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Abstract

Recycling scrap tires provides an alternative source of fine aggregates for the production of rubberized concrete and
this will lead to significant increase in concrete frost resistance, environmental protection, and conservation of natural
sand and gravel resources. In this paper, a total of 25 groups of rubberized concrete were produced by adding scrap
tire rubber particles of different sizes, contents, and pretreatment methods to replace the fine aggregate, and their
compressive strength during freeze—thaw cycles was studied from both the macro- and meso-perspectives. The
results indicated that the decrease in concrete strength and weight was notably restricted by the presence of rubber
particles during freeze—thaw cycles. The rubber fine aggregate with smaller particle sizes enhanced the concrete
frost resistance more significantly, and the f,, of concrete with rubber particles of 1.0-2.0 mm increased from 76.6 to
86.5% by increasing the rubber content from 0.0 to 5.6%. The effects of rubber fine aggregate on concrete compres-
sive strength during freeze—thaw cycles were quantified. On this basis, a forecast model for rubberized concrete com-
pressive strength in freeze—thaw cycles was proposed, and the effects of the particle size, content, and pretreatment
of the rubber particles were considered. The calculated results agreed well with the test results both in this study and
the relevant peer studies, indicating that the model can provide a good reference for the design and engineering
application of rubberized concrete in frigid environments.
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1 Introduction

The recycling of tires as alternative materials for con-
crete production (Guo et al., 2017; Pham et al., 2019;
Torretta et al.,, 2015) is of great significance for envi-
ronmental protection and improvement of concrete
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engineering applications (Wang et al., 2018; Yuan et al.,
2017 HYPERLINK "sps:refid::bib47|bib49" ).

The rubber surface pretreatment improved the
strength and durability of the rubberized concrete. It
has been proven that the addition of rubber particles
significantly deteriorates the physical and mechani-
cal properties of concrete regardless of rubber size or
shape (Assaggaf et al., 2022; Li et al., 2016; Yu & Zhu,
2016). The compressive strength of rubberized concrete
decreased by 24.0% when 10.0% of the fine aggregates
were replaced, and the reduction was larger when the
coarse aggregates were replaced (Gesoglu et al., 2014;
Jafari & Toufigh, 2017; Rahman et al., 2013; Xie et al.,
2019). The pretreatment of the rubber with sodium
hydroxide solution and silane coupling agent signifi-
cantly improved rubberized concrete strength and uses
the advantages of other properties, such as the defor-
mation adaptability, crack resistance, frost resistance,
etc. (He et al.,, 2018; Li et al., 2019). Pelisser et al. (2011)
reported that the compressive strength of concrete
with 10.0% rubber particles pretreated with sodium
hydroxide was only 14.0% lower than that of the refer-
ence group, and the flexural strength was improved by
30.0% by pretreating the rubber particles with a silane
coupling agent.

The addition of the appropriate amount and particle
size of rubber particles significantly improved the frost
resistance of concrete. Gong et al. (2018) and Pham et al.
(2019) reported that the rubberized cement-based mate-
rials were more resistant under freeze—thaw environ-
ments than the control one, and the rubberized concrete
aged for 5 years still exhibited better frost resistance than
normal concrete. Grinys et al. (2020) and Richardson
et al. (2012) have reported that some scholars suggested
that the rubber content of 5.0% by volume provided
noticeable air entrainment to concrete, and the rub-
ber particle in size of 0.00—1.00 mm and volume of 3.5%
concrete was similar to that of air-entraining concrete.
In addition, the optimum content and size of the rubber
particles providing maximum freeze—thaw protection
and maximum strength were 1.4% and less than 0.5 mm,
respectively (Richardson et al., 2012, 2016). Zhang et al.
(2006) reported that the center distance of rubber pow-
der with a size of 0.14 mm for concrete with 2.0-4.0%
rubber content was 330—-660 pm and larger than the rec-
ommended value of air-entrained concrete, whose effects
on concrete compressive strength and frost resistance
were equivalent to those of the air-entraining agent. The
frost resistance of rubberized concrete may be further
enhanced by the strengthened rubber—cement matrix
interface and the reduction of adhesion defects by pre-
treating the rubber particles (Grinys et al., 2020; Pham
et al,, 2019).
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The deformation adaptability, failure state, and bearing
capacity of concrete after freeze—thaw cycles changed to
varying degrees compared with the normal group (Dvor-
kin, 2019; Hu & Wu, 2019; Huda & Alam, 2015; Pileh-
var, 2019). With the increase in freeze—thaw cycles, the
concrete deformation corresponding to the same stress
increased (Liu & Wang, 2012), and the concrete speci-
mens with freeze—thaw damage failed in a brittle manner
(Berto et al., 2015). The degradation model of concrete
strength under freeze—thaw cycles established by Zhu
et al. (2009) and Zhao et al. (2017) provided important
references for the evaluation of freeze—thaw damaged
concrete properties and promoted the development of
research on concrete damage. However, the addition of
rubber particles has been shown to enhance the concrete
frost resistance, buffer the sudden change in concrete
stiffness and internal force during compression (Xu et al.,
2020), and significantly affect the concrete strength in
freeze—thaw cycles. Therefore, using the existing model
of normal concrete, it is difficult to accurately describe
the evolution of the strength of rubberized concrete with
freeze—thaw cycles.

