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Abstract

This study investigated the effects of rubber substitution ratios (0%, 5%, 10%, 15%) on the
frost resistance of rubber concrete with recycled brick–concrete aggregate (BRC). The freeze–
thaw (F–T) damage model was established and improved, and the damage mechanism was
revealed. The results showed that with the increase in rubber substitution ratio, the frost
resistance indices of BRC did not improve or decline synchronously. An increase in rubber
content could enhance one index, such as the relative compressive strength, but was often
achieved at the expense of reductions in other indices, such as the relative dynamic elastic
modulus (RDEM) and relative quality. Consequently, a single indicator was insufficient for
evaluating the overall frost resistance. To address this limitation, an entropy weight-based
evaluation system was developed. This system integrated the multiple indices into a
unified damage score. When combined with defined damage grades, it enabled a holistic
assessment of the damage state. For the nonlinear accelerated damage stage during freeze–
thaw cycles, the Weibull distribution-based freeze–thaw damage model demonstrated
higher prediction accuracy (R2 > 0.85) compared to the conventional freeze–thaw fatigue
model. The freeze–thaw damage in BRC originated from the competition between “pore
deterioration and crack propagation at weak interfaces” and “the elastic buffering effect of
rubber.” This study provided a reference for the frost-resistance design and freeze–thaw
life prediction of BRC in cold regions.

Keywords: rubber substitution ratio; frost resistance; damage model; damage mechanism

1. Introduction
During the process of urbanization, the annual generation of concrete debris, brick,

and stone waste gradually increased, leading to increasingly severe environmental
problems [1–5]. Dust pollution from the open-air storage of construction waste and the mi-
gration of its hazardous components seriously damaged the ecological environment [6–8].
Meanwhile, the accumulation of a large number of waste tires not only impaired the land-
scape but also posed a potential fire risk due to the spontaneous combustion characteristic
of rubber material at high temperatures [9–11]. Research demonstrated that utilizing con-
struction waste and discarded tires to produce BRC was a feasible method. This approach
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not only facilitated the recycling of solid wastes but also enhanced the mechanical prop-
erties of concrete. However, studies on BRC, especially concerning its durability in harsh
environments and damage evolution mechanisms, remained inadequate, restricting its
engineering application.

The use of recycled aggregates and rubber degrades concrete properties, yet its sus-
tainability advantages retain substantial application potential [12–17]. Optimizing mix
proportions and modifying aggregates through grinding, soaking, or coating can signif-
icantly enhance concrete strength and toughness—increasing compressive strength by
up to 27%, bond strength by 46.6%, and tensile strain notably. These improvements en-
able applications in non-load-bearing components, 3D-printed structures, and low-carbon
buildings [18–22]. Through experimental design, Emadaldin et al. [23] and Amiri Mostafa
et al. [24] proposed a rubber concrete (RC) mix ratio with excellent mechanical properties,
which met the requirements of the project for strength, durability, and other indicators,
providing technical support for practical application. While these improvements have
expanded the application of RC, its durability under environmental conditions, especially
frost resistance, continues to be a crucial area of study.

Current research on the frost resistance of rubber concrete (RC) has primarily been
based on a combination of experimental methods, microstructural analysis, and reliability-
based assessments [25–28]. Experimentally, F–T cycling tests under controlled environ-
mental conditions are commonly employed to simulate long-term frost exposure, with
accompanying measurements of quality loss, strength degradation, and relative durability
indices [29–32]. For performance evaluation and analysis, the frequent use of durability
indicators, probabilistic service-life prediction models, and reliability analysis serves to as-
sess the safety margins and frost resistance levels of concrete [33–35]. Conversely, the frost
resistance of recycled brick aggregate concrete (RBC) has also constituted a key research
focus, attributable to the high porosity and water absorption of the aggregate [36,37]. For
instance, Zhao et al. investigated the performance deterioration of straw-modified RBC
under F–T cycles, established a corresponding damage model, and conducted life predic-
tion, demonstrating that such materials can meet durability requirements at appropriate
aggregate replacement levels [37]. However, existing studies have predominantly focused
on concrete containing either recycled brick aggregate or rubber alone. Moreover, recycled
brick–concrete aggregate differs in material characteristics from conventional aggregate,
which may lead to different frost resistance and damage evolution behaviors in BRC that
incorporates both. Therefore, studies on the durability degradation of BRC under F–T
conditions are relatively scarce and require further investigation.

Building upon these performance evaluations, researchers have increasingly focused
on developing damage models to quantify F–T deterioration. For instance, Cheng et al. [38]
established a deterioration model incorporating multiple damage variables to evaluate the
service life of RC under F–T damage, while other researchers adopted more effective evalu-
ation methods to quantify the F–T damage response of such materials [39]. In particular,
some studies have introduced damage mechanics-based models that consider the coupled
effects of progressive crack development and moisture transport, enabling more accurate
prediction of stiffness reduction and strength loss over successive F–T cycles [40,41]. Ad-
ditionally, probabilistic approaches combining Weibull distribution and mesomechanics
have been applied to model the variability in frost resistance of concrete, reflecting the
inhomogeneous nature of its composite material [42,43]. These advanced models provide
deeper insight into the damage mechanisms and facilitate the durability design of RC in
cold regions. Given that BRC exhibits distinct material properties and failure mechanisms,
there was an urgent need to develop corresponding damage models to accurately represent
its response to F–T conditions and support its engineering applications.
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On this basis, the F–T resistance of BRC was investigated in this study from three
aspects: evaluation method, damage prediction model, and damage mechanism. To
overcome the limitation of single-index evaluation, a comprehensive scoring system based
on multi-index weighting was established, thereby providing a quantitative tool for the
assessment of BRC’s F–T resistance. In response to the inadequacy of traditional fatigue
models in characterizing nonlinear damage, an F–T damage model based on the Weibull
distribution was introduced. This model characterized the performance evolution of BRC,
particularly during the accelerated damage stage, with higher accuracy. Furthermore,
the F–T damage mechanism of this multiphase composite material with inherent initial
defects was elucidated, revealing the competitive interaction between damage-promoting
and damage-inhibiting effects during F–T cycles. This offered a new perspective for
understanding the damage evolution process of BRC. The research provided a reference for
the durability design and engineering application of BRC in cold regions.

