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Abstract

Mass concrete structures are subjected to long-term dynamic excitations, yet traditional
concrete lacks the damping needed for effective vibration control. Rubber aggregate
concrete has shown promise for vibration mitigation, but how rubber particle size and
replacement ratio govern damping mechanisms and thermal performance in mass concrete
remains unclear. Here we study rubber aggregate concrete with two particle sizes (40-mesh
and 100-mesh) at 5%, 10%, and 20% sand replacement, combining mechanical, thermal,
and dynamic testing with multi-scale microstructural characterization including FTIR, MIP,
and nanoindentation. The damping ratio increased by up to 110% (from 1.43% to 3.01%),
the adiabatic temperature rise decreased by 32%, and the linear expansion coefficient by
88%. Three damping mechanisms were identified: rubber viscoelasticity, interfacial friction
at the weak rubber-mortar interface, and pore and micro-crack energy dissipation. Finer
100-mesh rubber outperformed coarser 40-mesh at higher replacement ratios due to a
micro-filler effect that refined pore structure. RC-20-100 achieved 26.6 MPa at 90 days,
adequate for non-primary structural elements. We recommend 20% fine rubber as the
optimal balance of high damping, thermal crack mitigation, and adequate strength for
vibration-controlled mass concrete applications.

Keywords: rubber aggregate concrete; damping ratio; mass concrete; interfacial transition
zone; vibration attenuation

1. Introduction

With the rapid advancement of industrialized construction and the continuous im-
provement of urban infrastructure systems, the service environments faced by build-
ing structures are becoming increasingly complex. External excitations—such as traffic
loads, the operation of industrial equipment, and vibrations from the foundations of large
machinery—exert long-term effects on structures. These not only may induce safety and
durability issues, such as amplified dynamic responses and crack propagation, but also
transmit vibrations and noise through the structure, affecting the work efficiency and
quality of life of nearby residents [1-3]. Although traditional concrete possesses high load-
bearing capacity and good engineering applicability, its low material damping and limited
energy dissipation capacity result in significant shortcomings in vibration control [4]. When
subjected to continuous or periodic dynamic loads, ordinary concrete primarily acts as a
medium for vibration transmission and struggles to effectively dissipate the input energy;
consequently, it fails to meet the comprehensive demands of modern buildings for vibration
control, occupant comfort, and improved service performance.
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Due to the incorporation of recycled rubber particles, rubber aggregate concrete
exhibits more pronounced elastic deformation and energy dissipation mechanisms [5-7], a
high damping ratio [8,9], excellent sound absorption and vibration damping properties [10],
and strong vibration attenuation capabilities [11]. It shows broad application prospects in
the field of structural vibration control [12,13]. Furthermore, the incorporation of rubber
aggregate also contributes to the resource recovery of solid waste, such as scrap tires,
aligning with the requirements of green building and sustainable development [14-16].
Therefore, researching the vibration-damping performance and underlying mechanisms
of rubber aggregate concrete is of significant importance for promoting the application of
vibration-damping materials in engineering.

Mechanical properties are the most important characteristics of rubber aggregate
concrete and have been extensively studied by numerous researchers. Jokar et al. [17]
and Li et al. [18] pointed out through experimental studies that as the rubber aggregate
replacement rate increases, the compressive strength, tensile strength, and elastic modu-
lus of the concrete gradually decrease. Pacheco-Torres et al. [19] and Noaman et al. [20]
investigated the mechanical properties of rubber-aggregate concrete with different particle
sizes. Their results indicate that the addition of rubber aggregate improves the concrete’s
deformation capacity and fatigue resistance, shifting the failure mode from brittle to ductile.
Some studies have shown that for every 1% vol increase in crumb rubber content, the
compressive strength of crumb rubber-modified concrete decreases by 3% to 6%, while
the corresponding decreases in flexural and shear strengths are approximately 1% [21-23].
Based on the results of Holmes et al., it has been shown that significant reductions in
compressive strength can be avoided when the crumb rubber replacement level does not
exceed 20% of the total aggregate content and is minimized to below 15% [24]. In addition,
Glineyisi [25] proposed an optimum rubber particle content of 15% to achieve maximum
concrete compressive strength. Currently, the decline in the mechanical properties of rubber
aggregate concrete is primarily attributed to three factors. Firstly, rubber aggregate is a flex-
ible material with both strength and elastic modulus lower than those of the cement matrix;
when incorporated as aggregate, it struggles to function as a structural framework [26,27].
Secondly, the hydrophobic nature of rubber aggregates leads to the formation of numerous
pores at the interface with the cement matrix. At the same time, rubber aggregates develop
numerous internal defects during processing and have a relatively large specific surface
area. After incorporation, the workability of the concrete is significantly reduced. Coupled
with their low density, which causes them to float and leads to bleeding and segregation,
this results in a marked decline in the mechanical properties of the concrete [28,29]. Finally,
rubber aggregates and cementitious materials differ markedly in their properties, resulting
in poor interfacial compatibility. This leads to insufficient bond strength at the interface,
and under load, the interface zone is often the first to fail [30,31].

Compared with traditional mineral aggregates, rubber aggregates exhibit significant
differences in microstructure. Their surfaces are generally smoother, they have lower
chemical reactivity, and their bonding properties with the cement matrix are relatively poor,
although this characteristic may have an adverse effect on the material’s static strength
and interfacial bonding [32-35]. However, from the perspective of vibration damping, the
flexible interface formed between the rubber and the cement paste, along with the material’s
strong ability to coordinate deformation internally, may provide favorable conditions for the
dissipation of vibrational energy. Contrary to the mechanical properties mentioned above,
the energy dissipation capacity and damping ratio of rubber aggregate concrete increase
with increasing rubber content and particle size [36-38]. Hassanali et al. [39] found that
adding rubber particles to the concrete mix increases the damping ratio. Eltayeb et al. [40]
discussed the improvement in damping capacity achieved by rubber particles during the
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elastic stage of foam concrete. The test results showed that the damping ratio increased by
21.1% and 17.3% when the rubber particle content was 17% and 47.8%, respectively. Lin
et al. [41] analyzed the effect of different ages on the damping ratio of rubber-modified
concrete. Mo et al. [42] demonstrated an increase in the damping ratio of concrete beams
using crumb rubber.

The above studies indicate that rubber-aggregate concrete offers significant advantages
in enhancing material damping performance and improving vibration attenuation capabil-
ities; however, its weak interfacial bonding and vibration-damping mechanisms remain
unclear. Existing research has largely focused on the effects of rubber content, particle
size, and basic mechanical properties, while systematic studies on its dynamic response
characteristics, damping evolution patterns, and internal energy dissipation mechanisms
remain relatively scarce. Therefore, this study selected rubber particles of two different
particle sizes and various replacement ratios. By combining tests of mechanical, thermal,
and dynamic properties with multiscale microscopic characterization techniques, including
FTIR, MIP, and nanoindentation, it systematically investigated the intrinsic relationship
between the macroscopic performance evolution and microstructure of rubber-aggregate
concrete. This study provides new insight into the damping enhancement mechanism of
rubber-aggregate concrete and its potential for mass concrete applications.

2. Materials and Experimental Methods
2.1. Raw Materials

The cement used in this study was P-II 52.5 Portland cement, which conforms to the
requirements of GB175-2023 [43]. Class I fly ash (Grade F) and S95 ground granulated blast
furnace slag were employed as supplementary cementitious materials, complying with
GB/T 1596-2017 [44] and GB/T 18046-2017 [45], respectively. Their chemical compositions
are presented in Table 1.

Table 1. Chemical composition of cementitious material (wt.%).

Chemical Composition

Materials LOI
CaO Si02 F8203 A1203 MgO SO3 Na20 K20 MnO

Cement 61.14 23.35 3.46 5.48 1.54 2.28 0.10 0.02 - 2.63

Fly ash 8.56 56.24 6.24 21.77 1.27 1.77 0.54 0.03 - 3.58

Slag 43.82 29.24 0.58 14.42 6.86 2.56 0.44 - 0.62 1.46

The fine aggregate was natural river sand with a fineness modulus of 2.4, and the
coarse aggregate was crushed stone with a continuous gradation of 5-25 mm. Both aggre-
gates satisfied the requirements of JGJ 52-2006 [46]. A polycarboxylate superplasticizer
(standard type) was used as the water-reducing admixture, meeting the specifications of
GB 8076-2008 [47].