As mentioned above, considerable achievements in the
frost resistance of rubberized concrete obtained in the
existing studies have expedited the development of rub-
berized concrete. Meanwhile, some deficiencies exist at
the present stage. First, the mechanism of freeze—thaw
damage for rubberized concrete under the effects of
rubber content and pretreatment remains to be further
clarified. Second, methods for calculating the compres-
sive strength of rubberized concrete in freeze—thaw
cycles that consider the effects of the rubber content and
the pretreatment, and the evolution law of compressive
strength for rubberized concrete with freeze—thaw cycles
remains to be further studied. Therefore, it is necessary
to study and evaluate the compressive strength of rub-
berized concrete in freeze—thaw cycles.

In this paper, two kinds of rubber particles with differ-
ent sizes were pretreated with sodium hydroxide solu-
tion, and the cubic compressive strength of concrete
mixed with these rubber particles in freeze—thaw cycles
was studied. The mechanism of freeze—thaw damage for
rubberized concrete under the effects of rubber con-
tent and pretreatment was analyzed. Finally, a predictive
model of compressive strength for rubberized concrete in
freeze—thaw cycles was proposed.

2 Experimental Design

2.1 Materials and Concrete Mixes

The materials used to produce the specimens included
Grade 42.5 ordinary Portland cement, river sand and
crushed stone in continuous grading 0.00-4.75 mm
and 5.00-20.00 mm as the fine and coarse aggregates,
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respectively, rubber particles in sizes of 1.00-2.00 mm
and 2.00—4.00 mm obtained by crushing waste tires.

The physical and chemical properties of the cement are
listed in Table 1. The water absorption and specific grav-
ity of fine aggregate were 1.3% and 2.58, and that of the
coarse aggregate were 1.0% and 2.70. The specific gravity
of the rubber particles was 1.25, and the rubber content,
ash content, fiber content and moisture content were
51.2%, 2.7%, 0.5% and 0.6%, respectively. The particle size
distribution for the rubber fine aggregate, river sand and
crushed stone is shown in Fig. 1. Sodium hydroxide solu-
tions with mass concentrations of 5.0% and 10.0% were
used to pretreat the rubber particles. The physical prop-
erties, mechanical properties, particle size distributions
of the materials mentioned above and the pretreatment
method for rubber particles have been reported in a par-
allel study on dynamic properties of rubberized concrete
(Chen et al., 2021).

The concrete mixes were designed based on China
Standards JGJ 55-2011 (2011). The concrete (CO) with-
out rubber particles was used as the reference group. The
rubber particles were added to the concrete by replac-
ing 5.0%, 10.0%, 15.0% and 20.0% of the fine aggregate
in equal volumes, and the rubber contents were 1.4%,
2.8%, 4.2% and 5.6%, respectively, by volume of concrete.
A total of 25 groups of concrete mixtures, including the
reference concrete and the rubberized concrete with
untreated rubber particles and pretreated rubber parti-
cles, and their nomenclature and mixing proportions are
listed in Table 2.

2.2 Specimens and Test Method

The 100-mm concrete cubes containing a larger surface
area were more vulnerable to damage than the 150-mm
concrete cubes (Richardson et al., 2012). Therefore, the
100-mm concrete cubes were designed as the speci-
mens for this test based on China Standard GBT50082-
2009 (2009) and ASTM C666/C666 M-15 (2015). The 3
specimens of each group, making a total of 15 (3 x 5),
were tested for the properties of concrete after 0, 25,
50, 75 and 100 freeze—thaw cycles (5 groups). A total
of 375 (15 x 25) specimens for the 25 kinds of concrete
listed in Table 2 were produced. The specimens were
demolded one day after concrete pouring and then

Table 1 Physical and mechanical properties of the cement
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Fig. 1 Gradation curves of the sand, rubber particles and crushed
stone

transferred and stored in a curing room maintained at
20+5 °C and 95% relative humidity for 27 days, being
saturated with water for the last 4 days.

The fresh concrete slump and air content were tested
in strict accordance with the methods for Test of Slump
and Test of Air Content in China Standard GB/T50080-
2016 (2016). As shown in Fig. 2, CDR-5 automatic
freeze—thaw test equipment and a WHY-2000 servo
loading machine were used to perform tests on fast
freeze—thaw cycles and compressive strength of con-
crete according to the fast freeze—thaw experimental
design listed in Table 3. The concrete air-void structure
analyzer shown in (Fig. 2c) was used to determine hard-
ened concrete air-void parameters based on the method
of straight-line traverse in Standard SL352-2006 (2006).

