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Abstract: Recycled rubber (RR) and recycled spiral steel fiber (RSSF) were added to plain concrete
(PC) to prepare recycled spiral steel fiber rubber concrete (SSFRC) with matrix strengths of C30, C40,
and C50. Strength tests on the PC, rubber concrete (RC), and SSFRC were carried out, including
the cube compressive strength, splitting tensile strength, and flexural strength. The effects of RSSF
and RR on the mechanical properties of concrete were analyzed. Simultaneously, the stress–strain
curve of the SSFRC was obtained through axial compressive testing, and the toughness of SSFRC was
evaluated by three indexes: the tensile compression ratio, bending compression ratio, and toughness
index. The results show that adding RR to PC results in a decrease in the mechanical properties of
concrete with different matrix strengths, and the addition of RSSF can make up for the strength loss
of the rubber. The mechanical strength of SSFRC with different matrix strengths increased first and
then decreased with the increase in RSSF content. The cubic compressive strength reached its peak
value when the content of RSSF was 1%, and the splitting tensile strength and flexural strength reach
their peak values when the content of RSSF was 1.5%. RSSF works best with rubber particles at the
right dosage to further increase the toughness of the concrete. When the rubber content is 10%, and
the RSSF content is 1.5%, the mechanical strength enhancement effect of SSFRC is at its best, and the
toughness is also at its best.

Keywords: recycled spiral steel fiber rubber concrete; strength test; reinforcement; toughness

1. Introduction

With the rapid development of the global transportation industry, hundreds of millions
of discarded tires are produced by the elimination of vehicles every year [1,2]. According to
statistics, about 50 million tires are directly discarded every year, with only a small portion
able to be recycled, and 500 million tires will be discarded by 2030 [3,4]. A landfill of waste
tires can cause serious fire hazards and environmental pollution, and the accumulated tires
can also harbor bacteria that can cause diseases in humans [5–7]. The existing pyrolysis
treatment measures for waste tires not only have a long investment return cycle but also
produce a large amount of carbon dioxide, which promotes the greenhouse effect of the
atmosphere to a certain extent [8]. In order to maximize the recycling of waste tires and
reduce their harm to the environment and society, waste tires can be made into rubber
particles instead of natural sand so as to partially replace the fine aggregate in concrete and
achieve the purpose of saving resources [9].

B.S. Thomas et al. [10] added waste tire rubber particles to concrete and studied the
fatigue performance of rubber concrete under constant amplitude cyclic loading, finding
that the fatigue performance of rubber concrete is better than that of ordinary concrete. Han
Q. et al. [11] found that when the rubber particle size and content reached the optimum,
the performance of concrete under cyclic load could be effectively improved, making it
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suitable for the construction of rigid pavement. P.N. Pham et al. [12] added waste rubber
particles to high-strength concrete, and the results showed that the impact resistance of
concrete increased by 83%. Hassanli R. et al. [13] added modified waste rubber particles
to recycled aggregate concrete, and its impact resistance increased significantly compared
with recycled aggregate concrete. O. Youssf et al. [14] found that rubber particles at a
specific particle size and dosage could enhance the freeze-thaw resistance of concrete. T.M.
Pham et al. [15] found that modified recycled rubber particles can improve the vibration
reduction and sound insulation ability of light aggregate concrete.