2. Materials and Test Methods
2.1. Materials

In this study, the P·C42.5 composite Portland cement was used as the binding material.
For fine aggregates, a combination of natural sand (with a fineness modulus of 2.48) and
rubber particles (1–3 mm) produced from waste tires was utilized. The material parameters
of the rubber are provided in Table 1.

Table 1. Material Parameters of Rubber.

Particle Size (mm) Fiber Content (%) Water Content (%) Apparent Density (kg/m3)

1–3 0.6 1.45 1120

The coarse aggregates, with particle sizes ranging from 4.75 to 31.5 mm, com-
prised natural coarse aggregate (NA) along with recycled brick aggregate (RBA) and
recycled concrete aggregate (RCA) mixed in a 1:1 volume ratio. Figure 1 shows their
surface characteristics.

     

(a) NA  (b) RBA  (c) RCA 

Figure 1. Surface characteristics of coarse aggregate.

The RCA was produced by crushing and sieving C30 concrete beams, while the
RBA was obtained by crushing and sieving MU3.5 clay hollow bricks. The physical
and mechanical properties of the coarse aggregates are summarized in Table 2, and the
chemical composition of the recycled aggregates is provided in Table 3 [44]. Additionally, a
polycarboxylic acid superplasticizer was used as the admixture.
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Table 2. Physical and mechanical properties of coarse aggregate.

Coarse Aggregate Type Particle Size (mm) Water Absorption (%) Crushing Index (%) Apparent Density (kg/m3) Packing Density (kg/m3)

NA 4.75–31.5 1.04 9.32 2901 1542
RCA 4.75–31.5 5.28 13.11 2883 1461
RBA 4.75–31.5 15.21 21.21 2394 1032

Table 3. Chemical composition of recycled aggregates (unit: %).

Coarse Aggregate Type SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O TiO2 Na2O

RCA 10.28 3.04 1.89 80.72 1.80 0.75 0.43 0.39 0.27
RBA 58.52 19.03 5.90 7.84 3.03 0.30 2.88 0.77 1.30

2.2. Mix Proportions

The substitution ratios of 0%, 5%, 10%, and 15% were adopted to replace natural
river sand with rubber particles, respectively. The cement content of 370 kg/m3 and the
water-to-binder ratio of 0.47 were designed to achieve a target compressive strength of
approximately 40 MPa for the control mix (BRC0) after 28-day curing. NA, RCA, and
RBA are mixed in a volume ratio of 2:1:1. This volumetric proportion was selected to
achieve a balance between the mechanical properties and durability of BRC, while enabling
the utilization of a high content of recycled aggregates. The BRC shall be treated with
freshwater. Table 4 shows the BRC Mix proportions.

Table 4. Mix proportions (unit: kg/m3).

No. Water Water
Reducer Cement Sand Rubber Particles NA RCA RBA Curing Method

BRC0 175 1 370 580 0 605 226 157

Freshwater
BRC5 175 1 370 551 7.55 605 226 157
BRC10 175 1 370 522 15.1 605 226 157
BRC15 175 1 370 493 22.65 605 226 157

2.3. Experiment Program

The experiment program is shown in Figure 2. To conduct multi-scale research on the
BRC, the specimens were prepared by the coating method, and the frost resistance of the
BRC was tested under freshwater curing conditions.

A cumulative total of 300 F–T cycles were applied to the BRC specimens using a
rapid F–T testing machine (Model HDK, with a temperature uniformity of <2.0 ◦C and a
compressor power of 4.5 kW). The temperature range was set from −18 ◦C to 5 ◦C, and
each complete F–T cycle lasted for 4 h [45]. After every 25 cycles, the specimens were
removed from the apparatus for the recording of surface erosion and the assessment of frost
resistance. A total of 13 measurement points were thus established. At each point, tests
were performed on triplicate samples for every mix proportion. The experiment program
is shown in Figure 2.

The variation in strength serves as a key indicator for evaluating the frost resistance
of BRC after F–T cycles. The strength was measured on 100 mm cubes using a universal
testing machine (Model HUT106A, maximum load 1000 kN, power 4.25 kW; manufactured
by Shenzhen Wance Testing Machine Company Limited, Shenzhen, China), and the relative
strength was determined by Equation (1) [45].

Fcs =
fcsn

fcs0
× 100% (1)
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where Fcs is the relative compressive strength, %; fcsn is the compressive strength of BRC
after n F–T cycles, MPa; fcs0 is the initial compressive strength of BRC, MPa.

 

Figure 2. Experiment program.

The transverse fundamental frequency of BRC was measured on 100 mm × 100 mm
× 400 mm prism specimens by a dynamic elastic modulus tester (Model DT-20, frequency
measurement range 10–50,000 Hz, output power 0–15 W). The RDEM was then derived
by analyzing the change in this fundamental frequency. The corresponding calculation is
given by Equation (2) [45].

Pn =
f 2
n

f 2
0
× 100% (2)

where Pn is the RDEM of BRC after n F–T cycles, %; fn is the resonance fundamental
frequency of BRC after n F–T cycles, Hz; f 0 is the initial resonance fundamental frequency
of BRC before F–T cycles, Hz.

The quality of the BRC was tested on 100 mm × 100 mm × 400 mm prism specimens
by an electronic scale. The scale had a maximum capacity of 30 kg and a readability of
0.01 kg. The relative quality was then calculated by Equation (3) [45].