The mass loss rate (W,) and relative compressive
strength (F,) were determined by Eq. (1) and Eq. (2),
respectively:

Go— G

W, = % x 100%, (1)

0

fcu,n

cu0

F, x 100%, )

where f,, and G are the cube compressive strength
and the mass of the specimens, respectively, and the

Setting time (min)  Compressive strength  Flexural strength Density (kg/m3) Blaine fineness (mzlkg) Loss on ignition (%)
(MPa) (MPa)

Initial Final 3 days 28 days 3 days 28 days

180 250 25.70 49.60 4.80 7.90 3100.00 34830 1.05
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Table 2 Mixing proportion

Mix Rubber size Rubber (%) Sand (kg/m3) Stone (kg/m3) Cemel;t Water (kg/m3) Slump (mm) Air (%)
Un-treated 5% NaOH 10% NaOH (kg/m’)
co 0.0 728.0 1092 325 180 60 2.2
R;,C1 1-2mm 14 692.6 1092 325 180 57 2.8
RioC2 1-2mm 2.8 655.2 1092 325 180 55 30
RLC3 1-2mm 4.2 618.8 1092 325 180 57 4.1
R,,C4 1-2mm 56 5824 1092 325 180 61 45
SsRLCT 1-2mm 14 728.0 1092 325 180 60 23
SsRi,C2 1-2mm 2.8 692.6 1092 325 180 53 24
SRLC3  1-2mm 42 65522 1092 325 180 54 30
SsRi,C4 1-2mm 56 61838 1092 325 180 65 3.0
S1R1,C1 1-2mm 14 728 1092 325 180 63 24
Si10R1LC2 1-2mm 28 692.6 1092 325 180 52 25
S1R1oC3 1-2mm 42 65522 1092 325 180 55 30
SioR,C4 1-2mm 56 6188 1092 325 180 60 38
R,4C1 2-4 mm 14 7280 1092 325 180 62 26
R,4C2 2-4 mm 2.8 692.6 1092 325 180 53 30
R,.C3 2-4 mm 4.2 655.2 1092 325 180 57 34
R,4C4 2-4mm 56 61838 1092 325 180 63 44
SsR,4CT 24 mm 14 728.0 1092 325 180 63 23
SR,,C2  2-4mm 28 6926 1092 325 180 52 25
SR,LC3  2-4mm 42 65522 1092 325 180 60 25
SsRy4,C4 2-4mm 56 61838 1092 325 180 65 2.8
S1oRouC1 2-4 mm 14 7280 1092 325 180 60 25
S10R4C2 2-4mm 28 692.6 1092 325 180 52 23
S1oR.4C3 2-4mm 42 65522 1092 325 180 59 27
Si10R4C4 2-4mm 52 618.8 1092 325 180 64 36

(b)

Fig. 2 The experimental setups of a CDR-5 automatic freeze—thaw test equipment, b WHY-2000 servo loading machine and c air-void analyzer

Table 3 The test design of freezing resistance

Freeze-thaw cycle Measurement parameters Test frequency Termination of the test

GBT50082-2009 (2009); Mass loss rate: Eq. (1); 1/25 Mass loss rate > 5.0%;
ASTM C666/C666M-15 (2015) Cube compressive strength (GB/T 50081-2019 (2019)) Subjected to 100 cycles
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Table 4 The measured W, and F,, (%)

Specimens Wo Wys Wso W;s Wigo Fo Fas Fso Fis Fioo
[@0] 0.00 —0.14 0.19 0.69 2.56 100.00 97.51 92.89 86.02 76.63
R,C1 0.00 —0.15 0.08 0.45 1.68 100.00 98.60 92.63 84.11 77.23
RiC2 0.00 —0.30 —0.09 042 132 100.00 98.90 96.24 90.23 80.50
RiLC3 0.00 — 043 —0.17 031 1.00 100.00 99.24 9561 90.82 85.00
R;,C4 0.00 — 056 — 035 0.15 0.80 100.00 98.33 95.91 92.23 86.47
SR ,C1 0.00 —0.19 0.00 042 1.21 100.00 99.00 93.81 88.68 79.04
SsR;,C2 0.00 —032 —0.13 0.28 0.93 100.00 99.31 95.04 91.29 81.52
SsR;,,C3 0.00 —0.50 —0.30 0.12 0.63 100.00 99.10 96.72 9213 85.19
SsR,C4 0.00 — 063 — 045 —0.16 041 100.00 98.63 96.77 9461 88.92
S10R1C1 0.00 —0.16 0.06 044 141 100.00 98.61 94.82 87.78 78.90
SioR1C2 0.00 — 031 —0.05 035 1.09 100.00 98.60 9544 89.40 81.52
S10R1LC3 0.00 — 046 —022 0.20 0.75 100.00 98.8 96.52 91.30 83.00
SioR1C4 0.00 —0.58 — 040 —0.03 053 100.00 99.08 96.03 91.10 87.64
R,.,C1 0.00 —0.14 0.13 0.53 1.79 100.00 98.40 94.22 87.04 77.03
R,4C2 0.00 —0.29 0.00 042 1.50 100.00 98.55 95.90 90.24 79.12
R,4C3 0.00 — 042 —0.11 032 1.23 100.00 99.00 9591 91.04 81.36
R,4C4 0.00 — 055 —0.29 0.27 0.92 100.00 98.80 97.70 9232 84.54
SsR,4C1 0.00 —0.18 0.06 047 1.35 100.00 98.03 9344 85.53 78.07
SsR,4C2 0.00 —0.30 —0.08 034 1.01 100.00 98.80 96.33 90.26 80.50
SsR,.4C3 0.00 — 044 —0.22 0.26 052 100.00 98.71 94.74 90.45 8243
SsR,.4C4 0.00 —0.59 —0.38 0.00 043 100.00 98.30 96.60 9343 86.47
S10R,4C1 0.00 —0.16 0.09 052 1.58 100.00 97.77 93.28 86.26 76.54
S10R4C2 0.00 —0.30 —0.03 038 1.20 100.00 98.50 9443 87.51 7739
S10R,4C3 0.00 — 044 —0.19 0.29 0.94 100.00 99.10 96.34 90.44 81.21
S e 0.00 — 057 — 034 0.07 0.63 100.00 98.51 9543 91.00 84.60

subscripts 0 and # (0 <#<100) are used to express the
freeze—thaw cycles.