Due to its low strength and low elastic modulus, rubber will reduce the mechanical
properties of concrete [16–18]. In order to improve this strength loss, the current main meth-
ods are to modify the rubber surface, add other fiber materials, etc. [19]. G.A. Issa et al. [20]
optimized the mix ratio of rubber concrete, and the loss of its force-flow and mechanical
properties was limited. K. Shahzad et al. [21] et al. studied the surface changes of NAOH-
and urea-modified rubber. Both materials reduced the hydrophobicity of the rubber surface
to varying degrees. NAOH treatment can remove part of the hydrophobic substances on
the surface of rubber particles, increase the surface roughness and surface area of rubber
particles, and slightly reduce the water contact angle of rubber, where the reduced rubber
water contact angle is 36.9◦. The treatment method is simple to operate and low in cost.
Z. Keshavarz et al. [22] treated rubber particles with NAOH, silane coupling agent (SCA),
and a sulfuric acid solution, and the mechanical properties of the rubber concrete were sig-
nificantly enhanced. In addition to fiber materials, at present, the best effect is mainly from
adding steel fiber to rubber concrete. M.K. Ismail et al. [23] added steel fiber to waste rubber
concrete and found that the synergistic effect of the steel fiber and rubber could improve
the compressive strength of the concrete. I. Guerra et al. [24] found that steel fiber could
significantly enhance the dynamic and static tensile strength of concrete, and its ductility
was also significantly improved. H. Gharibi, D.G. Aggelis, and J. Xu et al. [25–27] showed
that the combination of steel fiber and rubber particles yielded a significant improvement
in the tensile properties. The addition of steel fiber can also reduce the loss of flexural
strength, and the crack width of steel fiber rubber concrete is much smaller than that of steel
fiber concrete. Q. Han and J. Xu et al. [28–30] found that the combination of waste rubber
and steel fiber can further improve the toughness of concrete, and the synergistic effect of
the two can greatly increase the fracture mode of concrete. A.A. Abouhussien et al. [31]
believed that steel fiber orientation could improve the flexural strength and crack resistance
of concrete. Z. Keshavarz, D. and M.S.S. Ahamad et al. [32,33] added steel fiber to rubber
concrete, and the peak deflection, toughness, and ductility of the rubber concrete under
bending and shearing all increased with the increase in steel fiber content. J. Xu and L.A.
Jimoda et al. [34,35] found that the bending strength and tensile strength were related to
the steel fiber content, and the strain, hardening. and softening behaviors of steel fiber
rubber concrete were mainly affected by the steel fiber content.

In current research methods, primary steel fibers or steel fibers extracted from waste
tires are mainly used to reinforce rubber concrete, but these steel fibers have a planar shape.
Spiral-shaped recycled steel fibers have a three-dimensional spatial shape, which can form
a three-dimensional bonding structure with rubber and concrete and have obvious spatial
mechanical characteristics. They can form bonds with concrete in multiple dimensions,
thereby preventing concrete from bonding in multiple directions. In order to explore
the influence of spiral recycled steel fiber on rubber concrete, this experiment adopts
the basic mechanical properties of recycled spiral steel fiber-reinforced rubber concrete
with different volume contents. We study the cube compressive strength, splitting tensile
strength, flexural strength, and prismatic axial compressive strength of various SSFRCs
at 28 d. At the same time, the tensile compression ratio, folding compression ratio, and
toughness index were used to evaluate the toughness of RSSFRC, and the measured values
of the axial compressive strength and cubic compressive strength of SSFRC were fitted,
while a more suitable formula for calculating the axial compressive strength of RSSFRC was
established. Through the experimental research of RSSFRC, the three-dimensional model
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mechanism of the improvement of the mechanical properties of rubber concrete by recycled
spiral steel fibers was revealed, and the ductility working mechanism of recycled spiral
steel fiber rubber concrete was explored. This provides a new approach for the utilization
of renewable resources and the green application of civil engineering materials.

2. Materials and Test Methods
2.1. Materials

Common Portland cement P.O 42.5 was used as the test cement. The packing density
was 3.05 × 103 kg/m3, and its related performance indexes are shown in Table 1. The
coarse aggregate was gravel with a particle size d < 40 mm, and the packing density was
2.5 × 103 kg/m3. The fine aggregate was medium coarse sand with an apparent density
of 2.65 kg/cm3, and ordinary tap water was used for mixing, with the particle size range
of the sand being between 0.5 and 2.0 mm. The RSSF came from the residual material
of machining, and its density was 7.8 × 103 kg/m3. It had a three-dimensional helical
structure with an average length of 20~40 mm, a width from 2 to 4 mm, a thickness of less
than 0.5 mm, an average tensile strength of no less than 350 MPa, and an elastic modulus
of 2.1 × 105 N/mm2. The rubber came from the broken particles of waste tires, where the
packing density was 0.9 × 103 kg/m3, the particle size was from 1 to 3 mm, and it was
washed with 5% NaOH solution to pH = 7. The raw materials are shown in Figure 1.

Table 1. Cement performance index.