Md =
mdN
md0

× 100% (3)

where Md is the relative quality of BRC, %; mdN is the quality of BRC after n F–T cycles, kg;
md0 is the initial quality of BRC, kg.

3. Results, Analysis, and Discussion
3.1. Compressive Properties

As shown in Figure 3, the compressive strength of BRC initially increased and then
decreased with higher rubber substitution ratios, exhibiting a nonlinear trend.
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(a) Compressive strength  (b) Stress–strain curve 

Figure 3. Compressive properties.

This behavior is attributed to the fact that an appropriate amount of rubber particles
can fill matrix pores and improve stress distribution, thereby enhancing the macroscopic
mechanical properties of BRC; however, excessively higher rubber substitution ratios led to
poor dispersion within the cement matrix and weak interfacial bonding between rubber
and cement paste, which easily caused increased interfacial defects, microcrack propaga-
tion, and reduced density, ultimately resulting in significant deterioration in compressive
strength [46]. When the rubber substitution ratio was 5%, the compressive strength of BRC
reached a peak value of 49.66 MPa, which increased by 5.97 MPa compared to the reference
group BRC0, with a relative increase of 13.66%. In contrast, when the rubber substitu-
tion ratio reached 15%, the compressive strength decreased to 38.98 MPa, a reduction of
4.71 MPa, corresponding to a relative decline of 10.78%. The results indicated that the
rubber content significantly influenced the compressive strength of BRC, with an optimal
substitution ratio around 5%. Beyond this range, structural degradation effects dominated
the material performance.

However, as the rubber substitution ratio increased, the peak stress of BRC gradually
decreased, while the stress–strain curve exhibited a more gradual post-peak softening stage,
with a slower rate of stress reduction following the peak. This behavior indicates that the
incorporation of rubber particles significantly improved the ductility of BRC, enabling
greater plastic deformation under stress, enhancing energy dissipation capacity, and ef-
fectively suppressing brittle characteristics. The results demonstrated that an appropriate
amount of rubber not only increased the deformability of the material but also contributed
to improved toughness and failure mode.

3.2. Axial Compressive Properties

The axial compressive strength and corresponding deformation nephograms of BRC
are shown in Figure 4.

The deformation cloud map was obtained through Digital Image Correlation (DIC),
a full-field optical measurement technique based on tracking speckle displacement. This
involved applying a speckle pattern to the specimen surface, acquiring images during
axial loading, and processing the images in Vic-2D software (version 6). The map clearly
reflected the distribution and evolution of surface damage under axial loading [15]. The
results showed that with the increase in rubber substitution ratio, the damaged areas in
the deformation nephograms expanded gradually, and the crack distribution became more
extensive. This is primarily because the elastic modulus of rubber is much lower than
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that of sand and stone, and the interfacial bonding between rubber and cement paste is
weak, leading to the formation of numerous weak zones within the composite material and
exacerbating stress concentration [47].

 

(a) Axial compressive strength  (b) Deformation cloud map 

Figure 4. Axial compressive strength and deformation cloud map.

As shown in Figure 4b, the BRC15 specimen experienced overall failure. Under axial
compression, it exhibited noticeable brittle characteristics, with cracks propagating rapidly
and connecting multiple weak zones, ultimately resulting in a complete loss of load-bearing
capacity. This phenomenon further indicates that although excessive rubber content can
enhance deformability, it significantly reduces the stiffness, strength, and overall stability
of the material.

The axial compressive strength exhibited a gradual decreasing trend as the rubber
substitution ratio increased. This is primarily attributed to the fact that the elastic modulus
of rubber particles is significantly lower than that of natural aggregates. Their incorporation
disrupts the continuity of the cementitious matrix, leading to a reduction in overall density,
an increase in porosity, and a higher number of internal defects. Under loading, these
interfacial weak zones (ITZs) easily initiate stress concentration, accelerating the initiation
and propagation of microcracks, thereby compromising the load-bearing capacity of BRC.
From an engineering application perspective, although the addition of rubber entails a
sacrifice in strength, it significantly enhances the BRC’s toughness, energy absorption
capacity, and impact resistance. Therefore, BRC with rubber remains promising in scenarios
requiring vibration damping, noise reduction, or crack resistance.

The numerical results showed that when the rubber substitution ratio reached 15%,
the axial compressive strength decreased by 8.5 MPa compared to the reference group
BRC0, representing a reduction of 18.78%. This further confirms the considerable influence
of rubber content on the mechanical properties. In practical engineering, it is essential to
balance strength and toughness and to rationally control the rubber content to optimize the
overall performance of BRC.
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3.3. Elastic Modulus

As shown in Figure 5, both the elastic modulus and peak stress of BRC exhibited
regular variations with increasing rubber content.

   

(a) Elastic modulus  (b) Peak strain 

Figure 5. Elastic modulus and peak strain.

Higher rubber substitution ratios significantly reduced the elastic modulus of the
material, while simultaneously increasing the peak strain. This behavior can be attributed
to two main factors: on one hand, the incorporation of rubber particles increases interfacial
defects and porosity within the material, weakening the matrix stiffness and resulting in
a decrease in elastic modulus; on the other hand, the high elasticity and deformability of
rubber allow the specimen to undergo greater deformation under load, delaying crack
propagation and thereby significantly enhancing the peak strain [48].

Specific data indicated that, compared to the reference group BRC0, the elastic mod-
ulus of BRC15 decreased by 9.24 GPa, a reduction of 32.18%; meanwhile, its peak strain
increased from 0.00595 to 0.00885, representing an increase of approximately 48.74%. These
results further demonstrate that the addition of rubber, while sacrificing material stiffness,
markedly improves deformation capacity and toughness, reflecting a distinct material
behavior characterized by “trading strength for toughness.”

