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Abstract: The effectiveness of air-entraining agents in enhancing
the frost resistance of concrete is significanily reduced under low-
pressure conditions, such as those found in plateau and alpine
regions, leading to severe freeze-thaw damage. To address this
challenge, this study investigates the use of rubber powder as a
compensatory material for air-entraining agents, introducing “solid
pores” to replace traditional air voids. The combined effect of
rubber powder and nano-silica was evaluated through macroscopic
performance tests and microstructural analyses, focusing on the
evolution of pore structure parameters and frost resistance during
freeze-thaw cycles. The results show that rubber powder increases
the air content and optimizes the pore structure, with “solid pores”
accounting for an increasing proportion of total air content as the
dosage rises. The addition of nano-silica further refines the pore size
distribution by reducing the proportion of larger pores and
stabilizing the bubble spacing coefficient. Concrete incorporating
both rubber powder and nano-silica exhibits significantly improved

frost resistance, with only a slight reduction in compressive strength
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compared to ordinary concrete. These findings demonstrate that the
synergistic use of rubber powder and nano-silica effectively
compensates for the diminished performance of air-entraining
agents under low-pressure conditions, offering a practical approach
to enhancing the freeze-thaw durability of concrete in cold, high-
altitude environments.

Keywords: "Solid pores"; Rubber powder; Nano-silica; Pore

structure; Frost resistance

1. Introduction

Freeze-thaw durability is a critical property for concrete used in
water conservancy engineering structures, as freeze-thaw damage
can severely compromise structural integrity and lead to a loss of
load-bearing capacity well before the enad of the design life. For
example, at the Chalong Hydropower Station in the Nagchu region
of Tibet, the temperature fluctuates above and below freezing 187
times per year, with a freezing depth of approximately 1.0 m.
Concrete spalling and detachment are frequently observed on the
surface of the spillway’s bottom plate, with reinforcement exposed
to depths of 8-15 cm1, which also leads to the exposure of water
stoppers.

The inherent porosity and hydrophilicity of concrete enable
external water to infiltrate its micropores through capillary action 2,
increasing its degree of saturation 3. In low-temperature
environments, a portion of the free water within the pore structure
freezes, causing volumetric expansion. This expansion generates
hydrostatic 4, osmotic 5, and crystallization pressure 6, which
together widen primary cracks and form secondary cracks within the

cement matrix and at the matrix-aggregate interface. The



propagation of these cracks, along with ongoing freeze-thaw cycles,
further deteriorates the concrete. Conversely, if excess water rapidly
migrates into adjacent pores during freezing, the resulting stress is
alleviated, thereby mitigating freeze-thaw damage. Optimizing the
pore structure—for example, by ensuring pore diameters do not
exceed 350 pm 7 and bubble spacing remains below 250 pm 8 9—
can significantly enhance the freeze-thaw durability of hydraulic
concrete in Dboth freshwater and saltwater environments.
Introducing fine air voids to achieve these pore structure parameters
is therefore considered one of the most effective strategies for
improving freeze-thaw resistance.

Air-entraining agents are currently regarded as one of the most
effective means to enhance the frost durability of concrete
structures in water conservancy projects. However, in high-altitude
and cold regions (such as Tibet), reduced air pressure and lower
oxygen levels significantly impair the foaming capacity of air-
entraining agents. This leads to decreased bubble stability and a
marked increase in the initial average bubble diameter, resulting in
a deteriorated pore structure and substantially reduced frost
durability in air-entrained concrete. Studies have shown that the
foaming ability of single-component air-entraining agents—such as
sulfonates, saponins, and polyethers—decreases by 30.1%, 28.1%,
and 22.0%, respectively 10. Additionally, the bubble diameter
produced by fatty alcohol polyoxyethylene ether sodium sulfate and
alkyl glycosides increases by 81% and 72%, respectively 11.
Although researchers have explored the development and selection
of composite air-entraining agents, interactions among different
types can complicate practical application and hinder the realization
of desired synergistic effects 12.

