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Featured Application: The study of the freeze–thaw cycling and impact resistance properties of
rubberized concrete materials can provide a better understanding and mastery of the durability
performance of rubberized concrete materials. It holds significant theoretical and practical value
for actual engineering projects in cold regions.

Abstract: To improve the long-term performance of concrete engineering in high-altitude areas, waste
tire rubber was added to a concrete mix, and freeze–thaw and impact tests were conducted. The
effects of waste tire rubber with different particle sizes (10, 20, 30 mesh) and freeze–thaw cycles
(0, 25, 50, 75, 100, 125) on the dynamic mechanical properties of concrete materials were studied. The
stress–strain curves, peak stress, and fracture morphology of the specimens were analyzed. The
microstructure changes of the specimens were also analyzed using scanning electron microscopy
(SEM). The results showed the following: (1) Both macroscopic and microscopic analysis results
showed that the internal damage of rubber concrete specimens was smaller after freeze–thawing,
and the integrity was better after impact, maintaining a loose but not scattered state. The addition of
waste tire rubber significantly improved the material’s impact resistance to a certain extent. (2) As
the impact pressure increased, the strain rate of the specimens increased linearly, and the dynamic
peak stress was linearly positively correlated with the strain rate. (3) After 125 freeze–thaw cycles,
the peak stress of the specimens with 30-mesh added rubber decreased significantly less than that of
ordinary concrete under 0.3, 0.45, and 0.6 MPa impact pressure. The dynamic peak stress was higher
than that of specimens with 10-mesh and 20-mesh added rubber, and the addition of 30-mesh rubber
significantly improved the frost resistance and impact resistance of concrete materials. This study can
provide new ideas for the engineering application of rubber concrete.

Keywords: rubber concrete; freeze–thaw cycle; dynamic impact; frost resistance

1. Introduction

Since the 1990s, China has begun to vigorously develop road infrastructure construc-
tion and has become the country with the largest total mileage of highways in the world.
A traditional highway is generally poured with ordinary concrete. Although it has high
strength and good bearing capacity, its ductility, bending resistance, and deformation
resistance are small, and the joints are prone to damage. It is difficult to repair, and the
applicable conditions are not universal. In addition, there is asphalt concrete pavement;
asphalt concrete pavement is more comfortable and elastic than cement concrete pavement,
but its durability and bearing capacity are poor. China has a high difference in altitude
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between the east and west and a large difference in latitude between the north and south.
Some areas at high altitudes have snow-frozen soil for most of the year. The lowest outdoor
temperature in northern winter can reach minus 40 degrees, especially in the northeast
and northern Inner Mongolia. The climate is cold and dry, and there is much snowfall,
which makes the road freeze and affects traffic operation. We usually take measures to thaw
the road to reduce the impact of traffic on people’s travel. Due to the climate and these
thawing measures, the road is constantly undergoing a freeze–thaw cycle, destroying the
internal structure of the concrete and causing damage to the road. This affects the service
performance and driving safety of the highway. The highway requires a lot of manpower
and material resources to repair, and more seriously, it even needs to be demolished and
rebuilt. China spends a lot of money on highway maintenance and repair every year.

It is found that the incorporation of rubber into concrete can effectively improve some
properties of concrete, and road laying can prolong its service life and crack resistance [1–3].
Wei Li et al. [4] studied the fracture properties of rubber concrete with different contents
and found that rubber could improve the interface effect between rubber and the cement
base and improve the crack resistance of concrete. At the same time, some other scholars
have also found that the addition of rubber improves the toughness and crack resistance of
concrete [5–7]. However, it was found that the incorporation of rubber significantly reduced
the compressive strength of concrete [8–10]. Many scholars have found that rubber can
improve the durability of concrete [11–15]. Habib Akbarzadeh Bengar et al. [16] studied the
chloride resistance of concrete by adding rubber with different particle sizes and different
contents. The results showed that the incorporation of rubber could significantly improve
the chloride resistance of concrete. When the rubber particle size was 3–6 mm and the
content was 5%, the corrosion resistance was the best. Rubber can significantly improve the
impact resistance of concrete [17–19]. Abbas Safeer et al. [20] conducted impact resistance
tests on rubber concrete with different particle sizes and different contents. The results
show that selecting the best rubber replacement rate and rubber size can significantly
improve the impact resistance of concrete. At the same time, rubber can improve the frost
resistance of concrete [21]. In addition, the anti-aging and sound insulation [22,23] effects of
rubber concrete are better than those of ordinary concrete, and the incorporation of rubber
into concrete can effectively alleviate the thorny problem of waste tire rubber [24–26].