3.4. Frost Resistance
3.4.1. Surface Erosion

As shown in Figure 6, after F–T cycles, the BRC exhibited noticeable surface erosion.
With the increase in rubber substitution ratio, the surface damage became more severe,
manifesting as mortar peeling and exposure of coarse aggregates. This is primarily because
the bonding between rubber particles and cement paste is weak, and it is difficult to
achieve a uniform distribution of rubber within the BRC. This leads to uneven migration
and distribution of freezable water in the pore solution, which increases the internal
stress during freezing. The resulting non-uniform frost heaving pressure accelerates the
propagation of microcracks and the loss of surface material.

Specifically, Figure 6a showed that the BRC0 maintained a relatively intact surface
morphology even after 300 F–T cycles, with no significant erosion observed. In contrast,
Figure 6d indicates that the BRC15 suffered severe surface damage after the same number of
F–T cycles, with extensive mortar spalling and pronounced exposure of coarse aggregates,
further confirming the negative effect of rubber content on the frost resistance of BRC.
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(a) BRC0  (b) BRC5  (c) BRC10  (d) BRC15 

Figure 6. Surface erosion.

3.4.2. Relative Compressive Strength

The variation in relative compressive strength of BRC is shown in Figure 7.

 

Figure 7. Relative compressive strength. Note: The final performance data are enclosed by a black
dashed box, with black dashed arrows pointing to the specific values.

As the number of F–T cycles increased, the relative compressive strength showed a
gradual decreasing trend. However, since the distribution of rubber within the BRC matrix
tends to form unpredictable weak areas, this leads to fluctuations in strength performance
as the rubber content increases. Furthermore, with the increase in rubber substitution ratio,
this inhomogeneity became more pronounced.

Notably, when rubber particles were uniformly dispersed within the BRC, their elastic
properties helped to buffer the stress induced by F–T cycles, thereby contributing to
the retention of higher relative compressive strength in the specimens. This effect was
particularly prominent in BRC15. After the F–T test was completed, the relative compressive

https://doi.org/10.3390/buildings16020438

https://doi.org/10.3390/buildings16020438


Buildings 2026, 16, 438 10 of 27

strength of BRC10 was only 39.93%, indicating failure, while BRC15 still retained 74.15% of
its strength, demonstrating relatively better frost resistance.

In BRC15, the high rubber content facilitates the formation of an elastic network. This
network dissipates frost-heave stress and inhibits the formation of penetrating cracks,
thereby protecting the core load-bearing structure. However, the numerous rubber–mortar
ITZs present induce micro-damage along these interfaces during F–T cycles. This micro-
damage affects the RDEM measurement because the propagation of sound waves is scat-
tered and attenuated by the interfacial defects, leading to a reduction in the recorded
RDEM value. Nevertheless, such damage remains localized and discontinuous, while the
internal load-bearing skeleton retains its integrity without developing penetrating cracks.
Consequently, the overall compressive strength is maintained at a high level.

3.4.3. RDEM

As shown in Figure 8, the RDEM of all BRC specimens remained above 60% after
300 F–T cycles, meeting the requirement specified in code [45], and no specimen failure
occurred. The average RDEM was 71.22%, among which BRC5 exhibited the lowest value
of 62.66%.

 

Figure 8. RDEM. Note: The final performance data are enclosed by a black dashed box, with black
dashed arrows pointing to the specific values.

The change in RDEM of BRC with the number of F–T cycles could be divided into two
distinct stages. In Stage I (cycles ≤ 150), the expansion stress caused by the phase change in
water into ice was relatively small, and the damage to internal cracks and pores remained
limited. As a result, the RDEM decreased at a slow rate. In Stage II (cycle > 150), internal
microcracks initiated, propagated, and interconnected, leading to a noticeable deterioration
in the pore structure. This facilitates the migration and freezing of water within the BRC,
which significantly aggravates the damage to the specimen under repeated F–T cycles.
Consequently, the RDEM declined at a markedly faster rate compared to Stage I.

3.4.4. Relative Quality

As shown in Figure 9, after 300 F–T cycles, the BRC exhibited excellent durability
performance, with an average relative quality of 96.91%. Among all mixtures, BRC10
showed the lowest relative quality of 95.84%, which still exceeded the durability threshold
of 95% specified in code [45], and no structural failure was observed in any specimen.

https://doi.org/10.3390/buildings16020438

https://doi.org/10.3390/buildings16020438


Buildings 2026, 16, 438 11 of 27

 

Figure 9. Relative quality. Note: The final performance data are enclosed by a black dashed box, with
black dashed arrows pointing to the specific values.

With the increase in rubber substitution ratio, the relative quality of BRC exhibited
an initial decrease followed by an increase. At a substitution ratio of 10%, the weak
interfacial defects introduced by the rubber became the dominant factor. This aggravated
the initiation and propagation of microcracks during F–T cycles and led to notable surface
spalling, resulting in the lowest relative quality for BRC10. When the substitution ratio was
increased to 15%, the higher rubber content enhanced the overall stress-buffering capacity.
This effectively restrained the propagation of cracks towards the surface, thereby mitigating
the quality loss associated with surface spalling and yielding a higher relative quality for
BRC15 compared to BRC10.

As the number of F–T cycles increased, the quality loss of BRC gradually intensified,
a trend that is directly related to the progression of surface erosion. When the number of
cycles was below 200, only minor surface defects such as microcracks and isolated pores
developed, resulting in a negligible quality loss rate. However, after exceeding 200 cycles,
the extent of mortar spalling increased, and microcracks propagated and interconnected,
marking the transition into an accelerated damage phase. Ultimately, widespread exposure
of coarse aggregates and severe surface erosion occurred, leading to a pronounced increase
in the rate of quality loss. These results indicate that the quality loss behavior of BRC
under F–T action exhibited typical stage characteristics, with surface erosion becoming the
dominant factor controlling quality degradation, particularly during high frequencies of
F–T cycles.