Two rubber particle aggregates (RPA) with different particle sizes were obtained from
the same manufacturer and originated from waste tire rubber powder. According to the
inspection report, the rubber powder had a bulk density of 314 kg/m?, an ash content
of 8.75%, an iron content of 0.029%, a fiber content of 0%, and an impurity content of
0.014%. The rubber particles were sieved through 40-mesh and 100-mesh screens (nominal
apertures of 425 um and 150 um, respectively), and were used to partially replace natural
sand by mass. The particle size distribution curves of the aggregates are shown in Figure 1.
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Figure 1. Particle size distribution curves of aggregates.

2.2. Experimental Design and Sample Notation

To investigate the effects of rubber particle size and replacement ratio on the static
and dynamic properties of rubber concrete (RC), a reference C30 concrete mixture was
first designed. Based on this reference, natural sand was replaced by 40-mesh or 100-mesh
rubber particles at mass replacement ratios of 5%, 10%, and 20%. The water-to-binder ratio
was kept constant at 0.45 for all mixtures. The detailed mix proportions are given in Table 2.

Table 2. RC mix proportion design.

Mix Proportions (kg/m?)

Label Rs% RPA (Mesh)
w/b Cement Sand Gravel Fly Ash Slag Water
40 100
RC-0-40 0 0.45 210 810 1030 90 80 116 - -
RC-5-40 5 0.45 210 769.5 1030 90 80 170 40.5 -
RC-10-40 10 0.45 210 729 1030 90 80 170 81 -
RC-20-40 20 0.45 210 648 1030 90 80 170 162 -
RC-5-100 5 0.45 210 769.5 1030 90 80 170 - 40.5
RC-10-100 10 0.45 210 729 1030 90 80 170 - 81
RC-20-100 20 0.45 210 648 1030 90 80 170 - 162

Rs%: Rubber mass replacement rate.

Cubic specimens (150 mm x 150 mm x 150 mm) and prismatic specimens (100 mm X
100 mm x 300 mm) were cast for each mixture. Three replicate specimens were prepared
per group. After casting, all specimens were mechanically vibrated to achieve proper
compaction, cured at room temperature for 24 h, demolded, and then transferred to a
standard curing room at 20 £ 2 °C and >95% relative humidity for 60 or 90 days, in
accordance with GB/T-50081 [48].

Fresh concrete properties such as slump and air content were not measured in this
study. Nevertheless, the same mixing procedure and water-to-binder ratio were adopted
for all mixtures, and the specimens were prepared under identical laboratory conditions to
minimize variability in the fresh state. Therefore, the influence of fresh-state variability on
the reported porosity results was assumed to be limited.

2.3. Testing Methods
2.3.1. Mechanical Properties Test

Compressive strength and static elastic modulus were determined using a 2000 kN
universal testing machine according to GB/T 50081 [48]. Compressive strength tests were
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performed on 150 mm cubic specimens at a loading rate of 0.5 MPa/s, and the aver-
age of three specimens was reported. For static elastic modulus, prismatic specimens
(100 mm x 100 mm x 300 mm) were pre-loaded three times up to one-third of the pris-
matic compressive strength, and deformations were measured with dial gauges; the final
value was taken as the average of three specimens.

Splitting tensile strength was measured on 150 mm cubic specimens using the same
testing machine with a splitting tensile jig, following GB/T 50081 [48]. The loading rate
was 0.05 MPa/s, and the reported result was the average of three specimens.

Poisson’s ratio was determined using a static strain testing system during the elastic
modulus test, with longitudinal and transverse strains recorded by strain gauges attached
to the mid-height of the prismatic specimens, as shown in Figure 2.

Figure 2. Poisson’s ratio measurement setup.

2.3.2. Dynamic Properties and Vibration Damping Performance Test

Dynamic elastic modulus was measured using a dynamic elastic modulus tester based
on the resonance method, in accordance with GB/T 50082 [49]. Prismatic specimens
(100 mm x 100 mm x 300 mm) were excited over a frequency range of 100-10,000 Hz, and
the fundamental resonant frequency was identified. The dynamic modulus was calculated
from the resonant frequency, specimen mass, and dimensions, and the average of three
specimens was taken.

Shear wave velocity was obtained using a non-metal ultrasonic detector following
SL/T 264-2020 [50]. Ultrasonic pulses were transmitted through the 150 mm cubic spec-
imens, and the travel time was recorded. The shear wave velocity was calculated as
the specimen length divided by the travel time, and the average of three measurements
was reported.

Vibration acceleration response was tested using a digital vibration meter. A vibration
source with a fixed frequency of 50 Hz [51] (simulating vehicle-induced vertical excitation)
was applied to the top surface of the prismatic specimen, and the acceleration at the top
center was recorded. The reported value was the average of three specimens.

The damping ratio was evaluated using the free decay method. The prismatic speci-
men was suspended from a steel frame by two nylon ropes, keeping the specimen parallel
to the ground. To minimize the influence of restraint and swing induced by the suspen-
sion system, the length of each nylon rope on one side exceeded 2 m. A rubber hammer
was used to apply an impact excitation to the specimen to induce free vibration. Three
accelerometers were installed at the 1/4, 1/2, and 3/4 positions along one side of the
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specimen. The damping ratio was calculated using the logarithmic decrement method
based on the peak amplitudes separated by 20 vibration cycles to improve the stability and

1 u;
‘= 27Tfln<”i+j> @

where j is the number of cycles; u; and u;,; are the peak amplitudes at cycles. The average

reliability of the results:

damping ratio from three specimens was taken.

2.3.3. Thermal Properties Test

Adiabatic temperature rise was measured using an adiabatic temperature rise tester
according to SL 352-2020 [52]. Concrete mixtures were placed in a 50 L adiabatic container,
and the core temperature was recorded automatically every hour for 28 days. The initial
temperature was set to 20 & 1 °C. The reported temperature rise curves are the averages of
two tests.

The linear expansion coefficient was determined using a concrete thermal properties
tester following SL 352-2020 [52]. Prismatic specimens (100 mm x 100 mm x 300 mm) were
subjected to a temperature range of 10-50 °C at a heating rate of 0.5 °C/min. The linear
expansion coefficient was calculated from the measured length change and temperature
difference, and the average of three specimens was reported.

2.3.4. Microstructural Analyses Test

Fourier transform infrared (FTIR) spectroscopy was performed using a Thermo Scien-
tific Nicolet iS50 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) in the range
of 4000-400 cm~! with a resolution of 4 cm~!. Powdered samples were mixed with KBr
and pressed into transparent discs. The spectra were used to identify functional groups and
assess chemical interactions between rubber and the cementitious matrix. The intensities of
the selected FTIR peaks were determined from the baseline-corrected peak heights, and
the peak intensities were normalized to the reference band when necessary to facilitate
comparison among different mixtures.

Mercury intrusion porosimetry (MIP) was conducted on a Micromeritics AutoPore IV
9500 mercury porosimeter (Micromeritics Instrument Corporation, Norcross, GA, USA). After
the test specimens had been cured for 28 days, a small amount of material was taken from
them for MIP testing. The samples were crushed into 3-6 mm particles and then immersed in
acetone to halt the hydration reaction. Prior to the MIP test, the samples were vacuum-dried
at 60 °C for 48 h and kept in the vacuum chamber until testing. The intrusion pressure ranged
from 0.0036 to 227 MPa, corresponding to pore diameters between approximately 360 um
and 5 nm, based on the Washburn equation. Mercury surface tension and contact angle were
taken as 0.485 N/m and 130°, respectively. Total porosity, average pore diameter, and most
probable pore diameter were calculated from the intrusion data.

Nanoindentation tests were conducted using a Bruker Hysitron TI 980 nanoindenter
(Bruker, Karlsruhe, Germany) with a Berkovich diamond tip, as shown in Figure 3. Spec-
imens were polished to a surface roughness below 5 nm. A load-controlled indentation
protocol was applied with a peak load of 2 mN, loading/unloading rate of 0.2 mN/s,
and a 5 s hold at peak load. Linear indentation arrays were performed across the rubber—
mortar and aggregate-mortar interfaces, with a spacing of 10 pm. A total of 30 indentation
tests were conducted for each interface region. The elastic modulus and hardness were
calculated using the Oliver-Pharr method [53].
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Figure 3. Schematic of the indentation area in ITZ.