Standard
Consistency (%)

Setting Time
(min)

Compressive Strength of Cube
(MPa)

Flexural Strength
(MPa)

24.2
Initial condensation Termination condensation 3 d 28 d 3 d 28 d

180 260 25.5 52.5 5.2 8.8
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Figure 1. Raw materials for testing: (a) coarse aggregate; (b) RSSF inspection; (c) treated RSSF; and
(d) alkali washed rubber.

2.2. Specimen Making and Maintenance

According to the existing research results and the actual situation of this test, the
rubber content was determined to be 10%, replacing fine aggregate sand with rubber at a
volume content of 10% sand. The volume content of the RSSF was 0%, 0.5%, 1.0%, 1.5%,
and 2%. The matrix strength of the SSFRC specimens was C30, C40, and C50. The concrete
mix ratios of the specimens with different strength grades are shown in Table 2. Since
the design strength of all concrete specimens was between C30 and C60, non-standard
specimen sizes were used in all kinds of tests. For details on the size of the test blocks,
see Table 3.
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Table 2. Mix ratio of each specimen.

Strength Grade of
Concrete Matrix

RSSF Volume Content
(%)

Amount of Each Material per Unit Volume
(kg/m3)

Cement Gravel Sand Water Rubber RSSF

C30

0 380 1251 644 180 0 0
0 380 1251 580 180 32 0

0.5 380 1251 580 180 32 39
1 380 1251 580 180 32 79

1.5 380 1251 580 180 32 118
2 380 1251 580 180 32 157

C40

0 420 1241 577 180 0 0
0 420 1241 519 180 28 0

0.5 420 1241 519 180 28 39
1 420 1241 519 180 28 79

1.5 420 1241 519 180 28 118
2 420 1241 519 180 28 157

C50

0 470 1200 617 165 0 0
0 470 1200 555 165 30 0

0.5 470 1200 555 165 30 39
1 470 1200 555 165 30 79

1.5 470 1200 555 165 30 118
2 470 1200 555 165 30 157

Table 3. Test specimen.

Intensity Type Specimen Size
(mm)

Number of
Specimens

Number per
Group Total Total

Compressive strength of cube 100 × 100 × 100 18 3 54

216
Splitting tensile strength 100 × 100 × 100 18 3 54

Flexural strength 100 × 100 × 400 18 3 54
Axial compressive strength 100 × 100 × 300 18 3 54

When the specimen was made, it was carried out in strict accordance with the specifi-
cation of “steel fiber reinforced concrete (JG/T472-2015)”, and the raw materials required
for weighing were reserved. First, we poured the coarse aggregate gravel, fine aggregate
river sand, and cement into the raw materials on an impervious steel plate that was soaked
in advance and dry mixed for 2 min. After the dry mixing, we evenly sprinkled the rubber
particles and continued to stir it. After fully mixing, we added water and then the RSSF.
The whole process of adding RSSF had to include stirring, and the RSSF had to be input
three times. When each RSSF was input, we waited for the previous batch of RSSF to be
fully and evenly mixed with the mixture. With the increase in RSSF content, the input
times of the RSSF could be appropriately increased, and the wet mixing time was not less
than 3 min. The resulting SSFRC mixture was subjected to slump testing to evaluate its
workability. Then, the SSFRC mixture was poured into a clean mold coated with waste oil,
and the shaking table was used to vibrate and compact the mixture until the surface of the
mix was slurry, and a small amount of waste oil was spilled. When the vibration was over,
we smoothed and removed air bubbles with a scraper. The mold was removed 24 h after
casting and placed in water at 20 ± 2 ◦C for maintenance for 28 d.

2.3. Test Method
2.3.1. Slump

The slump test could be carried out after the SSFRC mixture was evenly mixed,
Relevant test operations were carried out in accordance with the “steel fiber reinforced
concrete (JG/T472-2015)”of China.
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2.3.2. Mechanical Strength