At present, there are a lot of studies on the toughness, durability, and static mechanical
properties of rubber concrete under complex conditions, but there are relatively few studies
on dynamic mechanical properties. In order to make rubber concrete more common
and practical in the future construction industry, based on the research results of other
scholars [20,27,28], taking 20% sand quality as the rubber quality, we added 10-mesh,
20-mesh, and 30-mesh rubber made of waste tires to concrete. The static compressive
and dynamic impact properties of rubber concrete with different particle sizes under
freeze–thaw cycles were studied.

2. Materials and Methods
2.1. Raw Material

The test cement, P.O 42.5 ordinary Portland cement, was produced by the Bagongshan
Cement Plant in Huainan City. The sand used was natural river sand; its fineness modulus
was 2.80, apparent density was 2520 kg/m3, and bulk density was 1640 kg/m3. The
stone used was natural gravel; the particle size was 5–16 mm, the apparent density was
2625 kg/m3, and the bulk density was 1665 kg/m3. The water-reducing agent was PCA
polycarboxylate superplasticizer. Water was ordinary tap water. Waste tire rubber was
10-mesh, 20-mesh, and 30-mesh rubber produced by Dujiangyan Huayi Rubber Co, Ltd.
The apparent density was 750 kg/m3, and the specific size of the rubber is shown in Table 1
and Figure 1.
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Table 1. Rubber size.

Rubber Standard Mesh Number 10 Mesh 20 Mesh 30 Mesh

Average particle size 2.00 mm 0.850 mm 0.600 mm
Note: The number of holes is the number of holes per square inch. The larger the mesh number, the smaller
the aperture.
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Figure 1. Rubber: (a) 10 mesh; (b) 20 mesh; (c) 30 mesh.

2.2. Specimen Preparation

In this experiment, the mix ratio design was mainly based on the concrete design
specifications. The concrete mix ratio of C40 was used to calculate the amount of coarse
aggregate, fine aggregate, cement, water, and so on. With 20% fine aggregate mass as the
amount of waste tire rubber, 10-mesh, 20-mesh, and 30-mesh waste tire rubber were directly
mixed into C40 concrete. Group A was not mixed with waste tire rubber, group B was
mixed with 20% 10-mesh waste tire rubber, group C was mixed with 20% 20-mesh waste
tire rubber, and group D was mixed with 20% 30-mesh waste tire rubber. Since waste tire
rubber is a hydrophobic material, in principle, the amount of water and water-reducing
agent does not need to be changed. The detailed mix ratio is shown in Table 2.

Table 2. Test mix ratio.

Group
Number

Fine Aggregate
kg/m3

Coarse Aggregate
kg/m3

Cement
kg/m3

Waste Tire Rubber
Water
kg/m3

Water-Reducing
Admixture kg/m3Mesh

Number
Dosage
kg/m3

A 581.43 1356.67 329.60 0 132.30 3.30
B 581.43 1356.67 329.60 10 mesh 58.14 132.30 3.30
C 581.43 1356.67 329.60 20 mesh 58.14 132.30 3.30
D 581.43 1356.67 329.60 30 mesh 58.14 132.30 3.30

Experimental steps of quick freezing method:

(1) The prepared concrete test block was put into the saturated solution curing pool for
24 days and then soaked in (20 ± 2) ◦C water for 4 days. The water needed to pass
through the top of the test block. After the test block was cured for 28 days, the
freeze–thaw cycle test could be started [29,30].

(2) Each freeze–thaw cycle time was 4 h, with rapid freezing for 2.5 h and then rapid
melting for 1.5 h. The temperature of the low-temperature freezing equipment was
set to −20 ◦C. The test block containing saturated water was frozen in the low-
temperature freezing equipment, and the melting was carried out in the clear water.
A constant-temperature heating rod was added to the clear water to accelerate the
melting and thawing speed of the test block.
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(3) Every 25 freeze–thaw cycles were a sequence. After each freeze–thaw sequence,
3 compressive test blocks and 9 impact test blocks were taken out from each group
for mechanical testing. After each freeze–thaw sequence, the scum on the surface of
the test block was washed with water, and the surface moisture was dried with a wet
towel to measure the quality change.