3. Mechanical and Thermal Properties
3.1. Compressive and Splitting Tensile Strength

Figure 4 shows the compressive strength of rubber concrete (RC) mixtures at 60 and
90 days of curing. The reference concrete (RC-0-40) achieved 46.24 MPa at 60 days and
52.02 MPa at 90 days, meeting the C30 design requirement for mass concrete applications.
The incorporation of rubber aggregate led to a progressive reduction in compressive
strength with increasing rubber replacement ratio, regardless of particle size.
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Figure 4. Compressive strength of RC mixtures.

For the 40-mesh rubber series (RC-5-40, RC-10-40, RC-20-40), the 90-day compressive
strengths were 37.36 MPa, 27.14 MPa, and 23.32 MPa, respectively, corresponding to
reductions of 28.2%, 47.8%, and 55.2% compared to the reference. The 60-day values
followed a similar decreasing trend: 31.70 MPa, 26.34 MPa, and 22.54 MPa, with reductions
of 31.4%, 43.0%, and 51.2%, respectively.

In the 100-mesh rubber series (RC-5-100, RC-10-100, RC-20-100), the 90-day strengths
were 32.43 MPa, 29.98 MPa, and 26.57 MPa, representing reductions of 37.7%, 42.4%,
and 48.9% relative to the reference. The corresponding 60-day values were 31.77 MPa,
29.53 MPa, and 26.25 MPa, with reductions of 31.3%, 36.1%, and 43.2%.

A comparison between the two rubber sizes reveals an interesting non-monotonic
trend. At a low replacement ratio (5%), the coarser rubber (40 mesh) yielded a higher
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90-day strength (37.36 MPa) than the finer rubber (32.43 MPa). However, at 10% and 20%
replacement, the finer rubber outperformed the coarse one: 29.98 MPa vs. 27.14 MPa at
10%, and 26.57 MPa vs. 23.32 MPa at 20%. This suggests that at higher substitution levels,
finer rubber particles may achieve a more uniform dispersion and better packing within the
cementitious matrix, partially mitigating the strength loss caused by the weak interfacial
transition zone (ITZ). Conversely, at low replacement, the larger rubber particles act as
discrete soft inclusions that are more easily debonded under load.

From 60 to 90 days, all mixtures exhibited further strength gain, but the relative
increase diminished with higher rubber content. The reference concrete increased by
12.5%, while RC-20-40 and RC-20-100 increased by only 3.5% and 1.2%, respectively. This
indicates that a high volume of rubber aggregate hinders long-term hydration and matrix
densification, likely due to the hydrophobic nature of rubber and the accumulation of
water-filled voids around rubber particles, as will be discussed in Section 5.

The observed strength reduction is consistent with previous studies on rubberized con-
crete and can be attributed to three main factors [36]: (i) the replacement of high-strength
natural aggregates by soft, low-modulus rubber particles that bear little compressive
load; (ii) the weak interfacial bond between hydrophobic rubber and cement paste, which
promotes premature debonding and crack initiation; and (iii) increased porosity and micro-
cracking around rubber aggregates, which act as stress concentrators under compression.
Despite these reductions, all mixtures with 20% rubber replacement still achieved a 90-day
compressive strength above 20 MPa, and those with 5% replacement met the C30 require-
ment. For mass concrete applications where thermal and damping properties are prioritized
over high strength, rubber contents of 10-20% may be acceptable provided that strength
criteria are appropriately adjusted.

Figure 5 presents the splitting tensile strength of all RC mixtures at 60 and 90 days
of curing. The reference concrete (RC-0-40) achieved 2.80 MPa at 60 days and 3.15 MPa
at 90 days, exhibiting a typical tensile strength of approximately 6—7% of its compressive
strength. Similar to the compressive strength, the incorporation of rubber aggregate led to
a progressive reduction in splitting tensile strength with increasing rubber content.
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Figure 5. Splitting tensile strength of RC mixtures.

For the 40-mesh rubber series, the 90-day splitting tensile strengths of RC-5-40, RC-
10-40, and RC-20-40 were 2.92 MPa, 1.82 MPa, and 1.23 MPa, respectively, corresponding
to reductions of 7.2%, 42.2%, and 60.8% compared to the reference. The 60-day values
followed a similar trend: 2.48 MPa, 1.77 MPa and 1.25 MPa, with reductions of 11.6%, 36.8%
and 55.5%, respectively.
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In the 100-mesh rubber series, the 90-day splitting tensile strengths of RC-5-100,
RC-10-100, and RC-20-100 were 2.43 MPa, 1.97 MPa, and 1.59 MPa, representing reductions
of 22.8%, 37.5%, and 49.7% relative to the reference. The corresponding 60-day values were
2.38 MPa, 1.94 MPa, and 1.55 MPa, with reductions of 15.0%, 30.6%, and 44.6%.

Comparing the two particle sizes reveals that at 5% replacement, the coarser rub-
ber (40 mesh) gave a higher splitting tensile strength (2.92 MPa) than the finer rubber
(2.43 MPa). At 10% and 20% replacement, however, the finer rubber (100 mesh) consistently
outperformed the coarse one: 1.97 MPa vs. 1.82 MPa at 10%, and 1.59 MPa vs. 1.23 MPa at
20%. This trend mirrors the pattern observed in compressive strength, further supporting
the hypothesis that finer rubber particles achieve better dispersion and packing at higher
substitution levels, thereby reducing the detrimental effect on tensile performance.

From 60 to 90 days, the reference concrete gained 12.5% in splitting tensile strength,
while the rubberized mixtures showed limited or even negative growth. Notably, RC-20-40
exhibited a slight decrease from 1.25 MPa at 60 days to 1.23 MPa at 90 days, indicating that
high rubber content not only reduces strength but may also hinder long-term tensile capac-
ity development. This is likely due to the weak interfacial transition zone (ITZ) between
rubber and cement paste, which becomes a preferential site for micro-crack initiation under
tensile stress.

The reduction in splitting tensile strength is more severe than that in compressive
strength at the same rubber content. For example, at 20% replacement with 40-mesh rubber,
the compressive strength loss was 55.2%, while the tensile strength loss reached 60.8%.
This indicates that the weak rubber—cement interface is even more critical under tension,
where load transfer relies heavily on bond integrity. This finding is consistent with previous
studies and suggests that tensile properties govern the design of rubberized concrete in
applications where cracking resistance is important [36].

Despite these reductions, all mixtures with 5% rubber replacement still achieved a
90-day splitting tensile strength above 2.4 MPa, which is acceptable for many mass concrete
applications. Even at 20% replacement with finer rubber (RC-20-100), the tensile strength
remained 1.59 MPa, comparable to that of lower-grade structural concrete.

3.2. Static Elastic Modulus and Poisson’s Ratio

Figure 6 presents the static elastic modulus and Poisson’s ratio of all RC mixtures at
90 days of curing. The reference concrete (RC-0-40) exhibited a static elastic modulus of
34.50 GPa and a Poisson’s ratio of 0.187, which are typical values for C30 grade concrete.

60

Poisson’s ratio

0

RC-0-40 RC-5-40 RC-10—40 RC-20-40 RC-5-100RC—-10-100RC-20-100

Figure 6. Static elastic modulus and Poisson’s ratio of RC mixtures.

With the incorporation of rubber aggregate, the static elastic modulus decreased pro-
gressively as the rubber content increased, regardless of particle size. For the 40-mesh rubber
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series, the elastic moduli of RC-5-40, RC-10-40, and RC-20-40 were 26.10 GPa, 21.19 GPa, and
19.05 GPa, corresponding to reductions of 24.4%, 38.6%, and 44.8% relative to the reference.
In the 100-mesh series, the values were 25.16 GPa, 22.61 GPa, and 20.35 GPa, with reductions
of 27.1%, 34.5%, and 41.0%, respectively. The reduction in elastic modulus is attributed to the
low stiffness of rubber particles (approximately 0.01 GPa) and the weak interfacial transition
zone (ITZ) around them, which increases overall deformability under load [30].