3.4.5. Frost Resistance Assessment

The F–T damage assessment of BRC is shown in Figure 10.
The differences were observed in the effects of F–T action on the frost resistance

indicators of BRC. The relative quality loss was relatively minor and remained within
the acceptable range specified by the standard [45]. In contrast, the relative compressive
strength showed higher sensitivity and decreased significantly; the strength fell below 75%
of the critical value defined in the standard. This discrepancy was likely associated with the
propagation of internal microcracks and the weakening mechanism of the ITZ during F–T
cycles, indicating that the development of micro-defects affects strength more significantly
than quality.

https://doi.org/10.3390/buildings16020438
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Figure 10. F–T damage assessment.

The incorporation of rubber particles introduced a substantial number of pores within
BRC, which significantly reduced the compactness of the material and adversely affected
its compressive strength. Subsequent F–T cycles further aggravated the evolution of this
pore structure, causing the pores to gradually expand and interconnect, thereby forming
more distinct weak zones and leading to additional degradation in strength performance.
Therefore, the impact of F–T damage was particularly direct and significant on strength-
related indicators.

On the other hand, the rubber, as an elastomeric material, was able to absorb and
dissipate part of the stress generated during F–T cycles, thereby delaying the decline rate
of the RDEM and exhibiting a certain resistance to F–T damage. Although the addition
of rubber aggravated the deterioration of the internal structure, its impact on the overall
quality of the specimen was relatively limited. This phenomenon was attributed to the fact
that quality loss is caused by the spalling of surface mortar and aggregates, as described
in Section 3.4.1. During the early stages of F–T cycling, the internal pores introduced by
rubber contributed little to quality loss; it was only in the later stages, when interconnected
pores developed toward the surface, that spalling could be aggravated.

In summary, the role of rubber in the F–T process of BRC exhibited a dual nature:
on one hand, it aggravated pore defects leading to strength reduction; on the other hand,
it mitigated the degradation of the RDEM through elastic stress dissipation. Meanwhile,
quality loss depended more on the process of surface damage and was less affected by
internal pores.

To conduct a comprehensive evaluation of the F–T damage degree in BRC, a system-
atic scoring system was established in this study. The system has a maximum score of
100 points, representing the intact condition of the material prior to F–T cycling. Its lower
limit is set at 60 points, which corresponds to the failure threshold of the relative dynamic
elastic modulus (RDEM) at 60%. This threshold represents the lowest value among the three
frost-resistance indices [45]. As the number of F–T cycles increased, a gradual deterioration
in the various performance indicators was observed, leading to corresponding deduc-
tions from the total score. Consequently, a lower final score is indicative of more severe
material damage.

Given the varying importance of each indicator in characterizing frost resistance,
the entropy method was employed to objectively assign weights to the three indicators.
This method is grounded in information entropy theory and uses data dispersion as the
determination criterion. The calculation process is detailed in Equations (4)–(7).
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The raw data matrix X = (xij)m×n was constructed, consisting of m samples and n
indicators. In this experiment, m = 13, corresponding to the 13 F–T inspection points;
n = 3, corresponding to the 3 frost resistance indicators. To eliminate dimensional effects,
the data were normalized to obtain the standardized matrix R = (rij)m×n. Subsequently, the
proportion pij of the i-th sample under the j-th indicator was calculated [49]:

pij =
rij

∑m
i=1 rij

(4)

The information entropy value ej for the j-th indicator was calculated:

ej = −k
m

∑
i=1

pij ln pij (5)

where k = 1/ln(m), ensuring 0 ≤ ej ≤ 1. It is stipulated that pij ln(pij) = 0 when pij = 0.
The differentiation coefficient gj for the j-th indicator was calculated:

gj = 1 − ej (6)

The differentiation coefficient gj reflects the degree of dispersion of the j-th indicator. A
larger value of gj indicates that the indicator plays a more important role in the evaluation.
Finally, the objective weight wj for the j-th indicator was determined by:

wj =
gj

∑n
j=1 gj

(7)

The weight of each indicator in the frost resistance scoring system was determined
through the above analysis as follows: relative compressive strength 67.2%, RDEM 32.5%,
and relative quality 0.3%.

Based on the above weight distribution, the calculation equation for the total score (S)
was as follows:

S = Relative compressive strength × 67.2% + RDEM × 32.5% + Relative quality × 0.3% (8)

The specific scoring criteria for each indicator are detailed in Table 5 [45]. The damage
grade was assessed based on the total score S, with detailed results presented in Table 6.

According to the above scoring criteria, the scoring results of BRC’s frost resistance
performance indicators were shown in Figure 11.

     

(a) relative compressive strength  (b) RDEM  (c) relative quality 

Figure 11. Variation in frost resistance indicators with F–T Cycles.
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Table 5. Evaluation criteria for frost resistance indicators.

Indicators and Weights Indicator Value Range (x) Scoring Calculation Rules Score

Relative compressive strength
Weight: 67.2%

x ≥ 90% Performance remains intact; full
marks awarded 100

75% ≤ x < 90% 100 − ( 90%−x
90%−75% )× 40 60–100

x < 75% Below the failure threshold, the
minimum score is assigned 60

RDEM
Weight: 32.5%

x ≥ 95% Performance remains intact; full
marks awarded 100

60% ≤ x < 95% 100 − ( 95%−x
95%−60% )× 40 60–100

x < 60% Below the failure threshold, the
minimum score is assigned 60

Relative quality
Weight: 0.3%

x ≥ 99% Performance remains intact; full
marks awarded 100

95% ≤ x < 99% 100 − ( 99%−x
99%−95% )× 40 60–100

x < 95% Below the failure threshold, the
minimum score is assigned 60

Note: The value 40 represents the deduction magnitude, which is 100 points minus 60 points.