2.3. Test Equipment and Scheme

The SHPB (Split–Hopkinson pressure bar) test device is mainly composed of three
parts: a compression bar system including an impact bar, an incident bar, a transmission
bar, and an absorption bar; a measurement system; and a data acquisition and processing
system. Figure 2 is a schematic diagram of the SHPB device. This instrument is produced
by Hunan Central South University.
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Figure 2. Schematic diagram of SHPB device.

The bar system of the SHPB test device was a 74 mm steel bar. The specimen was
placed between the incident bar and the transmission bar. The air pressure generated by the
nitrogen bottle caused the impact bar to eject the transmitting cavity at an initial velocity V
and impact the incident bar. The incident wave was transmitted to the specimen along the
bar, so that the specimen was subjected to a dynamic load. Before the test, strain gauges
were pasted on the incident bar and the transmission bar. The position of the strain gauge
was controlled so as not to be too close to the specimen, and the surface was pasted with
insulating tape. On the one hand, the tape was used to protect the strain gauge, on the
other hand, it was used to avoid contact between the strain gauge and the wire during the
impact process causing data errors. The incident wave, reflected wave, and transmitted
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wave generated during the impact process were transmitted by the strain gauge to the data
acquisition and processing system.

The SHPB test was based on the one-dimensional elastic wave theory and the assump-
tion that the stress and strain are uniformly distributed in the specimen [31]. The following
can be concluded:

Average stress:

σs(t) =
EA
As

εt =
EA
As

(εi + εr)

E—elastic modulus of compression bar;
A—the cross-sectional area of the strut;
As—cross-sectional area of specimen;
εt—transmitted wave;
εi—incident wave;
εr—reflected wave.
Average strain:

εs(t) =
2C0

l0

∫ t

0
(εi − εt)dt = −2C0

l0

∫ t

0
εrdt

C0—longitudinal wave velocity;
l0—initial length of specimen.
Average strain rate:

.
εs(t) =

2C0

l0
(εi − εt) = −2C0

l0
εr

In this experiment, a Hopkinson bar with a diameter of 74 mm was used to conduct
dynamic tests on ordinary concrete and rubberized concrete with different particle sizes
after different freeze–thaw cycles, The experimental situation is shown in Figure 3. The
specimens were subjected to impact tests with three different pressures of 0.3 MPa, 0.45 MPa,
and 0.6 MPa after undergoing different numbers of freeze–thaw cycles. Three specimens
were selected for each test condition.
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3. Dynamic Impact Test Results and Analysis
3.1. Microstructure Analysis of Freeze–Thaw Cycle

The SEM images of ordinary concrete and 30-mesh rubber concrete after 0 and
125 freeze–thaw cycles are shown in Figure 4.
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As shown in Figure 4a,b, there are some holes and cracks in ordinary concrete without
freeze–thaw cycles. After 125 freeze–thaw cycles, the holes increase, the cracks widen, and
the concrete becomes loose. As shown in Figure 4c,d, there are some holes and cracks in
rubber concrete without freezing and thawing. As the number of freezing and thawing
cycles increases, the cracks expand, becoming wider and longer, and the holes also increase.
However, compared with ordinary concrete, the pores are smaller and more when there is
no freeze–thaw cycle, indicating that the incorporation of rubber introduces some bubbles
in the concrete. After 125 freeze–thaw cycles, the pores of rubber concrete increase relatively
little, the cracks increase more, and the holes are denser. The reason is that the incorporation
of rubber introduces more small pores. When the concrete freezes, the internal pores relieve
the water pressure and the volume increases occurring when the water freezes, which slows
down the internal damage. However, when the pores increase and the damage occurs,
the pores are more likely to merge and form cracks. Therefore, compared with ordinary
concrete, the cracks increase more, but the internal damage is smaller, the integrity is better,
and the concrete has stronger frost resistance. Further, due to the freezing and thawing
cycle, the temperature decreases, and the water undergoes a phase change and turns into
ice, forming an ice lens. With an increase in the number of freezing and thawing cycles, the
ice lenses continue to grow larger and more numerous. When the cycle reaches 125 times,
the internal ice lens content of the sample is higher, and the overall integrity of the sample
is good.
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3.2. Test Failure Mode

The fracture morphology of the specimens with 0 and 125 freeze–thaw cycles under
different impact pressures is shown in Table 3.

Table 3. Dynamic impact experiment phenomenon of freeze–thaw cycle.