In contrast, Poisson’s ratio remained largely unaffected by the addition of rubber. As
shown by the dashed line in Figure 6, the values for rubberized mixtures ranged from 0.157
to 0.190, with no systematic dependence on either rubber content or particle size. At 5%
replacement, RC-5-40 gave 0.190, and RC-5-100 gave 0.157, both within the experimental
scatter of the reference (0.187 £ 0.045). At higher replacement levels, Poisson’s ratio stayed
in a narrow band of 0.166-0.174 for the 40-mesh series and 0.172-0.174 for the 100-mesh
series. This observation aligns with previous findings that Poisson’s ratio is primarily
governed by the cementitious matrix rather than the aggregate type, as long as the overall
failure mechanism remains unchanged [32]. For practical design purposes, a Poisson’s ratio
of 0.18 can be safely assumed for rubberized concrete with up to 20% rubber replacement.

3.3. Linear Expansion Coefficient

Figure 7 presents the linear expansion coefficient of all RC mixtures at 90 days of
curing. It should be noted that, in the present study, only one specimen was tested for each
mixture. Therefore, standard deviations and error bars are not available for this test. The
results in Figure 7 should be regarded as preliminary measurements of the apparent linear

expansion coefficient, and their statistical reliability requires further verification through
repeated tests.

1.2

1.092
I @

<}
T

A\
A\Y
A\
A\Y

0.497

0.392
0.324

S
IS
T

0.23

Linear expansion coefficient (1075/°C)
o
T

0.0 1 1 1 1 1 1 1
RC-0-40 RC—-5-40 RC—10-40 RC-20-40 RC—5-100RC—10—-100RC—20-100

Figure 7. Linear expansion coefficient of RC mixtures.

The reference concrete (RC-0-40) exhibited a linear expansion coefficient of 1.092 x
107°/°C, which falls within the typical range for ordinary concrete (0.8-1.2 x 107°/°C).
Notably, the incorporation of rubber aggregate led to a dramatic reduction in the linear
expansion coefficient, with values ranging from 0.125 to 0.497 x 10~>/°C across all rubber-
ized mixtures. For the 40-mesh rubber series, the linear expansion coefficients of RC-5-40,
RC-10-40, and RC-20-40 were 0.125, 0.291, and 0.497 x 10~>/°C, respectively, representing
reductions of 88.6%, 73.4%, and 54.5% compared to the reference. In the 100-mesh series,
the values were 0.232, 0.324, and 0.392 x 10~5/°C, with reductions of 78.8%, 70.3%, and
64.1%, respectively.

Based on the obtained data, both rubber particle size series showed an increasing
tendency in the apparent linear expansion coefficient as the rubber replacement ratio
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increased. However, because repeated tests were not conducted, the statistical significance
of the differences among mixtures cannot be evaluated. Therefore, this trend should be
interpreted as an observation under the present testing conditions rather than a statistically
confirmed general relationship.

An increasing trend with rubber content is observed for both series: as the rubber replace-
ment ratio increased from 5% to 20%, the linear expansion coefficient increased monotonically,
yet remained substantially lower than that of the reference concrete. This suggests that even a
small amount of rubber (5%) drastically suppresses thermal expansion, while further addition
gradually raises the coefficient but never returns to the level of plain oncrete.

Comparing the two rubber sizes, the coarser rubber (40 mesh) yielded a lower coeffi-
cient than the finer rubber (100 mesh) at 5% replacement (0.125 vs. 0.232), but at 10% and
20%, the differences became smaller. At 20% replacement, the values were 0.497 (40 mesh)
and 0.392 (100 mesh), indicating that finer rubber may lead to a slightly lower thermal
expansion at high replacement levels.

The significant reduction in linear expansion coefficient due to rubber addition is
counterintuitive at first glance, as rubber itself typically has a much higher coefficient
of thermal expansion (=60-80 x 10~°/°C) than cementitious materials. Several factors
may explain this observation. First, the hydrophobic nature of rubber creates a weak
ITZ with numerous micro-voids and gaps (as will be shown in Section 5), which may
accommodate thermal expansion through internal void closure rather than transmitting
strain to the bulk material. Second, the soft rubber particles act as compliant inclusions that
can deform locally under thermal stress, dissipating expansion energy and reducing the
overall macroscopic expansion. Third, the increased porosity within rubberized concrete,
as revealed by MIP analysis in Section 5.2, provides additional space for thermal dilation
without manifesting as external length change.

The preliminary results indicate that rubber aggregate may influence the apparent
thermal deformation behavior of concrete. If confirmed by repeated measurements, such
a reduction in the linear expansion coefficient could be beneficial for applications where
thermal deformation is of concern. However, further systematic investigation is required
before drawing firm conclusions regarding its engineering application in mass concrete.

3.4. Adiabatic Temperature Rise

Figure 8 presents the adiabatic temperature rise curves of all RC mixtures measured
over time. The reference concrete (RC-0-40) exhibited a typical adiabatic temperature rise
pattern for a C30 mass concrete: starting from an initial temperature of 20 °C, the core
temperature increased rapidly during the first 48 h, then gradually plateaued, reaching a
peak of approximately 66.6 °C after about 67 h. The corresponding maximum temperature
rise was 46.6 °C, which falls within the expected range for ordinary Portland cement-based
concrete with a water-to-binder ratio of 0.45.

The incorporation of rubber aggregate significantly reduced both the peak temperature
and the rate of temperature rise. For the 40-mesh rubber series, the peak temperature rises of
RC-5-40, RC-10-40, and RC-20-40 were 42.1 °C, 38.5 °C, and 34.2 °C, respectively, reductions
of 9.7%, 17.4%, and 26.6% compared to the reference. A similar trend was observed for the
100-mesh series, with the 5%, 10%, and 20% rubber mixes showing peak rises of 41.3 °C,
36.8 °C, and 31.5 °C, corresponding to reductions of 11.4%, 21.0%, and 32.4%. At the
same rubber content, the finer rubber (100 mesh) consistently yielded a slightly lower
temperature rise than the coarser rubber (40 mesh), indicating that a larger specific surface
area of rubber particles may further suppress heat accumulation, likely due to enhanced
interfacial thermal resistance.

https:/ /doi.org/10.3390/buildings16153133


https://doi.org/10.3390/buildings16153133

Buildings 2026, 16, 3133

12 of 25

70

= RC-5-100 /
RC-10-100) g
===RC-20-100| /

D
(=]
T

~~
O
Q y
T 50 /
= 4
2
<
=
Q —~
& o
g 40 E
/i
/ ;5'60 r
30 «4’ =
/
_/// . |
20 =21 1 1 72 1 120
1 12 24 72 120

Time (h)

Figure 8. Adiabatic temperature rise curves of RC mixtures.

The reduction in adiabatic temperature rise can be attributed to two main factors.
First, the absolute cement content was the same across all mixes, the volume occupied by
rubber replaces sand, thereby reducing the overall density and the amount of hydration heat
generated per unit volume. Second, rubber acts as a thermal insulator (thermal conductivity
approximately 0.1-0.2 W/m-K, compared to 1.5-2.0 W/m:K for natural aggregates) and
introduces additional porosity, as will be shown in the MIP results (Section 5.2). These
features slow down the transfer of hydration heat from the core to the surface, flattening
the temperature profile.

The temperature rise rate, defined as the slope of the temperature-time curve during
the first 24 h, also decreased with increasing rubber content. The maximum heating rate of
RC-0-40 was approximately 0.55 °C/h, whereas those of RC-20-40 and RC-20-100 dropped
to 0.32 °C/h and 0.28 °C/h, respectively—reductions of 42% and 49%. A lower heating
rate is highly beneficial for mass concrete pours, as it reduces the risk of thermal cracking
caused by steep temperature gradients between the hot core and the cooler surface. In
addition, the time to reach the peak temperature was noticeably delayed in rubberized
mixtures: from 67 h for the reference to 83 h for RC-20-40 and 91 h for RC-20-100. This
delay is consistent with the low thermal diffusivity of rubber, which lengthens the thermal
response time of the concrete mass.

From the perspective of mass concrete engineering (e.g., foundations, tunnel invert-
fillings, and dam blocks), a lower adiabatic temperature rise and a slower heating rate
are highly desirable because they directly reduce the maximum tensile stress induced by
restrained thermal contraction during cooling. Combined with the dramatically reduced
coefficient of linear expansion reported in Section 3.3 (up to 88% lower than the reference),
rubberized concrete offers an exceptionally low risk of thermal cracking. Even at a 20%
rubber replacement, the 90-day compressive strength remained above 23 MPa (for 40-mesh)
and 26 MPa (for 100-mesh), which is sufficient for many non-primary structural mass
concrete applications. Therefore, rubber aggregate can be considered an effective internal
“thermal regulator” that simultaneously lowers the heat source (hydration) and the thermal
response (expansion and heat transfer).