The compressive strength of the cube was tested with a WHY-1000 microcomputer
controlled pressure testing machine with a maximum measuring range of 1000 kN. The
splitting tensile strength was tested with a CSS-555000 microcomputer controlled electro-
hydraulic servo testing machine, which was combined with a steel splitting tensile fixture.
The flexural strength was measured with a YA-500 microcomputer hydraulic pressure
testing machine. The axial compression strength was tested with a CSS-MAM600DL
electro-hydraulic servo universal testing machine. The relevant test operation and strength
calculations were carried out in accordance with the “Fiber Concrete Test Method Standard”,
and the test equipment and installation are shown in Figure 2.
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Figure 2. Installation diagram of test equipment and specimens: (a) WHY-1000 testing machine;
(b) installation diagram of compressive strength testing machine; (c) CSS-555000 testing machine;
(d) installation diagram of tensile strength testing machine; (e) YA-500 testing machine; (f) instal-
lation drawing of flexural strength testing machine; (g) CSS-MAM600DL testing machine; and
(h) installation drawing of axial compression testing machine.

3. Test Results and Discussion
3.1. Slump

Figure 3 shows the variation trend of the slump values of concrete with different
strengths. Table 4 shows the slump values of the PC, RC, and SSFRC mixes with different
volumes. As can be seen in Figure 3, the addition of rubber particles and steel fibers
reduced the slump of the concrete to a certain extent, making its working performance
worse. The higher the RSSF content was, the more the slump would be reduced. The higher
the strength of the concrete matrix, the lower the slump.

The reason for the above phenomenon is that the surface of the rubber particles
after alkali washing was uneven, and the shape was irregular, which enhanced the water
absorption capacity of the rubber surface and increased the friction force of the internal
flow of the mix, thereby reducing the fluidity of the mix. The RSSF used in the test had a
three-dimensional helical structure and good spatial characteristics, and the particles were
connected to each other in the concrete, which enhanced the internal connection of the
concrete, increased the friction force of the internal flow of the concrete mix, and restricted
the movement of each. The slump of the mixture was decreased by the synergistic effect of
the RSSF and rubber. This is because the addition of a large amount of RSSF makes the RSSF
occasionally cross, and it cannot significantly bridge the effect, forming a network structure.
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Table 4. Slump values of concrete with different strengths.

Specimen Number Slump (mm)

C30—PC 81
C30—RC 72

C30—SSFRC—0.5% 55
C30—SSFRC—1.0% 44
C30—SSFRC—1.5% 35
C30—SSFRC—2.0% 29

C40—PC 72
C40—RC 61

C40—SSFRC—0.5% 49
C40—SSFRC—1.0% 41
C40—SSFRC—1.5% 30
C40—SSFRC—2.0% 21

C50—PC 64
C50—RC 51

C50—SSFRC—0.5% 36
C50—SSFRC—1.0% 29
C50—SSFRC—1.5% 24
C50—SSFRC—2.0% 22

3.2. Mechanical Strength

Figure 4 shows the variation trend of the mechanical strength of the PC, RC, and
SSFRC with different strengths at 28 d, including the cube compressive strength, splitting
tensile strength, flexural strength, and axial compressive strength.

As can be seen in Figure 4, after adding 10% rubber particles to the PC, the mechanical
strength of the RC decreased to varying degrees. The cubic compressive strength, splitting
tensile strength, and flexural strength of the C30 concrete decreased by about 10%. Those
of the C40 concrete decreased by about 14%, while those of the C50 concrete decreased by
about 21%. This shows that the addition of rubber has the same influence on the mechanical
strength of concrete with the same matrix strength, and the influence on the mechanical
properties of high-strength concrete is greater when the matrix strength is different.
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The reason for this result is that the structural weakness of the rubber itself, as well as
the hydrophobicity of the rubber particles after alkali washing, made the interface transition
zone between the rubber particles and the cement stone clear. Studies have shown that
the strength of the interface area between rubber and mortar is only 35% of the strength of
mortar [36–38], and the surface of rubber particles cannot become completely hydrophilic
with this alkaline washing treatment [39,40]. The hydrophobicity of rubber particles will
prevent water molecules from contacting the rubber surface, thus inhibiting the hydration
of cement on the rubber surface, resulting in a reduction in calcium silicate hydrate (C-
S-H) gel, the hydration product of the main strength source in RC, and a reduction in
compressive strength [41–43].