Group
Number 0.3 MPa 0.45 MPa 0.6 MPa

A

0 freeze–thaw cycles
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It can be seen from the comparison that the rubber concrete has better integrity after
impact, and there is no large breakage. Most of the specimens only have cracks or become
loose between the materials after compression. The whole specimen is loose but not
scattered, showing better integrity. Under the impact of 0.3 MPa pressure, the failure
phenomenon of the specimens in groups B, C, and D is not obvious. Under the impact of
0.45 MPa air pressure, there are more cracks on the specimen, and part of the outer edge of
the specimen falls off. Under the impact of 0.6 MPa pressure, the cracks on the specimen
become more and deeper. As the number of freeze–thaw cycles increases, the specimen
becomes loose after impact, or some small pieces peel off from the specimen, and the peeled
part is a complete small piece. The overall integrity of rubber concrete specimens is good,



J. Compos. Sci. 2024, 8, 87 9 of 19

which is different from the fine particles formed by ordinary concrete after impact. On
the whole, rubber concrete is not easy to crush after impact, and the integrity is better.
By comparing the failure modes of concrete without the addition of concrete and rubber
concrete with different particle sizes, it can be seen that the integrity of the specimen after
impact is better when rubber concrete is added. Further comparison of the failure modes of
rubber with different mesh sizes shows that the fracture of the specimen becomes more
pronounced with the increase in rubber particles added. This is mainly due to the addition
of rubber particles, which increases the contact surface between the concrete composition
and rubber, making the specimen more prone to deformation and failure under impact.

Based on the research results of some scholars and the phenomenon of this experiment,
the reasons for the above are analyzed [32,33]: in the process of the freeze–thaw cycle,
the internal cracks of the specimen gradually increase with the increase in the number of
freeze–thaw cycles, and the connection between the cracks makes the gap larger. After
the impact, the specimen is more easily broken. Therefore, after 125 freeze–thaw cycles,
the impact failure of the specimen is more obvious. The strain rate of ordinary concrete
increases with the increase in impact pressure. The instantaneous damage of the impact
does not easily occur at the weakest point, and the specimen is subjected to more small
damage, which then penetrates into large cracks. The higher the strain rate is, the more
small cracks and large cracks are formed. As a brittle material, concrete breaks after the
cracks are generated, and the damage to concrete specimens is more crushing. After
the rubber concrete is impacted, the rubber absorbs part of the energy and delays the
action of the force inside the specimen. Therefore, the failure phenomenon is not obvious
compared with ordinary concrete. Rubber as an elastic material increases the plasticity
of concrete. After the concrete is impacted, the force first acts on the interface between
rubber and cement mortar, then acts on the cement mortar around the rubber, and then
acts on the interface between cement mortar and coarse aggregate. The incorporation of
rubber makes the concrete have a certain toughness. Under the action of force, although
the rubber concrete is damaged, it does not easily break directly, and only intricate cracks
are generated. The ordinary concrete and rubber concrete after the test were hammered
along the cracks, and it was found that the ordinary concrete was brittle and directly
disconnected, and the disconnected surface was relatively flat. In rubber concrete, due to
the incorporation of rubber, elastic rubber is connected with some aggregate, and aggregate,
due to the connection of rubber, does not easily fracture directly. When subjected to impact,
these weak joints are not directly broken, although they are damaged by force. The integrity
is good, and the fracture surface is rough after the specimen is broken.

3.3. Stress–Strain Curve

A group of dynamic peak stresses closest to the average value was selected for result
analysis. The test results obtained are shown in Table 4, and the stress–strain curves of the
specimens after different freeze–thaw cycles are shown in Figure 5.

Table 4. Mechanical parameters under different impact pressures after different freeze–thaw cycles.

Impact Pressure (MPa) 0.3 MPa 0.45 MPa 0.6 MPa

Number of
Freeze–Thaw

Cycles

Group
Number

Strain Ratio
(s−1)

Dynamic Peak
Stress (MPa)

Strain Ratio
(s−1)

Dynamic Peak
Stress (MPa)

Strain Ratio
(s−1)

Dynamic Peak
Stress (MPa)

0

A

79.66 54.59 97.99 62.80 135.19 71.39
25 77.51 51.54 102.18 58.22 135.29 67.19
50 84.14 46.54 101.59 52.75 129.84 62.54
75 87.89 40.09 109.39 45.15 128.99 55.66

100 87.67 33.67 106.10 38.64 132.55 43.47
125 88.88 25.31 104.41 29.78 133.65 34.02
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Table 4. Cont.