4. Dynamic Properties and Vibration Damping Performance
4.1. Dynamic Elastic Modulus and Shear Wave Velocity

Figure 9 presents the dynamic elastic modulus and shear wave velocity of all RC
mixtures at 28 days of curing. The reference concrete (RC-0-40) exhibited a dynamic elastic
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modulus of 44.3 GPa and a shear wave velocity of 2587 m/s, both within the typical ranges
for ordinary concrete.
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Figure 9. Dynamic elastic modulus and shear wave velocity of RC mixtures.

With the incorporation of rubber aggregate, both parameters decreased progressively
with increasing rubber content, but the trends differed in detail. For the 40-mesh rubber
series, the dynamic elastic moduli of RC-5-40, RC-10-40, and RC-20-40 were 37.0 GPa,
28.5 GPa, and 24.5 GPa, corresponding to reductions of 16.4%, 35.8%, and 44.8% relative
to the reference. The corresponding shear wave velocities were 2353 m/s, 2430 m/s, and
2258 m/s, representing reductions of 9.0%, 6.1%, and 12.7%. Notably, at 10% replacement
with 40-mesh rubber, the shear wave velocity increased slightly compared to 5% replace-
ment, whereas the dynamic elastic modulus continued to decline. This anomaly suggests
that shear wave velocity is less sensitive to rubber content at low to moderate replacement
levels, possibly due to competing effects of reduced stiffness and reduced density.

In the 100-mesh rubber series, the dynamic elastic moduli of RC-5-100, RC-10-100, and
RC-20-100 were 33.0 GPa, 31.0 GPa, and 28.8 GPa, with reductions of 25.5%, 30.0%, and
34.9%. The corresponding shear wave velocities were 2346 m/s, 2422 m/s, and 2347 m/s,
showing reductions of 9.3%, 6.4%, and 9.3%. Again, the 10% replacement mix yielded a
slightly higher shear wave velocity than the 5% mix, while the dynamic modulus continued
to decrease.

Comparing the two rubber sizes, the finer rubber (100 mesh) consistently gave lower
dynamic moduli than the coarser rubber at 5% replacement, but higher moduli at 20%
replacement. The shear wave velocity followed a similar pattern: at 20% replacement,
the finer rubber yielded a higher velocity (2347 m/s) than the coarser rubber (2258 m/s),
indicating that finer particles produce a less severe reduction in both stiffness and wave
transmission at high substitution levels.

The observed non-monotonic behavior of shear wave velocity—particularly the slight
increase at 10% replacement—can be explained by the competing effects of rubber addition
on the composite’s physical properties. While rubber reduces the dynamic modulus (which
tends to lower wave velocity), it also reduces density (which tends to increase wave velocity
for a given modulus). The interplay of these factors, along with changes in pore structure
and micro-cracking, leads to a non-linear relationship between rubber content and shear
wave velocity. In contrast, dynamic elastic modulus shows a more consistent decreasing
trend because it is directly governed by the stiffness of the constituent materials.

From an engineering perspective, both reduced dynamic modulus and reduced shear
wave velocity contribute to lower natural frequencies and slower stress wave propagation
in rubberized concrete. This combination is beneficial for vibration isolation and energy
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dissipation in mass concrete structures, such as tunnel invert-fillings, machine foundations,
and seismic buffer zones. The 10% replacement with 100-mesh rubber (RC-10-100) offers a
balanced performance: a moderate reduction in dynamic modulus (30.0%) and shear wave
velocity (6.4%), while maintaining acceptable compressive strength.

4.2. Vibration Acceleration Response and Damping Ratio

Figure 10 presents the vibration acceleration and damping ratio of all RC mixtures at
28 days of curing, measured using the free vibration decay method. The reference concrete
(RC-0-40) exhibited a vibration acceleration of 22.92 mm/s? and a damping ratio of 1.43%,
which are typical for ordinary C30 concrete.
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Figure 10. Vibration acceleration and damping ratio of RC mixtures.

With the incorporation of rubber aggregate, the damping ratio increased significantly,
while the vibration acceleration showed a general decreasing trend, indicating an enhanced
capacity to dissipate vibrational energy. For the 40-mesh rubber series, the damping
ratios of RC-5-40, RC-10-40, and RC-20-40 were 2.17%, 2.40%, and 2.86%, respectively,
corresponding to increases of 51.7%, 67.8%, and 100% compared to the reference. The
corresponding vibration accelerations were 21.7 mm/s?, 22.5 mm/s?, and 21.0 mm/s.
Compared to the reference, RC-5-40 and RC-20-40 showed reductions of 5.2% and 8.3%,
respectively. However, RC-10-40 exhibited a slight increase of 1.7% relative to RC-5-40, and
a value nearly identical to the reference.

This non-monotonic behavior can be explained by the competing effects of rubber
content on the dynamic response. At low rubber content (5%), the soft rubber particles act
as local dampers that reduce the transmitted acceleration. As the rubber content increases
to 10%, two opposing mechanisms come into play: on one hand, the increased number
of rubber-cement interfaces and higher porosity enhance energy dissipation, raising the
damping ratio to 2.40%; on the other hand, the reduced stiffness of the composite (evidenced
by the lower elastic modulus in Section 3.2) lowers the natural frequency, lead to a slight
increase in the measured acceleration amplitude under the same impact excitation. In other
words, a softer structure can exhibit larger displacement or acceleration at its resonant
frequency even if damping is improved. The fact that RC-10-40 has a damping ratio of
2.40% (67.8% higher than the reference) yet shows an acceleration similar to the reference
suggests that the damping enhancement is partially offset by the reduced stiffness. At 20%
rubber content, the damping increase becomes sufficiently large (100% over reference) to
overcome the stiffness reduction, resulting in a net decrease in acceleration.
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For the 100-mesh rubber series, the damping ratios of RC-5-100, RC-10-100, and RC-20-
100 were 1.72%, 2.65%, and 3.01%, representing increases of 20.3%, 85.3%, and 110% relative
to the reference. The corresponding vibration accelerations were 22.5 mm/ s2,21.6 mm/s?,
and 20.5 mm/s2, with reductions of 1.7%, 5.7%, and 10.5%. In this series, the finer rubber
particles achieved a more uniform dispersion and a more gradual transition in stiffness,
leading to a monotonic decrease in acceleration with increasing rubber content. At 20%
replacement, the fine rubber (100 mesh) outperformed the coarse rubber (40 mesh) in both
damping ratio and acceleration reduction.

Comparing the two particle sizes, the 100-mesh rubber gave slightly higher damping
at 10% and 20% replacement, while at 5% replacement, the 40-mesh rubber gave a higher
damping ratio. This non-monotonic trend is consistent with observations from compressive
strength and elastic modulus analyses: at low rubber content, the coarser rubber creates a
more defective interface that enhances damping; at higher content, the finer rubber provides
better packing and a more uniform distribution of soft inclusions, further improving energy
dissipation without excessively compromising structural integrity.

The improvement in damping ratio can be attributed to three factors: (i) the intrinsic
viscoelasticity of rubber, which converts mechanical vibration into heat through molecular
chain friction; (ii) the weak interfacial transition zone between rubber and cement paste,
which introduces additional micro-slip and friction under cyclic loading; and (iii) the
increased porosity and micro-cracking around rubber particles.

From an engineering perspective, a damping ratio of 3.01% (achieved by RC-20-100) rep-
resents a 110% improvement over conventional concrete, which typically has a damping ratio
of 1-2%. This enhancement is substantial and can significantly reduce the dynamic response
of structures under resonant conditions. Even at a moderate replacement of 10%, the damp-
ing ratio reached 2.65% (85% increase) with only a 5.7% reduction in vibration acceleration,
offering a favorable trade-off between mechanical strength and dynamic performance.