3 Results and Discussion
3.1 Slump and Air Content of Fresh Concrete
The measured slumps obtained in this experiment
are listed in Table 2. Little differences were observed
between the slumps for the concrete with the pretreated
rubber particles and that of the concrete with untreated
particles. With increasing rubber content, concrete
slumps first decreased and then increased slightly, reach-
ing a minimum with a reduction of approximately 10.0%
when the rubber content reached 2.8%, and this was
similar to the author’s previous study (Chen et al., 2021).
The fresh concrete with rubber particles 2.00-4.00 mm
in size exhibits a larger slump than that with particles
1.00-2.00 mm in size. This is to be expected since the
decrease in the specific surface area of the rubber particle
with increasing rubber size reduced the water absorption
of the rubber aggregate.

As shown in Table 2, which lists measured air content
of fresh concrete, the effects of rubber content, particle
size, and pretreatment on air content were significant.

The air content increased significantly with an increase
in rubber content, while there was a significant decrease
obtained by pretreating the rubber. The hydrophobicity,
roughness and porosity of the rubber interface enhanced
the rubber’s ability to carry air (Chen et al., 2020; Eiras
et al, 2014); hence, the air content increased with
increasing rubber content. The contact angle between the
rubber and water was decreased by pretreating the rub-
ber particle (Chou et al., 2007), indicating an increase in
superficial hydrophilicity and a decrease in the air con-
tent. In addition, the decrease in the specific surface area
of the rubber particles with increasing rubber size also
weakened the rubber’s ability to carry air.

3.2 Properties of Rubberized Concrete During Freeze-
Thaw Cycles

3.2.1 Mass Loss Rate

Any loss of the saturated concrete weight during freeze—

thaw cycles is the spalling of the concrete matrix caused

by concrete damage, an important parameter for frost

resistance of concrete. The measured mass loss rate (W)

values of concrete after 0, 25, 50, 75 and 100 freeze—thaw

cycles are listed in Table 4.
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Fig. 3 The effects of rubber content on W,

As shown in Fig. 3, there was a significant increase
in W, as more particles peeled off from the concrete
matrix with the increase in freeze—thaw cycles, indicat-
ing worsening freeze—thaw damage. The W, of rubber-
ized concrete in the same freeze—thaw cycles decreased
significantly with increasing rubber content, and the
W00 Of concrete with rubber particles of 1.00-2.00 mm
in size was decreased from 2.6 to 0.8% by increasing the
rubber content from 0.0 to 5.6%. The addition of rub-
ber particles intensified the increase in concrete mass
in early freeze—thaw cycles, and the W, values of the
rubberized concrete with rubber contents of 1.4—5.6%
were negative, as shown in Fig. 3.

The average values for measured W, for the rubber-
ized concretes with rubber particles of 1.4%, 2.8%, 4.2%
and 5.6% were used to analyze the effects of rubber par-
ticle size and the pretreatment on concrete W,, which
was represented by w,. As shown in Fig. 4, rubberized
concrete with rubber particles of smaller size exhibited
a smaller w,, and the surface freezing damage of R, ,C,
was more serious than that of R, ,C, after 100 freeze—
thaw cycles. In addition, the pretreatment of rubber
particles significantly reduced concrete w,, and sodium
hydroxide solutions with mass concentrations of 5.0%
exhibited a better pretreatment effect. The w,, of rub-
berized concrete with rubber particles of 1.00-2.00 mm
in size decreased 33.3% when the rubber particles were
pretreated with sodium hydroxide solutions with mass
concentrations of 5.0%, and the surface freezing dam-
age of S;R; ,C, was much less severe than that of R, ,C,
after 100 freeze—thaw cycles, as shown in Fig. 4.
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Fig. 4 The effects of rubber particle size and pretreatment on w,,

Similar to air-entraining agents, rubber aggregates
improved concrete meso-void structures that resist dam-
age during freeze—thaw cycles (Gonen, 2018; Medine
et al,, 2018). In this experiment, the air content of the
fresh concrete with 5.6% rubber content reached 4.0%.
During initial damage, concrete microcracks opened
channels to internal voids, and the concrete mass
increased via water absorption. The rubberized concrete
with a larger porosity exhibited stronger water absorp-
tion; hence, the increase in mass for concrete with more
rubber particles was larger. The smaller rubber particle
has a larger specific surface area and improves the con-
crete meso-void structure more significantly than larger
size particles. The enhanced superficial adsorption,
roughness, and attenuation of the hydrophobicity of the
rubber by rubber pretreatment helped reduce internal
defects of rubberized concrete(Guo et al., 2017; Si et al.,
2017) and inhibited destruction of the concrete matrix.
Therefore, W, decreased with increasing rubber content,
and the addition of pretreated rubber particles of smaller
size can further inhibit concrete freeze—thaw damage.