Beyond air-entrained concrete, various new types of high frost-



resistant concrete have been proposed. Among these, rubber
concrete has attracted considerable attention due to its
environmental and economic benefits from waste tire recycling.
Current research indicates that rubber particles exhibit effects
similar to those of air-entraining agents. For example, Yang et al. 13
reported that incorporating 15% rubber particles of 5-8 mesh, 30-
40 mesh, and 60-80 mesh sizes increased the air content of concrete
by 15.8%, 30.4%, and 40.7%, respectively. Yu et al. 14 found that
both the particle size and dosage of rubber particles influence the
porosity of cement mortar, with smaller particles producing more
pores, particularly increasing the number of 1000 nm pores. Grinys
et al. 15 demonstrated that an appropriate dosage of rubber powder
with a particle size of 0-1 mm provides a freezing resistance effect
comparable to that of air-entraining agents. In concrete, rubber
particles function as “solid pores” 16 and can also introduce
beneficial air pores 17. These pores create space for ice expansion
and facilitate water migration within the concrete, thereby reducing
freeze-thaw damage 18 19 and significantly enhancing frost
resistance. Studies by Pham 20 and Medine 21 have confirmed that
rubber materials improve the frost resistance of concrete, with
rubberized concrete exhibiting superior freeze-thaw durability even
after five years compared to conventional concrete.

However, the pores introduced by rubber particles are not
always advantageous. Pham et al. 20demonstrated that cracks and
interconnected pores resulting from incomplete bonding between
organic rubber particles and the inorganic cement matrix are highly
detrimental to the frost resistance of hydraulic concrete.
Furthermore, rubber particles also reduce the compressive strength
of concrete. Experimental data indicate that the compressive

strength of concrete decreases linearly with increasing rubber



particle content22' 23. To mitigate the formation of harmful pores
introduced by rubber particles and to enhance both the strength and
frost resistance of concrete, the incorporation of nano-silica has
proven to be an effective and practical approach. Nano- SiO; exhibits
strong pozzolanic activity and a micro-aggregate filling effect, which
accelerates cement hydration and fills capillary pores within the
cement matrix. This process significantly reduces structural defects
in the hardened paste and improves both compactness and strength
24- 25, resulting in lower water retention and increased compressive
strength and frost resistance. Mohit Kansotiya et al.26 investigated
the effects of nano-silica and rubber particles on the physical and
durability properties of concrete. The test results show that the
combination of 5% rubber particles and 3% nano-silica has the best
effect. It reduces the plasticity of the concreie by 20.95%, lowers the
density by 4.94%, enhances the acid resistance, and decreases the
moisture absorption rate by 3.49%. The reinforcing effect of nano-
silica on concrete has also been verified in other studies27  28.
However, there are not many studies on the synergistic effect of
rubber particles and nano-silica on the freeze resistance of concrete.
Jicun Shi et al.29 replaced sand with 5%, 7.5%, and 10% of silane-
modified rubber (SR) based on the mass of cement, and replaced
cement with 1%, 3%, and 5% of nano-silica based on the mass of
cement. The freeze-thaw resistance of concrete mixtures containing
SR and NS was studied using the response surface methodology. The
effects of silane-modified rubber and nano-silica on the
microstructure and freeze-thaw resistance of concrete were
analyzed. The experimental results showed that the combination of
SR and NS exhibited a synergistic effect, resulting in a more uniform
distribution of pores in the concrete. However, the pore structure

studied in this document is a genuine pore structure, and it does not



include the "solid pores" filled with rubber particles. Therefore, the
influence of the rubber particles in the body of the material on the
concrete is still manifested in the macroscopic properties rather
than the pore structure. In fact, the influence of rubber particles on
the freeze resistance of concrete can be understood at the
microscopic level as "solid pores".