It can also be seen in Figure 4 that after adding RSSF, the mechanical strength of
concrete with different matrix strengths presented a trend of first increasing and then
decreasing with the increase in RSSF content. The compressive strength of SSFRC with
different matrix strengths reached its peak value when the content of RSSF was 1%. The
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peak compressive strength of the C30 and C40 concrete increased by 23% and 26% compared
with the RC, respectively, with both exceeding that of plain PC. The peak compressive
strength of the C50 concrete increased by 22% compared with the RC but only reached 93%
of the RC’s strength. The splitting tensile strength and flexural strength both reached their
peak values when the content of RSSF was 1.5%. Compared with the RC, the peak tensile
strengths of the C30, C40, and C50 concrete increased by 45%, 50%, and 56%, respectively,
all exceeding that of the PC. The corresponding peak bending strength increased by 28%,
31%, and 37% compared with the RC, respectively, which also exceeded that of the PC.

Figure 5 shows three mechanical strength ratios of different types of concrete, including
the cube compressive strength ratio, splitting tensile strength ratio, and flexural strength
ratio. Table 5 shows the 28 d mechanical strengths of the PC, RC, and SSFRC.
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Table 5. Different types of concrete mechanical strength values at 28 d.

Specimen
Number

Compressive Strength of Cube
(MPa)

Splitting Tensile Strength
(MPa)

Flexural Strength
(MPa)

Axial Compressive Strength
(MPa)

C30-PC 37.58 3.09 5.18 28.18
C30-RC 33.8 2.81 4.71 23.95

C30-SSFEC-0.5% 36.07 3.34 5.02 27.77
C30-SSFEC-1% 41.71 3.6 5.64 29.87

C30-SSFEC-1.5% 37.8 4.08 6.06 29.03
C30-SSFEC-2% 37.69 3.99 5.85 27.62

C40-PC 47.47 3.82 5.99 38.45
C40-RC 40.35 3.27 5.22 31.14

C40-SSFEC-0.5% 43.67 4.05 5.64 32.29
C40-SSFEC-1% 50.79 4.82 6.48 39.6

C40-SSFEC-1.5% 48.42 4.92 6.84 36.91
C40-SSFEC-2% 45.57 4.55 6.66 34.60

C50-PC 56.87 4.13 6.69 47.2
C50-RC 43.23 3.26 5.29 33.98

C50-SSFEC-0.5% 46.63 3.84 6.16 37.28
C50-SSFEC-1% 52.82 4.50 6.56 41.53

C50-SSFEC-1.5% 48.92 5.12 7.30 40.12
C50-SSFEC-2% 47.76 4.62 6.70 32.95

It can be seen in Figure 5 that the mechanical strength of the C30, C40, and C50 SSFRC
increased compared with the PC. In addition to the C50 cube compressive strength being
lower than that of the PC, the rest exceeded that of the PC. According to the data in Figure 5,
it can be seen that the addition of RSSF could greatly improve the tensile and flexural
strength of RC, but the improvement in compressive strength was not obvious. Moreover,
1% RSSF had the best effect on the cube compressive strength, and the 1.5% RSSF had the
best effect on the splitting tensile strength and flexural strength.

The ratio of the axial compressive strengths and cube compressive strengths of different
kinds of concrete was different, and the ratio of the two was between 0.69 and about 0.83
in this test. Based on the measured values of the axial compressive strength and cube
compressive strength, a new calculation relationship suitable for SSFRC was fitted [44–46],
as shown in Equation (1), and the relationship between the two is shown in Figure 6:

fc = 0.92fcu − 6.72 (1)
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In Equation (1), fc is the axial compressive strength test value of the SSFRC, and fcu is
the cube compressive strength test value of the SSFRC.

3.3. Toughness Evaluation

Figure 7 shows the stress–strain curves of the PC, RC, and SSFRC with different
strengths under axial pressure, while Figures 8 and 9 show the variation trends of the tensile
and compressive ratios of the SSFRC, respectively. Table 6 shows the tensile compression
ratio, folding compression ratio, and toughness index of various concrete types.
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As can be seen in Figure 7, the curve was divided into an ascending section (a linear
ascending stage before the initial crack point and a nonlinear ascending stage from the
initial crack point to the peak stress) and a descending section (a failure stage of the
specimen after the peak stress). The full stress–strain curve could be obtained for the RC
and SSFRC except for the latter half of the stress–strain curve, which could not be obtained
for the PC due to brittle failure. It can be seen from Figure 7a–c that the addition of rubber
reduced the peak stress of the PC. This is because rubber reduces the strength of PC, which
is the same reason why the compressive strength of the cubes in Section 3.2 decreased.