3.2.2 Compressive Strength

The concrete strength decreased significantly with
increasing rubber content and increased to a fixed
extent by rubber pretreatment, a result similar to exist-
ing studies (Gregori et al., 2019; Li et al., 2019; Siddika
et al., 2019); this has been reported in parallel papers
for the mechanical properties and dynamic properties
of rubberized concrete (Chen et al., 2020, 2021). In this
section, the change law of compressive strength for
rubberized concrete in freeze—thaw cycles was studied
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Fig.5 The compressive failure patterns of R, ,C4 after 25, 50 and 100 freeze—thaw cycles

by analyzing the freeze—thaw test results of relative
compressive strength (F,). The measured F, of concrete
after 0, 25, 50, 75 and 100 freeze—thaw cycles is listed
in Table 4.

As shown by the compressive failure patterns of R, ,C,
after 25, 50 and 100 freeze—thaw cycles in Fig. 5, the axial
deformation and relative slippage of the concrete matrix
increased, and the Poisson effect became more significant
with increase in number of freeze—thaw cycles, show-
ing a false appearance of deformation adaptability for
concrete (Liu & Wang, 2012). However, this was in real-
ity the macro-scale reflection of the freeze—thaw dam-
age aggravating the concrete compressive damage (Berto
et al., 2015). The evolution of compressive strength of
rubberized concrete with different content of rubber par-
ticles with increase in number of freeze—thaw cycles was
shown in (Fig. 6a). The F, of concrete in the same freeze—
thaw cycles increased significantly with an increase in
rubber content, and the Fj,, of concrete with rubber
particles of 1.00-2.00 mm in size increased from 76.6
to 86.5% when the rubber content increased from 0.0 to
5.6%, suggesting an optimum rubber content of 5.0—-6.0%
for maximum freeze—thaw protection (Chen et al., 2015;
Richardson et al., 2012). This result indicated that effi-
cient use of waste tire rubber in concrete as a material to
enhance concrete frost resistance was feasible.

78| —*—C0 ——R _C2-4- R _C2

—<—R_C4 - <- R _C4

0 25 50 75 100
Freeze-thaw cycles

(a)

The effects of rubber particle size and the pretreat-
ment on concrete F,, were studied by analyzing the aver-
age values of measured F,, which was represented by
f,» for the rubberized concretes with rubber particles of
1.4%, 2.8%, 4.2% and 5.6%. As shown in Fig. 6, the f, of
rubberized concrete with 1.00-2.00 mm rubber parti-
cles in the same rubber content and freeze—thaw cycles
were slightly larger than that of rubberized concrete
with 2.00-4.00 mm rubber particles. The pretreatment
of rubber particles increased f,, and the sodium hydrox-
ide solutions with mass concentrations of 5.0% exhibited
a better pretreatment effect. This result and the changes
law of w, mentioned above indicated that utilizations
of rubber particles with smaller sizes and effective pre-
treatment enhanced the frost resistance of rubberized
concrete. However, the increase in f, was limited by
limits in decreasing rubber particle size and rubber pre-
treatment since the difference in the size between these
two types of rubber particles was small. In addition, the
effect of rubber pretreatment on concrete air content was
much weaker than that on rubber content, as reported in
Sect. 3.1.

The specific surface area of the rubber increased with
decreasing rubber size and enhanced the rubber’s abil-
ity to carry air. The increase in the air bubbles with sizes
of less than 350 um (Wang et al., 2019) had a significant

88 | - =- - Average value of R, ,CI-R, ,C4
—=— Average value of R, ,C1-R, ,C4
84| —e— Average value of S;R,,C1-S,R, ,C4
—<— Average value of S (R, ,C1-S, R, ,C4

0 25 50 75 100
Freeze-thaw cycles

(b)

Fig. 6 Effects of a rubber content, size and b pretreatment on the changes of rubberized concrete F,, and f,,
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(0 (d)

Fig. 7 The mesoscopic pore structure of rubberized concrete in the section of 30 x 30 mm.2a C0, b R,,C2, ¢ R, ,C4 and d S.R, ,C4

effect on terminating the extension of frost heave micro-
cracks and provided release space for the expansion and
migration of ice and liquid water in concrete. The rubber
pretreatment strengthened the bonding between rubber
and the cement matrix (Guo et al., 2017; Si et al., 2017)
and effectively reduced the number of harmful voids and
cracks (Chen et al., 2021; Yuan et al., 2018). All of the
abovementioned factors were beneficial for improving
the frost resistance of rubberized concrete to a certain
extent. Therefore, the auxiliary means to further improve
rubberized concrete frost resistance can be performed by
an appropriate design of rubber particle size and rubber
pretreatment.

3.2.3 Mesostructure of Rubberized Concrete

The stable bubbles of appropriate size (<350 pm) and
spacing (>250 um) effectively shorten the distance from
the concrete capillary pore water to the free surface and
provide release spaces for the pore hydrostatic pressure,
osmotic pressure, ice expansion pressure, etc., generated
during the freeze—thaw process, thus enhancing the frost
resistance of the concrete matrix (Powers, 1945; Rich-
ardson et al., 2016; Yuan et al., 2018). Therefore, studies
on the mesostructural properties of rubberized concrete
that analyze the influence of rubber particles on concrete
frost resistance are important and necessary.