Given the close relationship between freeze-thaw damage and
the pore structure of concrete, this study proposes using rubber
powder to compensate for the diminished effectiveness of air-
entraining agents under low air pressure conditions. By replacing air
pores with "solid pores" and coupling rubber powder with nano-silica,
the approach aims to reduce harmful pores and increase beneficial
ones. The synergistic “air-entraining” effect of rubber powder and
the “reinforcing” effect of nano-silica are leveraged to minimize
harmful air voids and maximize solid pore formation. To address the
severe freeze-thaw damage experienced by concrete in cold, low-
pressure environmernts, this study combines macro-scale
performance testing with microstructural analysis to investigate the
evolution of concrete pore structure parameters after freeze-thaw
cycles under the combined influence of rubber powder and nano-

silica, and to evaluate their effects on frost resistance.
2. Experimental program

2.1 Materials

The materials used in this study comprised urban tap water, P.O
42.5 ordinary silicate cement (The properties of the cement are
shown in Table 1.), continuously graded limestone crushed stone
with a particle size of 5-20 mm, river sand with a particle size less
than 4.75 mm (fineness modulus of 3.0 and apparent density of 2,680

kg/m3, the particle gradation curve is shown in Fig. 1.), rubber



powder with a particle size of 60 mesh (250 pym) and an apparent
density of 1,119 kg/m3, and hydrophobic nano-silica. The rubber
powder is used without any modification treatment. In fact, the
particle size of rubber powder is very small, and the surface
modification treatment has a relatively minor impact on the bonding
interface between rubber powder and cement stone. Due to the
extremely small particle size of rubber powder and nano-silica, they
tend to form clumps in the concrete. Therefore, during the concrete
mixing process, the rubber powder and nano-silica should be
thoroughly mixed and stirred with the dry materials such as cement,
coarse aggregates and fine aggregates (dry mixing for about 2 min),

and then water should be added and the mixture should be further

mixed.
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Fig. 1 Grading curves of the river sand.

2.2 Concrete mix proportions

The concrete mix proportions are presented in Table 2. Group P
represents the normal concrete mix. Groups X]J5, XJ10, and X]J20 are
derived from Group P by replacing river sand with rubber powder at
5%, 10%, and 15% of equal volume, respectively. Groups GXJ5 and
GXJ10 are further modified from Group XJ6, with nano-silica added
at 5% and 10% of the cement mass, respectively. According to
relevant research, the maximum amount of rubber powder that can
enhance the freeze resistarice of concrete is 10% - 15% of the volume
of sand replaced. Beyond this range, the rubber concrete will
experience a loss in strength and thus its freeze resistance will
decrease. Therefore, the maximum amount of rubber powder used
in this study is set at 15%. The enhancement effect of nano-silica on
the physical and mechanical properties of concrete is not simply
proportional to the amount of addition; rather, there exists an
optimal value. Beyond this optimal value, the enhancement effect of
nano-silica will basically no longer increase. The optimal value as
shown by some studies is 5% of the cement quality, while others
indicate it to be 10%. Therefore, in this paper, the nano-silica content

is set at 5% and 10%.



Table 2 Test concrete mixes

No. Water Cemen Coarse Fine Rubber Nano SiO:
¢ aggrega aggregat powder
te e

P 200 400 1100 700 0 0
XJ5 200 400 1100 665 15 0
XJ10 200 400 1100 630 30 0
XJ15 200 400 1100 595 45 0
GX]J5 200 400 1100 630 30 20
GX]J10 200 400 1100 630 30 40

2.3 Pore structure analysis

The pore structure of concrete was evaluated according to the
“Test code for hydraulic concrete” (SL/T352-2020) using the linear
conductor method. The HYT-QP concrete pore structure parameter
analyzer was employed to measure the pore conient, average pore
size, pore spacing coefficient, and other relevant parameters after
each freeze-thaw cycle, as illustrated in Fig. 2. The parameters
regarding the concrete pore structure obtained through the wire
method describe the actual state of the pores, and are not the "solid
pores" filled by the rubber powder. In rubber concrete, "solid pores"
refer to the rubber particles themselves and the space they occupy.
This concept was proposed to indicate that the effect of rubber
particles on the compressive strength of concrete is equivalent to
that of real pores. Some scholars also call it "defects" in concrete.
The volume content of the “solid pores” is defined in this paper as
the ratio of the volume of the rubber particles to the volume of the
concrete. The pore diameter of the "solid pores" is taken as the

average particle size of the rubber particles.