Table 6. Damage grade assessment.

Total Score (S) Damage Grade Description of Deterioration State

90 ≤ S ≤ 100 Grade I (Negligible) Negligible degradation, or no change
80 ≤ S < 90 Grade II (Slight) Performance degrades due to microcracking and mortar spalling

70 ≤ S < 80 Grade III (Moderate) Significant performance degradation, reduced load-bearing
capacity, and pronounced surface spalling

60 ≤ S < 70 Grade IV (Severe) Severely degraded performance: metrics are nearing minimum
thresholds, indicating a safety risk

S < 60 Grade V (Hazardous) Multiple frost resistance metrics exceed the failure thresholds,
indicating poor structural integrity

The study found that the influence of rubber content on different indicators varied
significantly: for specimens with higher rubber content (such as BRC15), rubber particles
can form an elastic network inside. When the stress generated by F–T cycles causes cracks
to form and expand, this elastic network can effectively absorb and disperse the stress
through its own elastic deformation, preventing further crack propagation, thereby im-
proving the retention ratio of compressive strength. However, the connection between
rubber and mortar is weak, making this area prone to initial damage during F–T action,
which reduces material homogeneity. This leads to increased energy loss and changes
in the propagation speed of sound waves within the specimen, ultimately resulting in
more significant attenuation of the RDEM. Meanwhile, in BRC0, which contained no
rubber particles, a denser cement matrix formed without the weak rubber-cement in-
terface, exhibiting stronger interfacial adhesion. During F–T cycles, this composition
effectively resisted surface spalling and reduced the attenuation of the RDEM caused by
internal damage.

As shown in Figure 11a, the strength score of BRC10 had dropped to 60 points after
100 F–T cycles, while BRC15 did not reach the same level until 300 cycles. This delayed
deterioration underscores BRC15’s excellent frost resistance. In Figure 11b, after 300 F–T
cycles, the score of BRC5 was the lowest, at 63.04 points, while BRC0 performed the best,
reaching 79.60 points. The latter was 16.56 points higher than the former, representing a
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relative improvement of 26.27%. This shows that its dynamic elastic modulus retention
ability is stronger. In Figure 11c, after 300 F–T cycles, BRC0 ranked first with a score of
84.45 points, while BRC10 had the lowest score, at 68.38 points, which was 16.07 points
lower than BRC0, a decrease of 19.03%. Therefore, the data clearly showed that after
300 F–T cycles, BRC10 experienced the most severe strength and quality loss. In contrast,
BRC0 demonstrated excellent performance in RDEM and quality retention, while BRC15
was more advantageous in maintaining compressive strength.

As shown in Table 7, the total score S and its corresponding damage level reveal
the performance differences among BRC specimens with different rubber contents under
F–T cycles.

Table 7. Total scores (S) and corresponding damage grades.

F–T Cycles BRC0 BRC5 BRC10 BRC15

0 100 (I) 100 (I) 100 (I) 100 (I)
100 99.10 (I) 98.79 (I) 73.12 (III) 100 (I)
150 96.74 (I) 93.81 (I) 73.10 (III) 98.10 (I)
200 88.97 (II) 90.81 (I) 72.99 (III) 93.20 (I)
250 72.90 (III) 63.19 (IV) 71.01 (III) 88.48 (II)
300 66.44 (IV) 61.06 (IV) 65.55 (IV) 63.96 (IV)

Note: The Roman numerals I, II, III, and IV in this table represent the damage grade defined in Table 6.

After 100 F–T cycles, the total score of BRC10 was 73.12 points, indicating a moderate
damage state with significant bearing capacity degradation and surface spalling. In contrast,
BRC15 maintained a score of 100 points, showing only minor performance changes and
excellent frost resistance. After 200 F–T cycles, the score of BRC10 was 72.99 points,
demonstrating that its damage development stabilized between 100 and 200 cycles at the
moderate damage level. At the same point, the score of BRC15 was 93.20 points. This score
remained the highest among all groups and was 20.21 points (27.69%) higher than that of
BRC10. After 300 F–T cycles, all specimens were in a severe damage state. Among them,
BRC0 had the highest score of 66.44 points, and BRC5 had the lowest score of 61.06 points.
Furthermore, BRC15 no longer held a scoring advantage, and its score was 1.59 points
lower than that of BRC10.

3.4.6. Freeze–Thaw Damage Model

The phase-change stress of water-ice inside the specimen under temperature variation
resembles a cyclic loading-unloading process. When frozen to the lowest temperature [−18 ◦C],
the proportion of water converted to ice reaches its maximum, and the frost heave stress
exerted on the specimen peaks. Upon thawing to the highest temperature [5 ◦C], the ice
melts back into water, causing the frost heave stress to vanish. Throughout this process,
the BRC is subjected to repeated cycles of F–T stress and osmotic pressure, leading to the
continuous initiation and propagation of microcracks within, which gradually deteriorate
the BRC’s performance. Therefore, F–T cycles damage can be considered a cumulative
fatigue degradation process. According to the concrete fatigue life Equation (10) [50].

R =
σmin

σmax
(9)

S =
σmax

ft
= 1 − α(1 − R)lg(N) (10)

where R is the stress ratio; σmin and σmax are the minimum and maximum stresses during
the F–T cycles, respectively; S is the stress level; ft is the tensile strength, MPa; α is the
material parameter, and N is the fatigue life.
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During the F–T cycles, the specimen experiences minimal stress (being zero) during
melting. Consequently, the fatigue Equation for BRC under F–T cycles is expressible as:

S = 1 − αlg(N) (11)

The initial stress level S0 is defined as the ratio of the maximum stress to the BRC’s
tensile strength. As F–T cycling progresses, the tensile strength of the BRC progressively
degrades, leading to a corresponding increase in the actual stress level Sa. Specimen failure
occurs when Sa reaches the critical value of 1. Consequently, the damage evolution in BRC
under F–T cycling can be effectively quantified by monitoring the changes in stress levels.