Impact Pressure (MPa) 0.3 MPa 0.45 MPa 0.6 MPa

Number of
Freeze–Thaw

Cycles

Group
Number

Strain Ratio
(s−1)

Dynamic Peak
Stress (MPa)

Strain Ratio
(s−1)

Dynamic Peak
Stress (MPa)

Strain Ratio
(s−1)

Dynamic Peak
Stress (MPa)

0

B

81.60 37.63 107.02 45.20 120.46 48.77
25 85.82 35.28 106.70 41.48 135.74 44.97
50 86.13 32.52 104.89 37.41 133.54 41.16
75 89.15 29.78 115.31 33.44 137.84 37.57

100 84.72 25.20 109.93 28.98 135.96 33.21
125 88.11 21.00 114.41 24.15 131.36 28.35

0

C

93.60 39.51 113.76 45.69 130.23 51.31
25 90.38 37.79 108.79 42.38 126.08 48.52
50 86.17 34.82 117.11 39.46 135.61 45.69
75 88.65 31.06 105.45 35.28 130.38 41.23

100 79.16 27.09 106.69 31.00 135.66 37.57
125 82.31 23.71 107.24 26.13 130.44 31.21

0

D

79.96 42.15 101.43 49.33 127.46 55.63
25 83.40 40.22 108.28 46.20 132.80 52.91
50 79.11 37.72 103.10 43.52 127.85 50.62
75 77.03 33.21 93.95 39.69 124.44 47.04

100 82.84 30.54 101.09 35.89 127.97 43.01
125 96.45 26.72 106.92 30.54 136.41 38.56

J. Compos. Sci. 2024, 8, x FOR PEER REVIEW 10 of 19 
 

 

125 88.11 21.00 114.41 24.15 131.36 28.35 
0 

C 

93.60 39.51 113.76 45.69 130.23 51.31 
25 90.38 37.79 108.79 42.38 126.08 48.52 
50 86.17 34.82 117.11 39.46 135.61 45.69 
75 88.65 31.06 105.45 35.28 130.38 41.23 

100 79.16 27.09 106.69 31.00 135.66 37.57 
125 82.31 23.71 107.24 26.13 130.44 31.21 

0 

D 

79.96 42.15 101.43 49.33 127.46 55.63 
25 83.40 40.22 108.28 46.20 132.80 52.91 
50 79.11 37.72 103.10 43.52 127.85 50.62 
75 77.03 33.21 93.95 39.69 124.44 47.04 

100 82.84 30.54 101.09 35.89 127.97 43.01 
125 96.45 26.72 106.92 30.54 136.41 38.56 

 

  
(a) (b) 

  
(c) (d) 

Figure 5. Cont.



J. Compos. Sci. 2024, 8, 87 11 of 19J. Compos. Sci. 2024, 8, x FOR PEER REVIEW 11 of 19 
 

 

  
(e) (f) 

  
(g) (h) 

  
(i) (j) 

Figure 5. Cont.



J. Compos. Sci. 2024, 8, 87 12 of 19J. Compos. Sci. 2024, 8, x FOR PEER REVIEW 12 of 19 
 

 

  
(k) (l) 

Figure 5. Stress–strain curves under different impact pressures after different freeze–thaw cycles. 
(a) Group A was impacted under 0.3 MPa pressure after freeze–thaw. (b) Group A was impacted 
under 0.45 MPa pressure after freeze–thaw. (c) Group A was impacted under 0.6 MPa pressure after 
freeze–thaw. (d) Group B was impacted under 0.3 MPa pressure after freeze–thaw. (e) Group B was 
impacted under 0.45 MPa pressure after freeze–thaw. (f) Group B was impacted under 0.6 MPa 
pressure after freeze–thaw. (g) Group C was impacted under 0.3 MPa pressure after freeze–thaw. 
(h) Group C was impacted under 0.45 MPa pressure after freeze–thaw. (i) Group C was impacted 
under 0.6 MPa pressure after freeze–thaw. (j) Group D was impacted under 0.3 MPa pressure after 
freeze–thaw. (k) Group D was impacted under 0.45 MPa pressure after freeze–thaw. (l) Group D 
was impacted under 0.6 MPa pressure after freeze–thaw. 