Fig. 2 Concrete pore structure test specimen

2.4 Rapid freeze-thaw testing

The rapid freeze-thaw test was conducted in accordance with
the “Test code for hydraulic concrete” (SL/T352-2020) 30. A concrete
rapid freeze-thaw instrument was used, and the number of freeze-
thaw cycles was set at 0, 20, 40, 60, 80, and 100 cycles. Concrete
specimens were prepared as 100 mm x 100 mm X 100 mm cubes,
with three specimens tested for each freeze-thaw cycle group (Fig.

3).

Fig. 3 Rapid freeze-thaw test of concrete

2.5 Compressive strength testing
The compressive strength of concrete was tested following the
“Test code for hydraulic concrete” (SL/T352-2020) 30. A

microcomputer-controlled electro-hydraulic universal testing



machine was used to test 100 mm X 100 mm X 100 mm cube
specimens (Fig. 4). After each designated number of freeze-thaw
cycles, the compressive strength test was performed. For each cycle
group, three specimens were tested, and the average value was

recorded as the compressive strength for that group.

Fig. 4 concrete compressive strength test

3. Initial pore structure charactieristics

3.1 Influence of rubber powder on pore structure

The primary effect of rubber powder on concrete is a significant
increase in air content, as illustrated in Fig. 5. The air content rises
approximately linearly with increasing rubber powder dosage. In
ordinary concrete, the air content (“air pores” and “solid pores”) is
2.83%. When 5%, 10%, and 20% rubber powder are incorporated,
the air content increases to 6.87%, 12.01%, and 15.91%,
respectively. This corresponds to a 2.4-5.6-fold increase relative to
ordinary concrete, similar to the effect of adding 1%-3% air-
entraining agent 31. In rubber powder concrete, “air pores” account
for 81.1% (5% rubber powder), 78.4% (10% rubber powder), and
75.5% (15% rubber powder) of the total air content. The “solid pores,”
calculated based on the volume ratio of rubber powder to concrete,
are 1.3% (5% rubber powder), 2.6% (10% rubber powder), and 3.9%
(15% rubber powder), corresponding to 18.9% (X]J5), 21.6% (X]J10),



and 24.5% (XJ15) of the total air content. These results indicate that
the proportion of “solid pores” contributed by rubber powder is
substantial—approximately one-fifth of the total air content—and

increases with higher rubber powder dosages.
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Fig. 5 Effect of rubber powder on air content of concrete

For analysis, pore sizes are classified into three intervals: 10-
250 pm, 250-350 pm, and 350-1000 pm. The 250 pm threshold
corresponds to the diameter of the rubber powder, 350 pm is the
maximum pore size beneficial for frost resistance, and 1000 pm
approximates the maximum pore size introduced by air-entraining
agents. The proportion of pores within each interval relative to the
total pore count is used to assess the impact of pore size distribution
on frost resistance and the effect of “solid pores.” As shown in Fig.
6, the majority of pores in ordinary concrete (diameter >10 pm) are
concentrated in the 10-250 pm range, accounting for 91.5% of the
total. Pores in the 250-350 ym and 350-1000 pm ranges constitute
only 2.1% and 3.8%, respectively. After the addition of rubber
powder, larger “air pores” are introduced, increasing the proportion
of 350-1000 pm pores to 11.1% (5% rubber powder), 21.1% (10%
rubber powder), and 11.7% (15% rubber powder), while the
proportion of 10-250 pm pores decreases to 65.2%, 53.3%, and



72.7%, respectively. An increased proportion of 350-1000 pm pores

adversely affects both frost resistance and compressive strength.