5. Microstructural Analyses
5.1. Functional Groups and Chemical Interactions

Figure 11 presents the Fourier transform infrared (FTIR) spectra of all RC mixtures
at 28 days of curing, recorded in the range of 4000400 cm ™. The spectra were used to

identify the functional groups present and to assess the chemical interactions between the
rubber aggregate and the cementitious matrix.
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Figure 11. FTIR spectra of RC mixtures.
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The reference concrete (RC-0-40) exhibited absorption bands characteristic of typical
hydrated cement products. A broad and intense band centred at approximately 3400 cm ™!
corresponds to O-H stretching vibrations of water molecules and calcium hydroxide
(CH). The band observed around 1640 cm ™! is attributed to the H-O-H bending vibration
of chemically bound water. An intense and complex absorption band in the region of
1000-1100 cm ™! is assigned to the asymmetric stretching vibrations of Si-O-Si bonds in
calcium silicate hydrate (C—S-H) and silicate oligomers, which is the dominant feature of

L are characteristic

the cementitious matrix. Additional peaks near 1420 cm~! and 870 cm™
of carbonate ions (CO3%7).

With the incorporation of rubber aggregate, several notable changes in the FTIR spectra
were observed across all rubberized mixtures. Most significantly, two additional weak
but distinct bands appeared at approximately 2920 cm ™! and 2850 cm !, corresponding
to the asymmetric and symmetric stretching vibrations of aliphatic C-H bonds (-CH,—
and —CH3) present in the polymer backbone of the rubber. These bands were absent in
the reference concrete and were consistently observed in all rubber-containing mixtures
(RC-5-40 through RC-20-100), confirming the successful incorporation of rubber particles
into the concrete matrix. The intensity of these C—H bands increased with increasing rubber

content, as expected. For example, at 20% replacement, the absorbance at 2920 cm ™!

was
noticeably higher than at 5% replacement for both particle size series.

Comparing the two rubber particle sizes, the 100-mesh (finer) rubber series exhibited
slightly higher C-H band intensities than the 40-mesh (coarser) series at the same replace-
ment level, particularly at 10% and 20%. This observation is attributed to the larger specific
surface area of the finer rubber particles, which provides a greater number of exposed
polymer chains per unit volume of concrete, leading to stronger infrared absorption from
the rubber component.

Importantly, no significant shifts in the positions of the major cement-related bands
(O-H, Si-O-Si, CO3%™) were observed between the reference and rubberized mixtures. The
main Si-O-Si band remained centred at approximately 1000-1010 cm ™! across all mixtures,
suggesting that the silicate network structure of C-S5-H was not chemically altered or
disrupted by the introduction of rubber aggregates. Similarly, the position and width of
the O-H stretching band showed no notable change, indicating that the hydrogen bonding
environment within the cement paste remained largely unaffected. No new absorption
bands indicative of covalent bonding between rubber and cement phases (e.g., C-O-5i or
C-5i bonds) were detected in the spectra of any rubberized mixture.

A slight reduction in the intensity of the Si-O-5i band was observed with increasing
rubber content, particularly at 20% replacement. For RC-20-40 and RC-20-100, the peak
intensity decreased by approximately 8-12% compared to the reference. This reduction is
primarily attributed to a dilution effect: replacing part of the natural fine aggregates with
rubber reduces the absolute amount of cementitious material per unit volume, leading to
a lower concentration of hydration products (C-S-H) in the composite. Additionally, the
weak ITZ around rubber particles may locally hinder complete hydration.

Overall, the FTIR results indicate that no obvious chemical interaction between rubber
aggregates and the cementitious matrix was detected under the present testing conditions. The
spectra showed no new bands associated with chemical bonding, and the major cement-related
peaks exhibited no notable changes. These findings suggest that the rubber-cement interaction
is mainly physical in nature, although FTIR alone cannot completely rule out more subtle
interfacial effects. This interpretation is consistent with the weak interfacial bond observed
in the mechanical tests. Therefore, the beneficial effects of rubber on damping and vibration
reduction are likely related to its mechanical properties and the physical characteristics of the
interface, rather than to detectable chemical modification of the cementitious matrix.
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5.2. Pore Structure Characteristics

Figure 12 presents the cumulative mercury intrusion curves of all RC mixtures mea-
sured by mercury intrusion porosimetry (MIP), and Table 3 summarizes the derived pore
structure parameters, including total porosity, average pore diameter, and the most proba-
ble pore diameter (corresponding to the maximum number of pores). The reference concrete
(RC-0-40) exhibited a total porosity of 15.74%, an average pore diameter of 19.6 nm, and a
most probable pore diameter of 32.6 nm, which are typical values for ordinary C30 concrete.
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Figure 12. Cumulative mercury intrusion curves of RC mixture.

Table 3. Pore structure parameters derived from MIP.

RC-0-40 RC-5-40 RC-10-40 RC-20-40 RC-5-100 RC-10-100 RC-20-100
Porosity (%) 15.7406 17.5823 18.6208 20.5721 19.3347 18.4987 17.4582
Average pore diameter (nm) 19.6 20.5 24.31 27.54 20.38 19.35 18.07
Maximum number of pore diameter (nm) 32.6 31.3 30.85 30.58 24.6 19.91 19.05

The incorporation of rubber aggregate markedly altered the pore structure, and the
observed effects depended strongly on both rubber content and particle size. For the
40-mesh (coarser) rubber series, increasing the rubber replacement ratio from 0% to 20% led
to a progressive increase in total porosity, from 15.74% to 17.58%, 18.62%, and 20.57% for
RC-5-40, RC-10-40, and RC-20-40, respectively. The average pore diameter also increased
monotonically, from 19.6 nm (reference) to 20.5 nm, 24.3 nm, and 27.5 nm. The most
probable pore diameter, however, showed a slight decreasing trend, from 32.6 nm (reference)
to 31.3 nm, 30.9 nm, and 30.6 nm. These observations suggest that the addition of coarse
rubber particles tends to increase the overall porosity and may introduce more large
capillary pores, while the dominant pore size shifts only marginally towards smaller values.

In contrast, the 100-mesh rubber series exhibited a distinctly different behavior. At 5%
replacement (RC-5-100), the porosity increased to 19.33%, and the average pore diameter
rose to 20.4 nm, both higher than the reference. However, as the rubber content increased
further to 10% and 20%, both parameters decreased: porosity dropped to 18.50% and then
to 17.46%, and average pore diameter decreased to 19.4 nm and 18.1 nm, respectively, the
latter being even lower than that of the reference concrete. The most probable pore diameter
also decreased systematically with increasing fine rubber content, from 32.6 nm (reference)
to 24.6 nm, 19.9 nm, and 19.1 nm for RC-5-100, RC-10-100, and RC-20-100, respectively.

These contrasting trends can be explained by the competing roles of rubber particles
in the pore structure. On the one hand, the hydrophobic nature of rubber may promote
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the formation of a relatively weak interfacial transition zone (ITZ) around rubber particles,
possibly accompanied by microvoids, local defects, or enlarged pores. This effect may
contribute to the increase in porosity, especially at low rubber contents regardless of particle
size. On the other hand, finer rubber particles, such as 100-mesh rubber, have a much
larger specific surface area and may act as a micro-filler when incorporated in sufficient
quantity, partially filling inter-aggregate voids and refining the pore network. This possible
filler effect appears to become more evident at higher replacement levels, particularly at
10% and 20% in the fine rubber series, resulting in a relatively denser pore structure with
smaller average pores compared with the corresponding 5% mixture. By contrast, the
40-mesh rubber particles, owing to their larger size, are less likely to provide the same filler
effect and are instead associated with a continuous increase in porosity and average pore
diameter as their volume fraction increases.

From the perspective of vibration damping and energy dissipation, a more porous
and heterogeneous microstructure may provide additional sites for local deformation
and frictional energy dissipation under dynamic loading. Therefore, the continuously
increasing porosity and average pore diameter in the 40-mesh rubber series may be related
to its higher damping ratios, as observed in Section 4.2. For the fine rubber series, although
the pore structure became more refined at higher replacement levels, the mixtures may
still benefit from the intrinsic viscoelasticity of rubber and the presence of a relatively
weak rubber-mortar ITZ. These factors may jointly contribute to the damping performance
remaining higher than that of the reference concrete, even when the pore structure appears
to be relatively densified.

From the perspective of vibration damping and energy dissipation, a more porous
and coarser pore structure is generally beneficial because pore walls and micro-cracks
provide additional friction sites under dynamic loading. The 40-mesh rubber series, with
its continuously increasing porosity and pore size, would be expected to exhibit higher
damping ratios, as indeed observed in Section 4.2. The fine rubber series, despite having a
refined pore structure at higher contents, still benefits from the intrinsic viscoelasticity of
the rubber and the weak ITZ, which may explain why its damping performance remains
superior to the reference even when the pore structure appears densified.