In the same group of specimens, the strain rate of the specimen increases with the 
increase in the impact pressure. When the number of freeze–thaw cycles is the same, the 
peak stress of the specimen increases with the increase in the impact pressure; that is, the 
greater the impact pressure, the greater the peak stress of the specimen. Under the same 
impact pressure, the peak stress of the specimen decreases with the increase in the number 
of freeze–thaw cycles. 

In different groups of specimens, when the impact pressure and the number of 
freeze–thaw cycles are the same, the peak stress of group A is higher than that of groups 
B, C, and D. With the increase in particle size, the peak stress of rubber concrete is gener-
ally lower. Therefore, the smaller the particle size of rubber, the smaller the impact on the 
peak stress of concrete. From 0 to 125 freeze–thaw cycles, the peak stress reduction ratio 
of groups B, C, and D was smaller than that of group A under the same air pressure. Com-
pared with groups B, C, and D, the rising stage of the curve for group A was steeper, and 
the rising stage of groups B, C, and D generally had a lower slope. Compared with groups 
B and C, the buffer platform period of group D was more obvious, and the peak stress 
reduction rate was smaller. 

It can be seen from the above analysis that with the increase in freeze–thaw cycles in 
the same group of specimens, the more significant the damage inside the concrete makes 
it more prone to damage after impact, so the peak stress gradually decreases. In groups B, 
C, and D, due to the small bonding force between rubber and other aggregates, the incor-
poration of rubber introduces more gas, increasing the internal pores of concrete, and the 
hardness of rubber is less than that of other aggregates in concrete. These reasons make 
the specimen more prone to damage after impact, so the peak stress is smaller than that 
of group A. However, due to the large elasticity of rubber and the effect of absorbing en-
ergy, the concrete plays a buffering role after being impacted and absorbs part of the im-
pact energy, which makes the concrete crushing process slow, the integrity improved, and 
the toughness better. The incorporation of rubber increases the internal pores of concrete 
and increases the frost resistance of concrete, so that the peak stress of rubber concrete 
after freeze–thaw cycles decreases less after impact, which also confirms that the addition 

Figure 5. Stress–strain curves under different impact pressures after different freeze–thaw cycles.
(a) Group A was impacted under 0.3 MPa pressure after freeze–thaw. (b) Group A was impacted
under 0.45 MPa pressure after freeze–thaw. (c) Group A was impacted under 0.6 MPa pressure after
freeze–thaw. (d) Group B was impacted under 0.3 MPa pressure after freeze–thaw. (e) Group B
was impacted under 0.45 MPa pressure after freeze–thaw. (f) Group B was impacted under 0.6 MPa
pressure after freeze–thaw. (g) Group C was impacted under 0.3 MPa pressure after freeze–thaw.
(h) Group C was impacted under 0.45 MPa pressure after freeze–thaw. (i) Group C was impacted
under 0.6 MPa pressure after freeze–thaw. (j) Group D was impacted under 0.3 MPa pressure after
freeze–thaw. (k) Group D was impacted under 0.45 MPa pressure after freeze–thaw. (l) Group D was
impacted under 0.6 MPa pressure after freeze–thaw.

In the same group of specimens, the strain rate of the specimen increases with the
increase in the impact pressure. When the number of freeze–thaw cycles is the same, the
peak stress of the specimen increases with the increase in the impact pressure; that is, the
greater the impact pressure, the greater the peak stress of the specimen. Under the same
impact pressure, the peak stress of the specimen decreases with the increase in the number
of freeze–thaw cycles.

In different groups of specimens, when the impact pressure and the number of
freeze–thaw cycles are the same, the peak stress of group A is higher than that of groups B,
C, and D. With the increase in particle size, the peak stress of rubber concrete is generally
lower. Therefore, the smaller the particle size of rubber, the smaller the impact on the
peak stress of concrete. From 0 to 125 freeze–thaw cycles, the peak stress reduction ratio
of groups B, C, and D was smaller than that of group A under the same air pressure.
Compared with groups B, C, and D, the rising stage of the curve for group A was steeper,
and the rising stage of groups B, C, and D generally had a lower slope. Compared with
groups B and C, the buffer platform period of group D was more obvious, and the peak
stress reduction rate was smaller.