5
5(Contai ning "sol id pores")
10
10( Contai ning "sol i d pores")
15
15(Contai ning "sol i d pores")

P
X
!
X
X
X
X

RNENNNE

o i i

10-250 250-350 350- 1000
Pore di aneter/p m

Frequency of porediameter/%
o BE B8 8883 388 B
\

Fig. 6 Effect of rubber powder on pore size distribution of concrete

When the “solid pores” introduced by rubber powder are
included in the analysis, the proportion of 10-250 g m pores
increases by 7.6% (5% rubber powder), 8.0% (10% rubber powder),
and 9.2% (15% rubber pocwder), while the proportion of 350-1000 u
m pores decreases by 1.5%, 3.0%, and 5.2%, respectively. These
results are comparable to those observed with air-entraining agents
[28], indicating that “solid pores” improve the pore size distribution
of concrete, and this effect becomes more pronounced with higher
rubber powder content. The influence of rubber powder on the
content of 250-350 pm pores is minimal, remaining below 10%.

The incorporation of rubber powder introduces a substantial
number of “air pores” into the concrete, leading to a nearly linear
decrease in the bubble spacing coefficient with increasing rubber
powder dosage (as shown Fig. 7). At a 20% rubber powder dosage,
the bubble spacing coefficient is reduced to 93 pm, which is
comparable to the effect achieved with a 2% dosage of air-entraining

agent 32. It should be noted that, due to test limitations, the bubble



spacing coefficient here only characterizes the spacing between “air
pores.” If “solid pores” were included, the bubble spacing coefficient
would be even lower; however, this could not be quantified in the
present study. Since the square of the bubble spacing coefficient is
proportional to the hydrostatic pressure generated by water freezing
in capillaries [4], a lower bubble spacing coefficient significantly
reduces hydrostatic pressure, thereby mitigating freeze-thaw
damage. Therefore, minimizing the bubble spacing coefficient is

essential for improving the freeze-thaw durability of concrete.
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Fig. 7 Effect of rubber powder on air bubble spacing coefficient of
concrete

The diameter of air bubbles introduced by air-entraining agents
ranges from 20 pm to 1000 pm. Test results indicate that the pore
sizes introduced by rubber powder are comparable to those
produced by air-entraining agents. The primary mechanism by which
rubber powder enhances the frost resistance of concrete is the
reduction of the bubble spacing coefficient, with “solid pores”
playing a particularly beneficial role in optimizing the pore structure.
3.2 Influence of nano-silica on pore structure

As shown in Fig. 8, the air content of XJ10 concrete before the



addition of nano-silica is 12.01%. After incorporating nano-silica, the
air content decreases to 6.24% (GXJ5) and 6.07% (GX]J10),
corresponding to reductions of 48.0% and 49.5%, respectively. In
both GXJ5 and GXJ10, the rubber powder content is maintained at
10%, resulting in a “solid pore” content of 2.6%. This accounts for
41.7% (GX]J5) and 42.8% (GX]J10) of the total air content, which is
substantially higher than the proportions observed before the
addition of nano-silica (18.9% for X]J5, 21.6% for XJ10, and 24.5% for
XJ15). The reduction in air content in GXJ5 and GX]J10 is primarily
due to a decrease in “air pores,” which decrease to 3.64% and 3.47%,
respectively—values comparable to the air content of ordinary

concrete (2.83%).
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Fig. 8 Effect of rubber powder on air content of concrete

Fig. 9 presents the pore size distribution of “air pores” in XJ10
concrete before and after the addition of nano-silica. Prior to nano-
silica incorporation, the 10-250 pm pores account for 53.3%, 250-
350 pm for 9.4%, and 350-1000 pm for 21.1%. After adding 5% nano-
silica, the proportion of 10-250 pm pores increases to 82.5%, while
350-1000 pm pores decrease to 8.9%. With a 10% nano-silica dosage,
the 10-250 pm pore proportion further increases to 85.6%, and 350-



1000 pm pores decrease to 5.3%. These results demonstrate that
nano-silica reduces the proportion of larger “air pores” and
increases that of smaller “air pores.” This effect is attributed to the
pozzolanic activity and micro-aggregate filling effect of nano-silica,
which fills larger “air pores” and refines the overall pore size
distribution. Consequently, the pore structure is optimized, which is
beneficial for enhancing the compressive strength of concrete. When
“solid pores” are included, the 10-250 pm pore proportion reaches
89.7% (5% nano-silica) and 90.2% (10% nano-silica), values
comparable to those of ordinary concrete (91.5%). The presence of
rubber powder “solid pores” further increases the proportion of

smaller pores, thereby improving the pore size distribution.