Overall, the MIP results suggest that rubber aggregate modifies the pore structure in a
non-linear manner depending on particle size and replacement level. The coarser rubber
appears to be associated mainly with pore enlargement and increased porosity, whereas
finer rubber may contribute to pore refinement when used above a certain replacement
level. These microstructural observations, together with the nanoindentation results on
the weakened rubber-mortar ITZ, provide a plausible mechanism for understanding the
observed mechanical and dynamic behavior of rubberized concrete.

5.3. Nanoindentation

Figure 13 presents the elastic modulus and hardness profiles across the rubber-mortar
interfacial transition zone (R-M ITZ) for all RC mixtures at 28 days, obtained from nanoin-
dentation tests. The indentation was performed along a line perpendicular to the rubber—
mortar interface, starting from the mortar matrix (0 pm) and moving towards the rubber
particle (100 pm). The reference concrete (RC-0-40) exhibited nearly constant modulus
(~12.2 GPa) and hardness (~1.04 GPa) across the entire scanning distance, confirming the
absence of rubber and the homogeneity of the mortar matrix.

For rubberized mixtures, three distinct regions can be identified from the indentation
profiles: the mortar matrix (0-30 pm), the R-M ITZ (approximately 40-70 pm), and the
rubber particle (80-100 um). In the mortar region, all rubberized mixtures showed slightly
lower modulus and hardness than the reference, with values decreasing as rubber content
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increased, regardless of particle size. For instance, at 0 pm, the modulus of RC-5-40, RC-10-
40, and RC-20-40 were 11.71, 10.14, and 9.16 GPa, respectively, corresponding to reductions
of 5%, 18%, and 26% relative to RC-0-40 (12.31 GPa). A similar trend was observed for
the 100-mesh series: 11.91, 10.18, and 9.15 GPa for RC-5-100, RC-10-100, and RC-20-100,
respectively. The reduction in mortar modulus at higher rubber contents is attributed to
the increased porosity and micro-cracking induced by the rubber particles, which affects
even the nearby cementitious matrix.
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Figure 13. Elastic modulus and hardness profiles across the rubber—mortar ITZ.

Within the R-M ITZ (40-70 um), both modulus and hardness dropped sharply. For the
40-mesh series at 50 um, the modulus values were 6.54 GPa (RC-5-40), 5.75 GPa (RC-10-40),
and 5.14 GPa (RC-20-40), while at 60 pum they further decreased to 4.27, 3.86, and 3.59 GPa,
respectively. The 100-mesh series exhibited even lower values at the same positions: at
50 um, 5.45, 4.62, and 4.24 GPa; at 60 um, 2.53, 2.34, and 2.16 GPa. The hardness followed
a similar decreasing pattern. The ITZ thickness, defined as the distance over which the
modulus drops from ~80% of the mortar value to the rubber value, was approximately
30-50 um for the 40-mesh series and 20-30 um for the 100-mesh series. Finer rubber
particles produced a thinner but more severely weakened ITZ, likely due to their larger
specific surface area and more efficient packing, which locally concentrates defects.

Beyond 70 pum, the profiles entered the rubber phase. For the 40-mesh series, the
modulus at 80 um ranged from 0.084 to 0.066 GPa, while for the 100-mesh series it fell to
0.057-0.055 GPa. The rubber hardness was consistently around 0.007 GPa for all mixtures.

Quantitatively, the ratio of the ITZ modulus to the mortar modulus was calculated
by averaging the values at 40-60 um and comparing with the average mortar modulus at
0-30 pm. For the 40-mesh series, this ratio ranged from 38% to 52%, while for the 100-mesh
series it ranged from 32% to 45%, depending on rubber content. These results are consistent
with the nanoindentation findings reported in the literature [53], where R-M ITZ modulus was
about 28-61% of the cement mortar. The lower ratios observed for the finer rubber indicate
a more pronounced weakening of the interface, which correlates with the higher damping
ratios and lower compressive strengths of the 100-mesh series at the same rubber content.

Notably, the presence of rubber particles did not significantly alter the thickness of
the coarse aggregate-mortar ITZ (A-M ITZ), which remained around 30-50 um with a
modulus ratio of 70-85% of the mortar, similar to the reference. This observation suggests
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that the rubber particles mainly affect the local microstructure around themselves, while
the bulk mortar and the aggregate—mortar interface are only indirectly influenced.
Overall, the nanoindentation results provide direct evidence that the incorporation of
rubber particles creates a weak, porous, and micro-cracked ITZ with reduced modulus and
hardness. The degree of weakening increases with rubber content and is more pronounced
for finer rubber particles. These microstructural characteristics underpin the observed
mechanical strength loss and the enhanced damping capacity of rubberized concrete.

6. Discussion
6.1. Influence of Rubber Aggregate on Mechanical and Thermal Properties

The experimental results presented in Section 3 clearly demonstrate that the incor-
poration of rubber aggregate, regardless of particle size, leads to a progressive reduction
in compressive strength, splitting tensile strength, and static elastic modulus, while the
Poisson’s ratio remains essentially unchanged. This trend is consistent with previous
studies showing that higher rubber replacement ratios reduce compressive strength, and
that the overall rubber replacement ratio is more influential than whether rubber replaces
coarse or fine aggregate [21].

For the 40-mesh (coarser) rubber series, the mechanical properties decrease monotoni-
cally with increasing rubber content. At 20% replacement, the compressive strength, splitting
tensile strength, and static elastic modulus drop by 55.2%, 60.8%, and 44.8%, respectively,
relative to the reference. In contrast, the 100-mesh (finer) rubber series exhibit a different
trend: at 5% replacement, the strength losses are comparable to or slightly higher than those
of the coarser series, but at 10% and 20% replacement, the finer rubber outperforms the
coarser one in all three mechanical indicators. This non-monotonic behavior is attributed to
the dual role of rubber particles in the cementitious matrix. At low replacement levels, both
rubber sizes introduce weak interfaces and porosity, causing strength reduction. However, at
higher substitution levels, the finer rubber particles (100 mesh) have a much larger specific
surface area and can act as micro-fillers, partially densifying the matrix and improving
particle packing, as evidenced by the MIP results (Section 5.2), which show a decrease in
porosity and average pore diameter for RC-10-100 and RC-20-100 compared to RC-5-100.
The coarser rubber, lacking this filler effect, continuously degrades the pore structure.

The thermal properties of rubberized concrete show remarkable improvement. The
linear expansion coefficient is reduced by up to 88% (RC-5-40), and the adiabatic temper-
ature rise is reduced by up to 32% (RC-20-100). These enhancements are explained by
three mechanisms: (i) the hydrophobic rubber—cement interface creates numerous micro-
voids that can accommodate thermal expansion without transferring strain to the bulk
material; (ii) the low thermal conductivity of rubber (0.1-0.2 W/m-K) slows heat transfer,
flattening the temperature gradient; and (iii) the reduced cementitious material per unit
volume (due to rubber’s lower density) lowers the total hydration heat. For mass concrete
applications, the combination of low thermal expansion and low adiabatic temperature rise
is highly desirable, as it directly mitigates the risk of thermal cracking—a common issue in
large-volume pours such as foundations, tunnel linings, and dams.

6.2. Improvement Mechanisms of Vibration-Damping Performance

The dynamic property tests reveal that rubber aggregate significantly enhances the
damping capacity of concrete, while moderately reducing dynamic elastic modulus and
shear wave velocity. The damping ratio increases from 1.43% (reference) to 2.86% (RC-20-40)
and 3.01% (RC-20-100. The finer rubber (100 mesh) achieves a higher damping ratio at 10%
and 20% replacement, consistent with its larger interfacial area and more uniform distribution.
This is consistent with the trend reported by Hassanli et al. [39] and Eltayeb et al. [40].
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Three main mechanisms contribute to the enhanced damping performance:

(i) Intrinsic viscoelasticity of rubber. Rubber is a typical viscoelastic material whose
polymer chains undergo segmental motion and internal friction when subjected to
cyclic loading. This converts mechanical vibration energy into heat, dissipating it
from the concrete system. The effect is more pronounced at higher rubber contents
and for finer particles, as the total rubber volume and exposed surface area increase.