The air bubbles distributed in the 30 x 30 mm? sample
for CO, R, ,C2, R, ,C4 and S;R, ,C4 are shown in (Fig. 7a,
b, ¢ and d). Both the number and volume of bubbles
increased significantly with increasing rubber content,
and the rubber pretreatment decreased the size of bub-
bles. In addition, the average bubble size of R; ,C2 was
smaller than that of C0O. The change in concrete air con-
tent with rubber content and the effect of rubber pre-
treatment on concrete air content are shown in Fig. 8 and
are consistent with the phenomena above. With increas-
ing rubber content, the air content of hardened concrete
(Ay) increased significantly. The value of A, increased
to 11.4% for concrete with 20.0% rubber content, and it
decreased to 10.2% by pretreating the rubber particles.

12| Fresh: —=—R C Hardened:
-4- SR C

R C
-<4- SR C

Air content ( % )

Rubber content ( % )

Fig. 8 Effects of rubber content and pretreatment on concrete air
content

Different from the linear relationship between the air
content of fresh concrete (Ay) and A, for normal con-
crete (He et al., 2021; Pham et al., 2018), the value of A,
increased faster than that of A; with the increase in rub-
ber content since a portion of water absorbed by the rub-
ber particle was consumed to form air bubbles.

Changes in the air content, W), and F;, for the rub-
berized concrete are shown in Fig. 9. Similar to Pham
et al. (2019) and Grinys et al. (2020), the frost resistance
was enhanced significantly, with an obvious increase in
F o and (1-W;,,), when samples contain pretreated rub-
ber particles, but the concrete air content decreased. This
can be attributed to the properties of the bubbles, such as
the size, spacing, surface-volume ratio, etc. The measured
average chord length (/), bubble diameter (d) and spacing
coeflicient (L) are shown in (Fig. 10a). The values of / and
d first decreased with increasing rubber content and then
increased consistently when the rubber content exceeded
15.0%. The values of / and d reduced significantly by rub-
ber pretreatment. This result indicated the advantages of
using rubber particles to improve concrete mesostruc-
ture and enhance the frost resistance. However, it is not
the case that concrete with a larger air content exhibits
better frost resistance. An excessively large air content
decreased the bubble spacing, and microbubbles merged
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Fig. 9 Changes of the air content, W,, and F,, for the rubberized
concrete

into larger bubbles, and this was detrimental to the con-
crete frost resistance. As shown in Fig. 10, the value of
L decreased notably with increasing rubber content, and
the bubble surface—volume ratio decreased when the
rubber content exceeded 15.0%.

In addition to the effects of bubble properties, the
weak rubber—cement matrix interface, microcracks,
and other adhesion defects caused by adding rub-
ber particles reduced the frost resistance of rubber-
ized concrete. It has been proven in a parallel study
paper (Chen et al.,, 2021) analyzing the mesostructure
of rubberized concrete with scanning electron micros-
copy that the rubber—cement matrix interface was
strengthened and the adhesion defects were reduced
significantly by pretreating rubber particles. This was
another important reason for the better frost resist-
ance of the pretreated rubberized concrete compared
to the concrete with untreated rubber particles in the
same content. Therefore, neither the change in A; nor

length ( mm )
N
(]
f=]

0.15¢
0.10
0.05 .
0 5 10 15 20
Rubber content ( % )
(a)
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Ay, was consistent with that of concrete frost resist-
ance, as shown in Fig. 9. The A, of rubberized concrete
consists of A; and voids formed during the hydration of
concrete. Most of these voids were formed by the con-
sumption of the water absorbed by the rubber particles,
the weak rubber—cement matrix interface, microcracks,
and other adhesion defects due to the hydrophobicity
of rubber.

Based on the studies above, to quantify the effects
of rubber content and pretreatment on concrete frost
resistance, two assumptions were made: (1) the air con-
tent of hardened concrete mixed with rubbers of the
same content and particle size is determined by the
surface characteristics of the rubber particles. (2) Only
the voids harmful to the frost resistance of rubberized
concrete are reduced by pretreating rubber particles.
Based on these assumptions, the relationship between
effective air content (A,,) of hardened rubberized con-
crete to its frost resistance was determined by Eq. (3):

A=Ay + apr = Ay, (3)

where a and p, are the coefficient and rubber content,
respectively, and « is related to the size of the rubber
particles. AA, is the reduced content of the voids that
are harmful to rubberized concrete frost resistance and
is approximately by (Ag,-Ag,) where Ag, and A, are the
air content of pretreated rubberized concrete and the
concrete with untreated rubber particles, respectively.
As shown in Fig. 9, the change in A, is consistent with
that of concrete frost resistance. In addition, it has been
proven through many analyses and experimental studies
(Han, 2022) that Eq. (3) is also applicable to rubberized
concrete with rubber powders of smaller size. Therefore,
it is satisfactory to quantify effects of rubber particles on

compressive strength during freeze—thaw cycles using
A

m*

N
(=}

W W
S N

[
]

1553
(=}

(=}

Surface-volume ratio ( %)
[}
S

8]

0 5 10 15 20
Rubber content ( % )

(b)