L Ip
dan = X5
| 1 [ X 5(Contai ning "solid pores")
- [ 1X10
[ ] X 10(Contai ning "sol i d pores")
i (T %15
(I X 15(Contai ni ng "sol i d pores")

Frecuency of pore di aneter/%
o B B ¥ 883 388 8

10-250 250- 350 350- 1500
Pore di aneter/p m

Fig. 9 Effect of rubber powder on pore size distribution of concrete

In addition to reducing the overall pore content, nano-silica also
decreases the bubble spacing coefficient, as shown in Fig. 10. The
coefficient drops from 261 pm (XJ10) to 170 pm (GX]J5, 5% nano-
silica) and 182 pm (GXJ10, 10% nano-silica). Notably, all bubble
spacing coefficients remain below 250 pm, which is within the

favorable range for frost resistance. If “solid pores” are considered,



the bubble spacing coefficient would be further reduced, which is
highly beneficial for enhancing the freeze-thaw durability of

concrete.
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Fig. 10 The effect of rubber powder on the spacing coefficient of
concrete pores

4. Frost resistance of concrete

4.1 Compressive strength evolution during freeze-thaw cycles

The combined use of rubber powder and nano-silica markedly
improves the frost resistance of concrete, as evidenced by the
evolution of compressive strength during freeze-thaw cycles(as
shown in Fig. 11). While ordinary concrete exhibits a nearly linear
decline in compressive strength, dropping from 34.1 MPa before
cycling to 7.6 MPa after 80 cycles—a reduction of 77.7%—the
modified concretes (GXJ5 and GX]J10) demonstrate significantly
enhanced durability. Prior to freeze-thaw exposure, GXJ5 and GX]J10
achieve compressive strengths of 28.6 MPa and 28.5 MPa,
corresponding to 84.4% and 91.5% of that of ordinary concrete,
respectively. Remarkably, after 100 freeze-thaw cycles, their
compressive strengths remain at 22.4 MPa and 25.4 MPa,

representing reductions of only 18.6% and 22.2%. This substantial



improvement highlights the effectiveness of the synergistic
modification in mitigating freeze-thaw damage, while maintaining
mechanical performance at a level comparable to unmodified
concrete. The results demonstrate that the incorporation of rubber
powder and nano-silica not only delays the deterioration process but
also preserves structural integrity under severe environmental

conditions.
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Fig. 11 Change of compressive strength during freeze-thaw cycle

4.2 Strength retention rate during freeze-thaw cycles

Concrete is mainly used as a load-bearing material. The retention
rate of compressive strength of concrete under harsh conditions can
comprehensively reflect the durability of concrete and the safety
guarantee as a normal-pressure structure. As shown in Fig. 12,
during 20 freeze-thaw cycles,strength of both ordinary concrete and
the modified concretes could remain above 90% of their original
strength. After 20 freeze-thaw cycles, the strength retention rate of
ordinary concrete dropped sharply. At 80 freeze-thaw cycles, the
strength retention rate was only 22.3%. In contrast, for the modified
concretes, after 80 freeze-thaw cycles, the strength retention rate

remained at around 80%. This indicates that the modified concretes



has a high resistance to low temperatures and can meet the

durability requirements of concrete in cold regions.
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Fig. 12 Change of strength retention rate during freeze-thaw cycle

