RC, which is
consistent with the conclusions of many studies. This phenomenon oc-
curs because as the confining pressure increases, the normal stress be-
tween particles increases, enhancing the inter-particle friction and
consequently increasing the overall compactness of the specimen,
leading to an increase in the dynamic shear modulus of the RSM.
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- - -

RC= 5%

deax aging/deax non aging
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RC=10% —e— —o— —o—
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0.4 ; : ; :
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Fig. 9. The trend of the ratio of the G4yax of RSM after aging to its initial value.

Rubber, being a soft material, has the effect of reducing the shear
modulus of the mixture, and as the RC increases, this effect becomes
more pronounced.

In Fig. 8, it can be seen that the impact of rubber aging on the dy-
namic shear modulus of RSM is not monotonic. As the degree of rubber
aging increases, the dynamic shear modulus of RSM first decreases, then
increases, and finally stabilizes. We believe that the occurrence of this
phenomenon may be related to changes in the properties of rubber
during the aging process. In the initial four weeks of thermal aging, the
volume of rubber expands rapidly. In RSM, while the mass fraction of
rubber remains constant, its volume fraction increases, altering the types
of particle contacts, with an increase in rubber-rubber and rubber-sand
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contacts. Coupled with the fact that the compressive properties of rubber
do not change significantly at this stage, this leads to a reduction in the
dynamic shear modulus of RSM. As the aging of rubber progresses, its
compressive properties begin to change noticeably. The decrease in
compressive performance reduces the rubber’s effect on lowering the
shear modulus of the mixture, causing an increase in the shear modulus
of RSM. Subsequently, as the rate of change in rubber properties slows
down and the volume expansion ceases, the dynamic shear modulus of
RSM tends to stabilize.

By synthesizing the data from Figs. 7 and 8, we can observe that
although the increase in the degree of rubber aging leads to fluctuations
in the dynamic shear modulus of RSM, overall, the dynamic shear
modulus of the samples treated with aging shows a downward trend.
Furthermore, the maximum dynamic shear modulus of RSM, after a
period of fluctuation, will stabilize at a value lower than that of the
unaged samples, with a relatively small variation. To clearly illustrate
the effect of rubber aging on RSM, Fig. 9 presents the variation trend of
the maximum dynamic shear modulus of RSM after aging relative to its
initial value.

We compared the normalized G4/Gdmax ~ 74 curves of confining
pressure, RC, and the degree of aging of rubber to analyze the influence
of various factors on the degradation curves, as depicted in Fig. 10. The
shear modulus of the mixture will decay with the increase of its strain.
The gentler the normalization curve in the figure, the slower the decay
rate of the material, the weaker the nonlinearity, and the better the
elasticity.

In Fig. 10, it can be seen that with the increase of confining pressure
or RC, the shear modulus attenuation of RSM slows down, and the
elasticity of the material increases. The degree of rubber aging has a
negligible effect on the rate of decay of the dynamic shear modulus of
RSM. The attenuation curve of RSM fabricated with rubber aged for 4
weeks is relatively flat, suggesting that the RSM possesses the greatest
elasticity at this aging period.

3.1.3. Damping ratio

Damping ratio is a crucial parameter in soil dynamics, indicating the
capacity of soil materials to dissipate energy when subjected to dynamic
loading. To effectively serve the purpose of seismic resistance and vi-
bration mitigation, the RSM utilized as isolation layers typically require
a higher damping ratio. To investigate the influence of rubber aging on
the damping ratio of RSM, we measured the D ~ y4q curves for each
specimen. In Fig. 11, it can be observed that the damping ratio of the
specimens decreases with the increase in confining pressure and in-
creases with the increase in RC, which is a generally established
conclusion. Additionally, the changes in the damping ratio of RSM
caused by rubber aging are not significant. The curves corresponding to
the specimens treated with aging are generally positioned below those of
the control specimens, indicating that the aging of rubber has somewhat
reduced the damping ratio of RSM to a certain extent. This means that
with the aging of rubber, the energy dissipation capacity of RSM for
vibration isolation decreases, but the extent of the decrease is relatively
small.

To further analyze the variation law of the RSM damping ratio, we
use the Stokoe and Darendeli dynamic characteristic equation [61] to fit
the experimental results of the damping ratio of the mixture.