Fig. 10 Properties of concrete bubbles: a measured bubble average chord length (/), diameter (d), spacing (L); and b surface-volume ratio
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4 Evaluation of Compressive Strength During
Freeze-Thaw Cycles
4.1 Establishment of the Forecast Model
At present, freeze—thaw damage models of normal con-
crete have been proposed by researchers in different
functional forms, such as exponential functions, power
functions and other complex functions (Chen & Qiao,
2015; Long et al., 2019; Wang et al., 2020). On this
basis, a function related to the concrete mesostructure
and freeze—thaw cycles (1) was appropriate for express-
ing the change in compressive strength for the rubber-
ized concrete:

According to the test results shown in Fig. 5 and
Fig. 6, Eq. (4) was satisfactory as a function of quadratic
polynomial for each group of concrete with the known
value of A, and (82F/ 9n?) was a value determined
from test results by least square fitting. The effect of
rubber particles on the change in concrete compressive
strength during freeze—thaw cycles can be expressed
quantitatively by establishing the quantitative relation-
ship between (82F/ dn%) and A,. Then, the forecast
model for rubberized concrete compressive strength in
freeze—thaw cycles can be determined.

To clarify the relationship (9%F / dn?) expressed as
F' with A, for the concrete in this test, the values of
F'and A, are plotted in Fig. 11 by assigning F " to the
x-axis and A, to the y-axis. The ranges of the rubber-
ized concrete f,,, rubber size and content were 22.10—
37.80 MPa, 1.00-4.00 mm, and 0.0-20.0% (0.0-5.6%
by the concrete volume), respectively. In addition, the
effects of the pretreatment of rubber particles were also
considered. As shown in Fig. 11, the data were distrib-
uted along the curve of an exponential function which
was expressed as Eq. (5) with an R-squared of 0.8743:
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Fig. 12 Relationship of (3F / an) and A,

F' = —4.4926+0.0008¢84584m (5)

Based on Eq. (5), (OF / an), which is expressed as F ’, can
be determined by Eq. (6):

F' = (—4.4926+0.0008¢%8*%84m)y; + o(Am), (6)

where ¢(A,) is related to the mesostructure of rubber-

ized concrete, as expressed by Eq. (7):
F(0+ Ax) — F(Ax)

0 Ax ’

9(Am) = lim )
Ax—

On this basis, the relationship between ¢(4,) and A,
can be clarified, as shown in Fig. 12. ¢(4,,)) and A, are lin-
early correlated, and ¢(A,,) was expressed by Eq. (8) with
an R-squared value of 0.8623:

@(Am) = —6.0584 + 5.2963A,. (8)

Using boundary conditions of n=0 for the rubberized
concrete, the value of F, was calculated to be 1.0000. The
forecast model for compressive strength for rubberized
concrete in freeze—thaw cycles can be expressed as Eq. (9):

F, = an® + bn + 1.0000, (9)

where a and b are the parameters obtained from Eq. (10)
and Eq. (11), respectively, and are based on Egs. (3)-(8):

a = (—2.2463+0.0008¢284584m) » 107, (10)

b = (—6.0584 + 5.2963Ap,) x 107°. (11)

The comparison of the test values of all the concrete sam-
ples in this experiment and the predicted curve of Eq. (9)
are shown in Fig. 13. Yuan et al. (2018) and Yang et al.
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Fig. 13 The comparison of the predicted curves and test values of all the concrete: (a, b) rubberized concrete with untreated rubber particles
in size of 1-2 mm and 2-4 mm, respectively, (c, d) rubberized concrete with rubber particles in size of 1-2 mm and 2-4 mm pretreated by sodium
hydroxide solution with mass concentrations of 5.0%, and (e, f) rubberized concrete with rubber particles in size of 1-2 mm and 2-4 mm pretreated

by sodium hydroxide solution with mass concentrations of 10.0%

(2008) reported that the spacing of the bubbles decreased,
and the bubbles merged into larger bubbles significantly
when the air content exceeded 8.3%, and this was unfavora-
ble to the frost resistance of concrete. In this study, a simi-
lar result was obtained: the theoretical frost resistance of
the rubberized concrete with an A, of more than 8.0% was
much larger than the test results, as shown by the compari-
son of the test values and the predicted curves for S;R, ,C,
and S;R, ,C, shown in Fig. 13 (a) and (b). Comparing the
calculated values to the test values, the maximum rela-
tive error was 5.3%, and the goodness of fit was 0.9844,

indicating a satisfactory fit between the forecast model and
the experimental values.

4.2 Application of the Forecast Model

Based on Eq. (9), the compressive strength of the rubber-
ized concrete in no more than 100 freeze—thaw cycles
can be calculated. To verify the accuracy and applica-
tion of the forecast model, a total of 190 groups of data
containing 125 of the authors’ groups and 65 groups
from other scholars (Han, 2022; Richardson et al., 2012;
Wang & Su, 2016; Wang et al., 2020; Xu et al., 2012) were
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collected. Comparing the values calculated by Eq. (9) to
the test values and ignoring the five groups with abnor-
mally large relative errors of 23.4% and 39.1% in refer-
ence (Wang & Su, 2016), 17.1% in reference (Wang et al.,
2020), and 19.4% and 63.3% in reference (Han, 2022), the
maximum and mean relative errors were 15.6% and 2.7%,
respectively. The goodness of fit was 0.9519, indicating a
satisfactory fit between the forecast model and the test
values.