4.3 Pore structure changes during freeze-ihaw cycles

The superior frost resistance observed in the modified concretes
can be attributed to favorable changes in pore structure during
freeze-thaw cycling[Jas shown in Fig. 13[]. Exposure to repeated
freezing and thawing typically leads to an increase in pore size, as
smaller pores (0-250 um) decrease in proportion, while larger pores
(250-350 pm and 350-1000 um) become more prevalent. However,
in concretes containing rubber powder and nano-silica, the
reduction in the proportion of 0-250 pm pores is approximately half
that of ordinary concrete, and the increases in larger pore fractions
are limited to about one-fifth of those seen in the control. This
stability in pore size distribution suggests that the “solid pores”
introduced by rubber powder are less susceptible to expansion
under freezing stress. The inherent elasticity of rubber particles
plays a crucial role in absorbing and dissipating stress, thereby

reducing crack initiation and propagation during freeze-thaw cycles.
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Fig. 13 Frequency change of concrete pore diameter during freeze-
thaw cycle

Further analysis of the bubble spacing coefficient reinforces
these findings[Jas shown in Fig. 14[]. Although freeze-thaw cycles
generally increase pore diameter and reduce the bubble spacing
coefficient, concretes modified with rubber powder and nano-silica
experience a much smaller decrcase—only one-third to one-half of
that observed in ordinary concrete. Maintaining a higher bubble
spacing coefficient is beneficial, as it limits the connectivity of pores
and impedes the movement of water, thereby reducing the risk of
freeze-thaw damage. These results confirm that the tailored pore
structure and enhanced stress distribution capacity imparted by
rubber powder and nano-silica are key factors in achieving superior

frost resistance.
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Fig. 14 Changes of bubble spacing coefficient of concrete during
freeze-thaw cycles

5. Discussion

Fig. 15 shows the SEM images of the pore structure of P, XJ15 and
GX]J10 respectively, with magnification of 1000 times. It can be seen
that compared with P, XJ15 has larger porosity on the whole, but
smaller pore size, which is the result of air entraining by rubber
powder. The incorporation of rubber particles into P will increase
the porosity of P, and rubber particles have the greatest influence
on the pore size content of 1000nm14. The influence of rubber
particles on the gas content of cement mortar can be divided into
two effects: first, the rubber particles themselves can be regarded
as "solid bubbles", and its pore size is related to the size distribution
of rubber particles; Second, rubber particles have air entraining

effect, that is, the introduction of "air bubbles".
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The pore content and pore size of GXJ10 were significantly
reduced. The effect of silica powder on X]J15 porosity can also be
divided into two effects: First, silica powder can accelerate the
hydration reaction process of cement and produce a large amount of
C-S-H gel; Second, it can be filled into the pores inside the cement
matrix through the filling effect to reduce the porosity. Silica powder
mainly reduces the content and size of "air bubbles" in cement
mortar, and has no effect on the "solid bubbles" of rubber particles,
but can improve the bonding interface between rubber particles and
cement matrix, Therefore, silica powder can significantly improve
the strength of cement mortar.

The term "solid pore" literally refers to a solid that functions as
a pore. Rubber particles in concrete can act as pores due to their
elastic modulus and the bonding interface between the rubber
particles and the cement paste.

(1) Elastic modulus of rubber particles: The ability of rubber
particles to function as pores due to their elastic modulus is relative.
The elastic modulus of waste tire rubber is 0.5-2 MPa, approximately
tens of thousands of times lower than that of concrete as a whole.
When concrete is subjected to external forces and deforms, or when
the cement paste undergoes minor deformation due to stress

redistribution within the concrete, the rubber particles distributed



in the concrete or cement paste exhibit negligible resistance to
deformation. In this regard, the stress behavior of rubber particles
is not significantly different from that of real pores.