Gd 0.1
D= b( ) Dma sin g +Dmin (3)
d max
Dma sin g~ Clea sin g,2=1.0 + Csza sin gﬂ:l-oz + C3Dma sin g.ntzl.O2 (4)
100 | 74 (%)
Dma sin g.a=1.0 %| =— 472 (5)
71' _ra<
Yatrr
¢l = —1.11430> +1.8618a +0.2523 ©)
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Fig. 11. The influence of rubber aging on the damping ratio of RSM.
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Fig. 13. Deformation diagram of rubber particles with different degrees of aging under external force.
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c2 = 0.0805a* — 0.0710a + 0.0095 @

¢3 = —0.00050* +0.0002a + 0.0003 ®
where Diasing is the Masing hysteresis criterion expected damping ratio;
Dnin is the minimum damping ratio; b is the damping ratio curve pa-
rameters. This formula has been improved based on the H-D dynamic
characteristic equation and can be widely applied to simulate the
damping ratio of conventional soil. The fitting curves of the damping
ratio curve under various experimental conditions are plotted as thin
solid lines in Fig. 11.

The Dp,in values for each specimen are listed in Fig. 12. As the degree
of rubber aging increases, the Dy, of RSM first decreases and then in-
creases, forming an inflection point between 8 and 12 weeks of aging.
Moreover, the larger the RC, the more pronounced this pattern becomes.
This may be because, in the early stages of rubber aging, the rubber
particles in RSM expand in volume. Still, since the controlled density of
the specimen remains unchanged, the degree of compression of the
rubber particles within the specimen increases. The potential energy
stored within the particles becomes larger. At this time, the ability of the
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rubber particles to dissipate energy through deformation is weakened
(Fig. 13b), leading to a decrease in the damping ratio of RSM. As the
aging of rubber progresses, the elastic modulus of the rubber particles
decreases, the potential energy stored within the particles is reduced,
and the deformation capacity of the rubber particles increases. At this
point, the ability of the rubber particles to dissipate energy through
deformation is somewhat restored (Fig. 13c), and the damping ratio of
RSM begins to rise. Overall, after aging treatment, the damping ratio of
RSM shows a decreasing trend, which is mainly due to the degradation
of the compression performance of rubber particles during the aging
process.

3.2. Influence of loading history

3.2.1. Dynamic shear modulus

RSM with different proportions were tested under a confining pres-
sure of 200 kPa. Multiple loadings were applied to each specimen, and
the resulting dynamic shear modulus curves for each test are shown in
Fig. 14. As the number of loadings increases, the dynamic shear modulus
curves of the RSM gradually decrease, with the rate of decrease slowing
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history on the damping ratio of RSM.
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down and tending towards stability. The measured data were fitted
using Eq. (2), and the corresponding Ggmax values were recorded in
Fig. 15. For RSM with different proportions, the Ggmax shows a
decreasing trend with the increase in the number of loadings. Zhou et al.
[62] previously investigated the impact of seismic cyclic loading history
on the small-strain shear modulus of saturated sand. Similar observa-
tions were made in this study: the shear modulus of the soil samples
progressively decreased with the increasing number of external force
disturbances. From Fig. 15, it can be observed that the decrease in Ggmax
with the increase in the number of loadings does not exceed 5 % of the
initial value. Moreover, as the RC increases, the magnitude of the
decrease in Ggmay diminishes.

During the compaction process, the specimen is subjected to the
impact of a compaction hammer. Subsequently, it undergoes prolonged
consolidation under elevated confining pressures, resulting in a state of
high density and a substantial dynamic shear modulus. In resonant
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column testing, each application of force introduces disturbances to the
specimen. These disturbances from external forces induce a reorgani-
zation of the tightly packed particles within the sample, leading to a
reduction in density and a consequent decrease in dynamic shear
modulus.

Furthermore, under the influence of confining pressure and external
forces, the sand particles within the sample experience relative
displacement at high pressures, which may result in the rounding of
particle edges and even particle breakage. Such processes diminish the
inter-particle friction, contributing to a further reduction in the dynamic
shear modulus.

Rubber particles, with their inherent elasticity, can mitigate damage
through elastic deformation when subjected to external forces. The
presence of rubber particles also acts as a cushion, reducing the degree
of edge rounding and breakage of sand particles. Consequently, an in-
crease in the RC can attenuate the effects of loading history on the dy-
namic shear modulus of the RSM. This suggests that the incorporation of
an appropriate proportion of rubber particles into a sand cushion layer
enhances its stability when subjected to external disturbances.

3.2.2. Damping ratio

The damping ratio test data for the Rubberized Sand Mixture (RSM)
subjected to various loading cycles are depicted in Fig. 16. As the
number of loading cycles increases, the damping ratio curve of the RSM
gradually ascends. This trend correlates with the degradation of sand
particles, where the rounding of particle edges facilitates easier relative
displacement. Upon external energy disturbances, the sand particles can
actively dissipate energy through this relative displacement, thereby
enhancing the damping ratio of the specimen.

Using Eq. (3) to fit the damping ratio data of RSM, the corresponding
Dnin is obtained, as illustrated in Fig. 17. The Dy, of RSM increases with
the number of load cycles, showing substantial variation, with a peak
increase of up to 143 % compared to the initial value (when the number
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of load cycles is 1).