(ii) Interfacial friction and micro-slip. The weak rubber-cement interface, characterized
by micro-cracks, gaps, and low adhesion (as confirmed by nanoindentation), provides
numerous sites for frictional energy dissipation. Under dynamic loading, the relative
slip between the rubber particle and the surrounding mortar generates additional
damping. The finer rubber particles, with their larger specific surface area, create a
higher density of such frictional interfaces, which explains the superior damping of
the 100-mesh series at higher replacement levels.

(iii) Porosity and micro-cracking. The MIP results (Section 5.2) show that rubber incorpora-
tion increases porosity, especially for the 40-mesh series (porosity up to 20.57% at 20%
replacement). Pore walls and micro-cracks act as additional energy-dissipating sites
during vibration, as they open and close cyclically, consuming energy. The 40-mesh
series, with its coarser pore structure, exhibits a progressive increase in damping with
rubber content, while the 100-mesh series, despite pore refinement at higher contents,
still benefits from the abundant weak interfaces.

The vibration acceleration response, measured under fixed-frequency excitation,
shows a general decreasing trend with rubber content, although a slight increase is observed
for RC-10-40. This anomaly is explained by the competing effects of stiffness reduction
and damping enhancement. At 10% replacement with 40-mesh rubber, the elastic modulus
drops by 38.6%, which lowers the natural frequency of the specimen. Under the same
excitation frequency, a softer structure can exhibit a larger acceleration amplitude even if
damping is improved. At 20% replacement, the damping increase becomes sufficiently
large to overcome the stiffness loss, resulting in a net acceleration reduction. In contrast,
the 100-mesh series show a monotonic acceleration reduction because its stiffness loss is
less severe (elastic modulus reduction of 30-37%) and its damping gain is more gradual.

6.3. Microstructure—Property Relationships: Why Rubber Aggregate Enhances Damping While
Reducing Strength

The multi-scale characterization provides a clear microstructural basis for the observed
mechanical and dynamic behavior.

Strength reduction mechanisms. The nanoindentation profiles (Figure 13) show that
the rubber-mortar ITZ has an elastic modulus only 32-52% of the mortar matrix, and a
hardness of 0.74 GPa or lower, compared to 2.17 GPa for the mortar. The ITZ thickness
is 20-50 um, with finer rubber producing a thinner but more severely weakened zone.
The hydrophobic rubber surface repels water, leading to local accumulation of water-
filled voids and incomplete hydration near the interface. These weak interfaces become
preferential sites for crack initiation under compressive or tensile stress, as shown by the
stereomicroscopy images (not presented in detail here, but summarised in Section 5.3).
The MIP results further reveal that the coarser rubber series continuously increases total
porosity and average pore diameter, which directly reduces strength. The finer rubber
series, however, shows a pore-refining effect at high replacement levels due to micro-filler
packing, partially offsetting the strength loss.

Damping enhancement mechanisms. The same microstructural features that weaken
strength are beneficial for damping. The weak ITZ, with its micro-cracks and gaps, acts as
a “damper” under cyclic loading: the relative displacement between rubber and mortar
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generates friction, dissipating energy. The increased porosity provides additional internal
surfaces for energy dissipation through pore wall friction and air pumping. Moreover, the
intrinsic viscoelasticity of rubber particles is activated under dynamic stress, converting
mechanical energy into heat. The combination of these three mechanisms explains why
rubberized concrete can simultaneously exhibit lower strength and higher damping—an
unusual but valuable trade-off.

Particle size effect. The 100-mesh rubber particles, being finer, have a larger specific
surface area, which intensifies both the adverse (weaker ITZ) and the beneficial (more
frictional interfaces, better filler effect at high content) effects. At 5% replacement, the
negative effects dominate, giving lower strength and only moderate damping. At 20%
replacement, the positive effects (filler-induced pore refinement, high interfacial area,
viscoelastic dissipation) become dominant, yielding a damping ratio of 3.01%—the highest
among all mixtures—while maintaining a compressive strength of 26.6 MPa, which is still
acceptable for many mass concrete applications. In contrast, the 40-mesh rubber, with its
lower specific surface area, produces a less severe interface but also fewer damping sites,
and its larger particle size cannot provide pore refinement; therefore, its strength continues
to drop, and its damping increases more slowly.

Implications for design. The optimal rubber content and particle size depend on the
performance requirements. For applications where strength is the primary concern (e.g.,
structural members), 5% fine rubber or 5-10% coarse rubber may be acceptable. For applica-
tions where vibration damping is critical (e.g., machine foundations, tunnel invert-fillings,
seismic buffer zones), 20% fine rubber (100 mesh) offers the best damping performance
(3.01% damping ratio) with sufficient strength (26.6 MPa). The exceptionally low thermal
expansion and reduced adiabatic temperature rise further make rubberized concrete an
attractive material for mass concrete structures where thermal cracking is a major risk. The
results demonstrate that the trade-off between strength and damping can be rationally
managed through appropriate selection of rubber particle size and replacement ratio.

7. Conclusions

This study has systematically investigated the mechanical, thermal, dynamic, and
microstructural properties of rubber aggregate concrete (RC) designed for mass concrete
applications, with two rubber particle sizes (40-mesh and 100-mesh) and three replacement
ratios (5%, 10%, and 20% by mass of sand). Based on the experimental results and multi-
scale analyses, the following conclusions can be drawn:

(1) The incorporation of rubber aggregate reduces compressive strength, splitting tensile
strength, and static elastic modulus, while Poisson’s ratio remains largely unchanged
(0.157-0.190). The finer 100-mesh rubber, at 10% and 20% replacement, outperforms
the coarser 40-mesh rubber at the same contents due to a micro-filler effect that refines
the pore structure.

(2) The damping ratio increases markedly with rubber content, reaching 3.01% for RC-
20-100, which is 110% higher than that of the reference concrete (1.43%). The finer
100-mesh rubber exhibits higher damping than the coarser rubber at 10% and 20%
replacement, attributed to its larger specific surface area and more uniform dispersion.
The vibration acceleration generally decreases, except for RC-10-40, where a temporary
increase occurs due to stiffness reduction, lowering the natural frequency.

(3) FTIR analysis did not reveal any obvious new bands associated with chemical bonding
between rubber and the cementitious matrix, indicating that the interaction is likely
dominated by physical effects. MIP shows that 40-mesh rubber continuously increases
porosity (from 15.7% to 20.6%), while 100-mesh rubber, at 10% and 20% replacement,
decreases porosity to 17.5% and reduces the average pore diameter to 18.1 nm—even
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smaller than that of the reference concrete. Nanoindentation reveals that the rubber—
mortar ITZ has a modulus of only 32-52% of the mortar matrix and a thickness of
20-50 pm; finer rubber produces a thinner but more severely weakened ITZ, which
simultaneously explains the strength loss and the damping enhancement.

(4) The enhanced damping originates from three factors: intrinsic viscoelasticity of rub-
ber, micro-slip and friction at the weak ITZ, and additional energy-dissipating sites
provided by pores and micro-cracks. The strength loss is caused by the replacement
of high-strength aggregates by soft rubber particles, stress concentration at the weak
interface, and increased porosity. This trade-off can be rationally managed by selecting
the appropriate rubber particle size and replacement level.

(5) For mass concrete applications where vibration control and thermal crack mitiga-
tion are priorities (e.g., tunnel invert-fillings, machine foundations, seismic buffer
zones), 20% fine rubber (100 mesh) is recommended. RC-20-100 offers a damping
ratio of 3.01% (110% increase), a 32% reduction in adiabatic temperature rise, a
64% reduction in linear expansion coefficient, and a 90-day compressive strength of
26.6 MPa—adequate for many non-primary structural elements. For higher strength
requirements, 5% rubber replacement maintains C30 grade concrete while providing
a 20-85% increase in damping ratio.

The present study has several limitations. First, only one water-to-binder ratio was
considered, and the influence of different moisture contents was not investigated. Sec-
ond, only one rubber source was used, so the effects of rubber origin and batch-to-batch
variability remain unclear. Third, all experiments were conducted at laboratory scale, and
further verification under field-scale conditions is needed. Fourth, the vibration response
was evaluated at a single excitation frequency, and the dynamic behavior under other
frequencies should be examined in future studies. Finally, the linear expansion coefficient
was measured using only one specimen for each mixture, and the original deformation-
temperature curves were not retained. Therefore, the thermal expansion results, especially
the large apparent reduction observed in some rubberized mixtures, should be further
confirmed by repeated tests with full deformation-temperature records.
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