It can be seen from the above analysis that with the increase in freeze–thaw cycles in
the same group of specimens, the more significant the damage inside the concrete makes
it more prone to damage after impact, so the peak stress gradually decreases. In groups
B, C, and D, due to the small bonding force between rubber and other aggregates, the
incorporation of rubber introduces more gas, increasing the internal pores of concrete, and
the hardness of rubber is less than that of other aggregates in concrete. These reasons make
the specimen more prone to damage after impact, so the peak stress is smaller than that of
group A. However, due to the large elasticity of rubber and the effect of absorbing energy,
the concrete plays a buffering role after being impacted and absorbs part of the impact
energy, which makes the concrete crushing process slow, the integrity improved, and the
toughness better. The incorporation of rubber increases the internal pores of concrete and
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increases the frost resistance of concrete, so that the peak stress of rubber concrete after
freeze–thaw cycles decreases less after impact, which also confirms that the addition of an
air-entraining agent to concrete can enhance the frost resistance of concrete [34]. In this
experiment, it can be concluded that the frost resistance of group D is better.

3.4. Analysis of the Relationship between Dynamic Peak Stress and Strain Rate

Figure 6 shows the relationship between strain rate and peak stress of four groups of
specimens (A, B, C, and D) under different freeze–thaw cycles and different impact strengths.
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Figure 6. The relationship between strain rate and peak stress of each group. (a) The relationship
between strain rate and peak stress of group A specimens. (b) The relationship between strain rate
and peak stress of group B specimens. (c) The relationship between strain rate and peak stress of
group C specimens. (d) The relationship between strain rate and peak stress of group D specimens.

From the above diagram, it can be seen that after the impact of the specimen in each
group, as the strain rate increases, the dynamic peak stress of the specimen also increases.
There is a certain positive correlation between the strain rate and the stress, which has a
strong regularity. At the same time, the strain rate and the impact pressure also show a
certain positive correlation. In the process of increasing the impact pressure, the strain
rate enhancement effect of group A is similar to that of groups B, C and D, and there is no
significant difference. It can be analyzed from the theory proposed by relevant scholars and
the experimental phenomenon that this is because the specimen is subjected to rapid force
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when it is impacted, the damage does not easily occur at the weakest point, and the energy
propagates longer in the specimen. Therefore, when the impact pressure is larger, the
failure time of the specimen is longer, and the strain rate is larger. The failure does not occur
at the weakest point, and the energy propagation is more extensive in the specimen, which
makes the failure force larger. Therefore, there is a certain positive correlation between
impact pressure, strain rate, and dynamic peak stress.

3.5. Analysis of the Relationship between Dynamic Peak Stress and the Number of Freeze–Thaw Cycles

In order to explore the influence of rubber particle size on the dynamic peak stress
during the freeze–thaw cycle, according to Table 4, the peak stress changes of groups A,
B, C, and D after the freeze–thaw cycle under the same impact pressure were drawn. The
specific line chart is shown in Figure 7.
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different impact pressures. (a) The relationship between the number of freeze–thaw cycles and the
peak stress of each group under 0.3 MPa. (b) The relationship between the number of freeze–thaw
cycles and the peak stress of each group under 0.45 MPa. (c) The relationship between the number of
freeze–thaw cycles and the peak stress of each group under 0.6 MPa.

It can be seen from Figure 7 that under the impact of three kinds of air pressure,
the initial dynamic peak stress of group A is significantly larger than that of groups
B, C, and D. With the increase in freeze–thaw cycles, the peak stress of the specimens
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decreases continuously, and the dynamic peak stress of group A decreases significantly.
The amplitude is greater than that of groups B, C, and D. After 125 freeze–thaw cycles, the
dynamic peak stress of group A is even lower than that of group D, indicating that the
addition of rubber can significantly improve the frost resistance of concrete. According to
the slope of the dynamic peak stress of groups B, C, and D with the number of freeze–thaw
cycles, it can be seen that the slope of group D is smaller than that of groups B and C. The
peak stress of group A decreased by 53.6%, the peak stress of group B decreased by 44.2%,
the peak stress of group C decreased by 40.0%, and the peak stress of group D decreased by
36.6%. At 0.45 Mpa pressure, the peak stress of group A decreased by 52.6%, the peak stress
of group B decreased by 46.6%, the peak stress of group C decreased by 42.3%, and the
peak stress of group D decreased by 38.1%. Under the impact of 0.6Mpa air pressure, the
peak stress of group A decreased by 52.3%, the peak stress of group B decreased by 41.9%,
the peak stress of group C decreased by 39.2%, and the peak stress of group D decreased
by 30.7%. Therefore, the dynamic peak stress of group D decreased less with the increase
in freeze–thaw cycles, indicating that the concrete mixed with 30-mesh rubber had the
best frost resistance in this experiment. When the number of freeze–thaw cycles was 0, the
dynamic peak strain of group D was higher than that of groups B and C, indicating that the
addition of 30-mesh rubber in this experiment has the least effect on the peak compressive
strength of concrete. In summary, the above analysis shows that the incorporation of rubber
in concrete can significantly improve its frost resistance, and the incorporation of 30-mesh
rubber has the best effect on improving the performance of concrete.