The damage variable D(n) is expressed as the normalized increase in stress ratio,
calculated as the difference between the current stress ratio Sa(n) (after n F–T cycles) and
the initial stress ratio S0.

D(n) =
Sa(n)− S0

Sa(n)
(12)

For concrete that conforms to the fatigue life Equation (11), when subjected to a stress
level of S0, the initial life is N. After undergoing n F–T cycles, the specimen’s residual life
becomes N − n. The actual stress ratio Sa(n) experienced at this stage equals the stress ratio
associated with (N − n) cycles in the fatigue life Equation, which is:

Sa(n) = 1 − αlg(N − n) (13)

According to the definition of Equation (12), the F–T fatigue damage Equation of
BRC is:

D(n) = 1 − S0

1 − αlg(N − n)
= 1 − 1

1 − α
S0

lg(1 − n
N )

, 0 ≤ n ≤ N − 1 (14)

As shown in Equation (11), a higher material parameter α leads to a shorter F–T fatigue
life N under the same stress level S. Therefore, α is an indicator to measure the material’s
resistance to freezing.

Experimental results demonstrate a linear correlation between concrete’s tensile
strength degradation and RDEM reduction during F–T cycles [50]. Therefore, the RDEM
can be adopted as the regular verification value of the F–T damage model. For the variation
laws of the material parameter α of BRC and the number of F–T cycles under different
rubber substitution ratios, the following relationship is established:

α = a exp(n/b) + c (15)

where a, b, and c are the mix proportion parameters of BRC, the material parameter α of
BRC was obtained by regression analysis of the test results according to Equation (14), as
listed in Table 8.

Table 8. Regression Coefficients of Material Parameter α.

No. a b c

BRC0 −32.44304 −269.00403 32.54334
BRC5 22.59428 281.1947 −21.82732
BRC10 0.16975 60.86329 0.0751
BRC15 6.71796 177.09744 −6.58744

The parameter α represents the material’s resistance to F–T fatigue damage. As shown
in Equation (15), its value increases with the number of F–T cycles, corresponding to the
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accumulation of internal defects. As the cycles proceed, microcracks initiate and propagate,
pore networks gradually interconnect, and weak zones such as the rubber–mortar ITZ
continuously deteriorate. This microstructural degradation reduces the material’s integrity,
making it more susceptible to damage under subsequent F–T stress, which results in an
exponential increase in α.

The fitting coefficients a, b, and c in Table 8 collectively define the trend of α with the
number of F–T cycles for different rubber contents. Coefficient a governs the intensity of
damage acceleration. A larger absolute value of a indicates stronger positive feedback in
damage processes such as microcrack propagation and pore interconnection, leading to
faster damage accumulation. Coefficient b controls the progression of damage acceleration.
A larger b value means that more F–T cycles are required for the material to enter the stage
of rapid damage accumulation, reflecting the material’s resistance to accelerated damage.
Coefficient c is related to the initial state of the material and represents the initial damage
level influenced by factors such as initial porosity and weak interfaces.

By substituting the number of F–T cycles as a variable into Equation (15), the vari-
ation in the material parameter α with respect to the number of F–T cycles could be
quantitatively characterized.

The coefficient of determination (R2) was employed to evaluate the predictive accu-
racy of the α model. R2 measures the proportion of variance in the experimental data
explained by the model, with values closer to 1 indicating a better fit. Specifically, R2

values of 0.876 for BRC0, 0.978 for BRC5, 0.968 for BRC10, and 0.985 for BRC15 confirm
that the model effectively captures the changing trend of α. Furthermore, the low mag-
nitude of error metrics, with Mean Absolute Error (MAE) and Root Mean Square Error
(RMSE) values below 0.043 for all formulations, underscores the model’s precision. In
the F–T cycling tests, the variation trend of parameter α for the four BRC specimens
is shown in Figure 12. After 300 cycles, the values of α ranked in descending order as
follows: BRC5 > BRC15 > BRC10 > BRC0. A higher value of α indicates more severe
damage in the BRC specimens during the F–T process and poorer frost resistance. This
ranking, now robustly supported by the high-fidelity model, is consistent with the observed
degradation trend of RDEM in the experiment, which further validates the rationality of the
proposed model.

   

(a) BRC0 and BRC5  (b) BRC10 and BRC15 

Figure 12. The changing trend of material parameter α.
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Substituting Equation (15) into Equation (14) yields the expression for the damage
variable D(n):

D(n) = 1 − 1

1 − a exp(n/b)+c
S0

lg(1 − n
N )

, 0 < n < N − 1 (16)

The damage evolution curve of variable D(n) with F–T cycles, derived from
Equation (16), is presented in Figure 13.

   

(a) BRC0 and BRC5  (b) BRC10 and BRC15 

Figure 13. The changing trend of the damage variable D(n).

The predictive performance of this fatigue damage model, however, proved inconsis-
tent. It achieved high accuracy for BRC10 and BRC15 (R2 of 0.907 and 0.840, respectively;
MAE < 0.045, RMSE < 0.054) but performed poorly for BRC0 and BRC5, with the latter
yielding a notably low R2 of 0.545. This inconsistency stems from a fundamental limitation
of the model: its simplified assumptions are inadequate to represent the complex damage
behavior emerging from the interplay of rubber content, interfacial effects, and material
heterogeneity. Consequently, the model fails to reliably simulate the nonlinear damage
progression across all mixtures, particularly during the later stages of F–T cycles, revealing
its inherent constraints for modeling the complete damage process.