After adding the RSSF, the peak stress of the specimen first increased and then de-
creased. This is because after the content of RSSF reaches a certain value, the continuous
increase in content will make the RSSF overlap with each other and increase the weak point
in the matrix, thus weakening the strengthening effect. The addition of rubber increased
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the peak strain of the PC, indicating that rubber can improve the deformation capacity of
PC and increase its ductility. After the addition of RSSF, the peak strain of the SSFRC with
different matrix strengths increased compared with that of the RC, and the stress–strain
area increased with different amplitudes compared with that of the RC. The results show
that RSSF has positive effect on RC’s crack resistance at different strengths, and the C30
matrix strength was the most significant. With the increase in RSSF content, the decline
trend of the post-peak curve was slower than that of the RC, and the compressive toughness
of the SSFRC was further improved.

Table 6. Tensile compression ratios, folding pressures, and toughness indexes of different types
of concrete.

Specimen Number Tension and Compression Ratio Flexural Strength and Compressive
Strength Ratio Toughness Index

C30-PC 0.0823 0.13783 -
C30-RC 0.0831 0.13934 1.51

C30-SSFRC-0.5% 0.0926 0.13917 1.48
C30-SSFRC-1.0% 0.0863 0.13521 1.88
C30-SSFRC-1.5% 0.1079 0.16031 1.77
C30-SSFRC-2.0% 0.1058 0.15521 2.05

C40-PC 0.0804 0.12618 -
C40-RC 0.0810 0.12936 1.32

C40-SSFRC-0.5% 0.0927 0.1291 1.75
C40-SSFRC-1.0% 0.0949 0.12758 1.60
C40-SSFRC-1.5% 0.1016 0.14126 1.67
C40-SSFRC-2.0% 0.0997 0.14614 1.97

C50-PC 0.0726 0.11763 -
C50-RC 0.0754 0.12236 1.64

C50-SSFRC-0.5% 0.0824 0.13210 1.72
C50-SSFRC-1.0% 0.0852 0.12419 1.49
C50-SSFRC-1.5% 0.1047 0.14922 1.73
C50-SSFRC-2.0% 0.0967 0.14028 1.98
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Figure 8. Tensile compression ratio curves of different types of concrete. Figure 8. Tensile compression ratio curves of different types of concrete.

In Table 5, the compressive strength of the cube is the compressive strength value
obtained by testing a cube with a size of 100 × 100 × 100 mm. This value is mainly used to
determine the strength grade of the concrete. The axial compressive strength is the value
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obtained by conducting tests on 100 × 100 × 300 mm test blocks, which is mainly used to
determine the design value of the concrete’s compressive strength.
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4. Conclusions

By adding different volumes of RSSF into RC, the mechanical properties and toughness
characteristics of RSSF rubber concrete were studied by means of test methods. The main
conclusions are as follows:

(1) Rubber particles and different volumes of RSSF will reduce the slump of concrete
to a certain extent. The higher the RSSF content, the more the slump decreases. The higher
the concrete strength, the lower the slump. But the slump of concrete with a high RSSF
content does not decrease continuously.

(2) The addition of rubber particles has similar effects on different mechanical prop-
erties of concrete with the same matrix strength. When the matrix strength is different,
the mechanical properties of high-strength concrete are affected more. When the RSSF
content is 1%, the compressive strength of concrete with different matrix strengths is the
best. When the RSSF content is 1.5%, the tensile strength and flexural strength are the best,
but the strength improvement effect on high-strength concrete is limited.

(3) Rubber can improve the toughness of PC. The toughness of RC with different
matrix strengths is further improved by different dosages of RSSF. When the content of
RSSF is 1.5%, the folding ratio and tension ratio of each SSFRC reach the peak value, and the
toughness index increases with the increase in the content of RSSF. The synergistic effect of
RSSF with rubber particles at a certain amount further increases the toughness of RC. When
the content of rubber is 10%, and the content of RSSF is 1.5%, the mechanical properties
and compressive toughness of concrete can be improved the most, and the defects of PC
brittleness can be effectively improved.
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