The ranges of the water—cement ratio, compres-
sive strength, rubber size and content for the concrete
mentioned above were 0.44-0.72, 19.10-64.90 MPa,
0.15-4.00 mm, and 0.0-20.0%, respectively. In addition,
it contained multiple pretreatment methods, such as
rubber pretreatment with 5.0% sodium hydroxide solu-
tion, 10.0% sodium hydroxide solution, silane coupling
agent, etc. Among these, the five ignored groups of con-
crete with abnormally large relative errors were analyzed
deeply. The difference in the calculated values and the test
values for the five groups of concrete mentioned above
were especially larger than that of the other data due to
their extremely low strength and the poor meso-void
structure resulting from the addition of a large amount
of recycled aggregates and rubber particles. The water—
cement ratio of the concrete ignored in reference (Wang
& Su, 2016) was 0.72. The values of A, for the concrete
ignored in references (Han, 2022; Wang et al., 2020) all
exceeded 8.0%, and they reached 10.8% for the concrete
with 4.0% rubber powder with a size of 0.15 mm.

All data are plotted in Fig. 14. The calculated values
of F, for concretes within 100 freeze—thaw cycles were
obtained by Eq. (9), and the comparisons to the test
values are also shown in Fig. 14, which plots the experi-
mental values on the x-axis and the calculated values on
the y-axis. With the exception of the five groups of con-
crete with abnormally large relative errors, the data were
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distributed along a line. Therefore, the forecast model
exhibited satisfactory accuracy and has good application
potential toward evaluating the compressive strength of
rubberized concrete. It should be noted that the ranges of
water—cement ratio must be 0.44-0.60, the compressive
strength should be no more than 60.00 MPa; rubber par-
ticle size should be 0.15-4.00 mm; content for the rub-
berized concrete should be 0.0-20.0%, and the value of
A,, should be no more than 8.0%.

The forecast model of compressive strength for rubber-
ized concrete with a good predictive ability has been pro-
posed in a parallel study paper (Chen et al.,, 2022) about
analytical evaluation of compressive strength for con-
crete with rubber fine aggregates. On the basis, the initial
cube compressive strength of rubberized concrete can be
expressed as Eq. (12). Finally, the compressive strength of
rubberized concrete in freeze—thaw cycles can be calcu-
lated with Eq. (13) based on the quantitative relationship
among f., o feu, and F,, (Eq. (2), Eq. (9) and Eq. (12)), and
the effects of rubber particle size, content and the pre-
treatment are considered:

Sfeuo = 10.8425,(1 + pp

m +A
w//;:/ ")-24324 (1)

Soun =10.8425f, (an® + bn + 1.0000)

mw/ ow +Ap )_2‘4324 (13)
m b

1+ pp

where f; is the compressive strength of the cementitious
material at 28 days, and 1, and py, are the mass and den-
sity of the cementitious material, respectively. Besides,
m,, and p, represent the mass and density of the water,
respectively.

The forecast model proposed in this study was satisfac-
tory to calculate the compressive strength of rubberized
concrete of 20.00-50.00 MPa with the water—cement
ratio of 0.44-0.60 within 100 freeze—thaw cycles. In
addition, the rubber particles were untreated and pre-
treated in size of no larger than 4.00 mm, including the
single particle size and continuous grading. Consider-
ing the significant effects of concrete void structure on
the frost resistance, the rubber content and A, shall not
exceed 4.2% and 8.0%. The forecast model exhibited fea-
sible predictive ability for the rubberized concrete men-
tioned above within 100 freeze—thaw cycles. In view of
the rapid deterioration of concrete strength in the later
stage of freeze—thaw failure, further study on rubberized
concrete compressive strength more than 100 freeze—
thaw cycles and the modification of the forecast model to
feasibly evaluate the change law of compressive strength
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for the rubberized concrete in freeze—thaw cycles will be
conducted.

5 Conclusions

In this paper, the change in compressive strength of
rubberized concrete with rubber fine aggregates of
different sizes, contents and pretreatments during
freeze—thaw cycles was studied from the macro- and
meso-perspectives, and the following conclusions can
be drawn:

(1) The decrease in concrete strength and weight was
notably restricted by the presence of rubber parti-
cles during freeze—thaw cycles. The pretreated rub-
ber particles with smaller particle sizes enhanced
the concrete frost resistance more significantly.
The Fy, of concrete with rubber particles of 1.00—
2.00 mm increased from 76.6% to 86.5% by increas-
ing the rubber content from 0.0% to 5.6%.

(2) The influence of rubber fine aggregates on concrete
frost resistance was examined, and the effects of
rubber fine aggregates on concrete frost resistance
can be quantified with the change in the concrete
mesostructure. It is satisfactory to quantize the
effects of rubber particles on compressive strength
during freeze—thaw cycles by using A,

(3) A forecast model was proposed to calculate the
compressive strength of rubberized concrete dur-
ing freeze—thaw cycles. In the model, the effects of
rubber particle size, content, and pretreatment are
considered. The calculation results agree well with
the experimental results when compared with peer
studies, and this indicates that the proposed formu-
las can provide a good reference for the design and
application of rubberized concrete in frigid envi-
ronments.
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