(2) Bonding interface between rubber particles and cement
paste: As shown in Fig.16, from a mesoscopic perspective (Fig.16(a)),
rubber particles are relatively uniformly dispersed within the cement
paste in concrete, and their distribution as "solid pores" resembles
that of real pores. The diameter of the "solid pore" depends on the
particle size of the rubber. However, from a microscopic perspective
(Fig.16(b)), the "solid pore" includes not only the rubber particle
itself but also the bonding interface between the rubber particle and
the cement paste, known as the Interfacial Transition Zone (ITZ).
Furthermore, the ITZ can be divided into two parts: one is a
structurally loose transition zone of cement paste, and the other is a
micro-crack between the cement paste and the rubber particle. Due
to the limitations of scanning electron microscopy, Figure 14(b) does
not clearly show the transition zone of the cement paste, but existing
studies have confirmed its existence33 34. The loose structure of the
transition zone is attributed to the hydrophobicity of rubber particles,
which causes water to accumulate at the interface between the
rubber particles and the cement mortar. The water-cement ratio in
this region is much higher than that in areas farther from the
interface, resulting in coarser C-S-H crystals and a looser structure.
Nanoindentation tests indicate that the elastic modulus of the
transition zone is only 70% of that of normal cement paste35. The
micro-cracks between the cement paste and the rubber particles are
approximately 20-50 um wide, caused by volume shrinkage during
the curing of the cement mortar. Thus, compared to normally
hydrated cement paste, the ITZ exhibits stress resistance behavior

that is not significantly different from that of real pores.
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Fig. 16 Rubber particles as the physical structure of “solid bubbles”

6. Conclusion

This study addresses the engineering challenge of air-entraining
agent failure in low air pressure enviroriments by proposing the use
of rubber powder as a compensatory method. Specifically, rubber
powder introduces “solid air pores” to replace traditional “air pores,”
leveraging the “air-entraining” effect of rubber powder in
combination with the “reinforcing” effect of nano-silica. This coupled
approach aims to mitigate severe freeze-thaw damage in concrete
subjected to high-altitude, low-pressure, and cold environments.
Macro-performance and microstructure tests were conducted to
systematically investigate the evolution of concrete pore structure
parameters and their influence on frost resistance after freeze-thaw
cycling. The main conclusions are as follows:

(1) The incorporation of rubber powder significantly increases
the air content of concrete, providing an effect similar to that of air-
entraining agents. The “solid pores” account for 18.9% (X]J5), 21.6%
(XJ10), and 24.5% (XJ15) of the total air content. As the rubber
powder dosage increases, the contribution of “solid pores” to the

overall air content also rises. At a 20% dosage, the bubble spacing



coefficient is reduced to 93 um, which is equivalent to the effect of a
2% air-entraining agent.

(2) The addition of nano-silica to concrete reduces the overall air
content, primarily by decreasing the proportion of larger pores (350-
1000 pm). This highlights the contribution of “solid pores” in the 10-
250 pm range and ensures that the bubble spacing coefficient
remains at a level conducive to enhanced frost resistance.

(3) The synergistic effect of rubber powder and nano-silica
results in concrete with slightly lower compressive strength
compared to ordinary concrete, but with significantly improved frost
resistance. As the number of freeze-thaw cycles increases, the
reductions in the proportions of 0-250 pm, 250-350 pm, and 350-
1000 pm pores in concrete containing both rubber powder and nano-
silica are approximately one-half, one-half, and one-fifth,
respectively, of those observed in ordinary concrete. Similarly, the
decrease in the bubble spacing coefficient is only about one-third to
one-half of that observed in ordinary concrete. These findings
demonstrate that concrete modified with rubber powder and nano-
silica exhibits superior frost resistance compared to ordinary
concrete.

(4) In plateau areas, the supply of cement and aggregates is
relatively sufficient, but high-quality fly ash, mineral powder and
other admixtures are scarce. The content of nano-silica is low, and
the transportation cost is controllable; rubber powder can be
recycled from local waste tires, achieving on-site resource utilization.
The modified concrete mix ratio used in this paper can be adapted
by adjusting the admixtures (such as high-efficiency water reducers),
and no additional large equipment is required. Standardized
production can be achieved in the construction camp on the plateau

by using this method.
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