3.6. Analysis of the Relationship between Dynamic Peak Stress and Rubber Particle Size under
Different Freeze–Thaw Cycles and Impact Pressure

The line chart in Figure 8 shows the relationship between dynamic peak stress
of rubberized concrete with rubber particle sizes of 10 mesh, 20 mesh, and 30 mesh
under different impact pressures. It can be concluded that under the same number of
freeze–thaw cycles, as the diameter of the rubber particles increases, the dynamic peak
stress of rubberized concrete gradually decreases, with the best performance observed
for rubber particles of 30 mesh. Under the same number of freeze–thaw cycles, when
the rubber particle sizes in the specimens are the same, the dynamic peak stress of
the rubberized concrete gradually increases with higher impact pressures. With an
increasing number of freeze–thaw cycles, the dynamic peak stress of the specimens
after impact gradually ecreases.

Based on the above relationships, it can be inferred that when the rubber particle size
is smaller, it can better fill the gaps in the concrete, resulting in better particle distribution
of various materials and a more compact and stable concrete structure. Additionally, a
smaller rubber particle size leads to a smaller rubber particle surface area and less contact
area between the rubber particles and aggregates. Since rubber, as an organic material,
has weaker bonding with the various inorganic materials in concrete, a smaller contact
area results in a smaller unstable bonding area, which increases the overall strength. In
comparison to the impact process, in static compression testing, the loading rate of force is
slower. During the loading process, there is sufficient time for the force to cause damage to
the weakest part of the specimen. However, in dynamic impact testing, sudden loading
leads to damage occurring throughout the specimen, making the testing more difficult and
time-consuming. Therefore, the compressive strength in static compression testing is lower
compared to that in dynamic impact testing. Similarly, among specimens from the same
group with the same number of freeze–thaw cycles, the dynamic compressive strength
is highest when the impact pressure is 0.6 MPa, followed by 0.45 MPa, and lowest with
0.3 MPa impact pressure.
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4. Conclusions

In this study, freeze–thaw and impact tests were conducted on rubber concrete with
different particle sizes to understand the impact mechanical performance of concrete
materials under the influence of rubber particle size and freeze–thaw cycles and to reveal
the mechanism of the effects of freeze–thaw cycles and rubber particle size on concrete
material properties. Based on the above experimental results, the following conclusions
can be drawn:

(1) Under impact load, the concrete specimens show the coexistence of tensile failure and
crushing failure mode, and the increase in impact pressure makes the fracture degree
of the specimens increase. Under the same impact pressure, the crushing degree of
ordinary concrete specimens is higher than that of rubber concrete specimens. After
freeze–thaw cycles, rubber concrete still maintains a certain degree of integrity under
high-pressure impact. The small pieces of debris on the edge of the specimen are
peeled off, and the overall state is loose and not scattered. The incorporation of rubber
particles can effectively improve the frost resistance and impact resistance of concrete.

(2) Under impact load, as the strain rate increases, the dynamic peak stress of the speci-
men increases. There is a positive correlation between the strain rate and the dynamic
peak stress, and there is also a positive correlation between the strain rate and the
impact pressure. Under impact load, the peak stress of the 30-mesh rubber concrete
specimen decreased the least after freeze–thaw cycles, and the peak stress was higher
than that of the 10-mesh and 20-mesh rubber concrete specimens. Therefore, the
incorporation of 30-mesh rubber in this experiment had the best effect on the frost
resistance and impact resistance of concrete.

(3) From the SEM analysis results, it can be seen that the incorporation of rubber particles
makes the concrete denser, the number of large holes decreases, and more small
pores are introduced. These pores alleviate the water pressure during the freeze–thaw
process of concrete and the volume increases occurring during water freezing, and
the degree of internal damage after freeze–thaw is relatively small. At the same time,
rubber has a certain elasticity, which can effectively improve the impact resistance
and integrity of concrete.
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