There is a linear relationship between the damping ratio of RSM and
the degree of reduction in shear modulus. We plotted the G4/Gdmax ~ D
curves for different loading conditions, including single and multiple
load cycles. As shown in Fig. 18, the linear relationship between the
damping ratio and the reduction in shear modulus remains consistent
across different loading histories. External loading does not disrupt this
linearity; however, the slopes of the fitted lines differ, further demon-
strating that the loading history affects the dynamic characteristics of
RSM. Based on the different slopes, we can see that with the increase in
loading times, the attenuation of the dynamic shear modulus of RSM is
more significant compared to the increase of the damping ratio.

In studying the effects of loading history, it is important to note that
the samples were consistently subjected to an effective confining pres-
sure of 200 kPa. The impact of prolonged consolidation on the samples
cannot be overlooked. Consolidation time is a significant factor
contributing to the Time-Dependent Behavior of RSM. In the field of
geotechnics, a consensus has emerged regarding the influence of
consolidation time on sandy materials: as consolidation time increases,
the dynamic shear modulus rises while the damping ratio decreases.
Anastasiadis et al. [53] have previously studied the effects of consoli-
dation time on the dynamic shear modulus and damping ratio of RSM,
and their findings align with the conclusions mentioned earlier. As
illustrated in Fig. 19, graphs a and c represent our data, where multiple
resonant column tests were conducted during the consolidation process
to induce disturbances in the samples. Graphs b and d correspond to the
research data from Anastasiadis et al., in which the samples were not
disturbed until the consolidation time reached a specified value.

It is evident that when the samples are subjected solely to confining
pressure, the maximum dynamic shear modulus increases with consol-
idation time, while the minimum damping ratio decreases. However,
applying external loading during this period results in an opposite trend.
Compared to Anastasiadis et al.’s research, our samples were not only
affected by the duration of confinement but also repeatedly disturbed by
external forces. It is these additional disturbances that have led to our
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test results showing an opposite trend to those found by Anastasiadis
et al. Therefore, we can assume that the effect of loading history on
RSM’s dynamic characteristics is shown after the effect of consolidation
time is offset. In other words, with the increase of loading times, the
dynamic shear modulus of RSM decreases and the damping ratio in-
creases, and this law still holds. This also indicates that RSM does not
reduce its seismic and vibration-damping capabilities when subjected to
environmental disturbances, further confirming the feasibility of using
RSM as a vibration isolation layer.

3.3. Discussion

This study provides an analysis of how rubber aging and loading
history influence the dynamic properties of RSM. The findings reveal
that while the aging of rubber materials does modify the dynamic
characteristics of RSM, its effect is comparatively minor relative to other
factors, such as rubber content and confining pressure. Additionally,
with an increasing number of loading cycles, the dynamic shear modulus
of RSM exhibits a gradual decline, while the damping ratio shows a
corresponding upward trend. From the perspective of vibration isolation
performance, the loading history has a negligible impact on RSM.
Consequently, RSM proves to be highly suitable for use in engineering
environments that experience frequent vibrations, such as those sur-
rounding railway systems. In conclusion, the influence of these factors
on the operating state of RSM is limited, further reinforcing its viability
as a seismic isolation layer.

With the diversity of construction environments, factors affecting
Time-Dependent Behavior effects also become complex and variable.
Although this paper has covered some key factors, to understand the
behavior of RSM in practical applications fully, there are many other
factors worthy of in-depth study. For instance, the erosion by chemical
substances, the impact of microbial activity, and the potential role of
groundwater are aspects that should not be overlooked in future
research. These factors may significantly affect the performance and
durability of RSM, and therefore, they require more in-depth discussion
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and analysis in future studies.

4. Conclusions

The thermal aging degree of rubber particles was enhanced using an
oven method, and the compression performance of rubber particles at
different aging degrees was tested. Subsequently, a series of resonant
column tests were conducted to examine the effects of Time-Dependent
Behavior on the dynamic characteristics of RSM, focusing primarily on
two factors: the degree of rubber aging and loading history. The con-
clusions are summarized as follows:

(1) Thermal aging treatment leads to an increase in the size and
expansion of rubber particles. As the degree of aging increases,
their compressive performance decreases.

(The maximum dynamic shear modulus of RSM increases with
increasing confining pressure and decreases with increasing RC.
The damping ratio, on the other hand, decreases with increasing
confining pressure and increases with increasing RC.

During the process of rubber aging, the dynamic shear modulus of
RSM will fluctuate, but it generally shows a downward trend. At
the same time, the damping ratio of RSM will also decrease
overall due to rubber aging, with a relatively low degree of
variation.

As the number of loading cycles increases, the dynamic shear
modulus of RSM shows a decreasing trend, while its damping
ratio gradually increases. These changes are significant and have
a large magnitude.
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