Given the predictive deviation of the fatigue life model due to nonlinear acceleration
effects in the later stages of damage, its ability to describe the full-cycle F–T damage is
evidently insufficient. To construct a more robust damage prediction model that performs
well throughout the entire process, especially in the later stages, this study employs a
model based on the Weibull distribution for optimization [42].

The Weibull distribution model is widely used in material life and failure probability
analysis. Its damage variable Dw(n) is defined as [51,52]:

Dw(n) = 1 − exp
[
−(

n
η
)

β
]

(17)

where Dw(n) is the damage variable, with a value range of [0, 1); η is the scale parameter,
representing the characteristic life, a larger η value indicates better frost resistance of the
BRC; β is the shape parameter, controlling the evolution pattern of the damage curve and
reflecting the development process of internal damage within the material.

The Weibull model parameters for BRC with different rubber contents were deter-
mined by applying nonlinear regression analysis to the RDEM experimental data, using
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the Weibull distribution function shown in Equation (17) as the model and Equation (18)
for the fitting process. The resulting parameters are listed in Table 9.

Loss(η, β) =
N

∑
i=1

[
Dt(ni)− Dp(ni, η, β)

]2

(18)

Table 9. Weibull Model Parameters.

No. BRC0 BRC5 BRC10 BRC15

η 1000 480 500 490
β 1.1 1.8 2.5 2.1

The characteristic F–T life of each mixture, based on the scale parameter η values, is
ranked as: BRC0 > BRC10 > BRC15 > BRC5. Among them, the η value of BRC0 (1000) is
significantly higher than that of the rubber-containing groups (η values for BRC5~BRC15
range between 480–500), indicating that the incorporation of rubber significantly reduces
the characteristic F–T life of the material. It should be noted that the η value of 1000 for BRC0
represents a model extrapolation beyond the tested 300 cycles. This extrapolation reflects
the material’s superior frost resistance potential while also encompassing the associated
predictive uncertainty.

Regarding the shape parameter β, all mixtures have β values greater than 1 (ranging
from 1.1 to 2.5), showing an overall trend of first increasing and then decreasing with
increasing rubber content, with BRC10 having the highest β value (2.5). This indicates
that the F–T damage of BRC is overall an accelerated cumulative process, and the damage
evolution of BRC10 in the later stages of F–T is more severe.

By substituting the model parameters from Table 9 into Equation (17), the predicted
curves of the damage variable Dw(n) for BRC with different rubber contents were obtained.
The comparison results in Figure 14 show that the prediction curves of the Weibull model
highly coincide with the experimental data.

   

(a) BRC0 and BRC5  (b) BRC10 and BRC15 

Figure 14. The changing trend of the damage variable Dw(n).

Error analysis further confirms its superior performance: the R2 for all mixes is better
than 0.85, with R2 for BRC5 and BRC15 as high as 0.976 and 0.982, respectively; meanwhile,
MAE and RMSE are controlled at low levels of 0.012–0.024 and 0.015–0.033, respectively.
Compared with the fatigue life model (which had R2 values of only 0.545 and 0.797 for BRC0
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and BRC5, respectively, and significantly higher errors), the Weibull model demonstrates
higher and more consistent predictive accuracy and robustness across all mixes. This fully
indicates that this model has superior capability in describing the full-cycle F–T damage of
BRC, especially in capturing the nonlinear accelerated damage in the later stages, providing
a more reliable theoretical tool for material durability assessment and life prediction.

3.4.7. Freeze–Thaw Damage Mechanism

The F–T damage mechanism of BRC originates from complex interactions between
constituent material properties and cyclic stresses induced by ice-water phase transi-
tions. Systematic investigation of pore structure evolution, crack propagation, and the
ITZ behavior reveals how rubber incorporation creates competing effects that govern
material degradation.

Before F–T cycling, BRC exhibits inherent microstructural heterogeneity. As shown
in Figure 15, the internal structure before F–T cycles contains aggregate particles, cement
paste, and initial pore networks. Hydrophobic rubber particles with low elastic modulus
create potential weakness zones at rubber-cement ITZs, while the high porosity and water
absorption of RBA and RCA yield a more porous matrix than conventional concrete, with
the initial pore network serving as a reservoir for freezable water.

 

Figure 15. Specimens before F–T cycles.

When subjected to F–T cycles, damage develops through interconnected pathways as
shown in Figure 16. The repeated pore water phase change generates cyclic frost heaving
and hydrostatic pressures. Damage initiates at the most vulnerable locations—particularly
rubber-cement ITZs and porous recycled aggregates. Weak interfacial bonding combined
with thermal expansion mismatch makes these sites preferential for microcrack initiation.
Ice formation in interfacial voids causes ITZ degradation and annular microcracking around
rubber particles, while RBA saturation leads to internal frost damage within aggregates.

The deterioration process involves simultaneous pore structure degradation and
crack development. As shown in Figure 17, F–T cycles cause pore deterioration through
expansion and interconnection of micro-voids. Concurrently, crack propagation occurs
as shown in Figure 18, with microcracks extending along weak paths within the cement
matrix and along interfaces.
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Figure 16. Specimens after F–T cycles.

 

Figure 17. Pore deterioration.

 

Figure 18. Crack propagation.

As shown in Figure 19, the rubber-cement ITZ facilitates crack initiation, while rubber
particles themselves provide stress-buffering effects. When microcracks approach rubber
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particles, elastic deformation induces crack deflection and branching, creating more tortu-
ous propagation paths that enhance fracture energy dissipation. As shown in Figure 20, the
apparent morphology and ITZ of rubber critically influence this crack–rubber interaction.

 

Figure 19. Mechanisms of Rubber’s Behavior.

   
(a) The apparent morphology of rubber  (b) ITZ between rubber and cement mortar 

Figure 20. The apparent morphology and ITZ of rubber.

Recycled aggregates significantly affect damage initiation. As shown in
Figures 21 and 22, the apparent morphology and ITZ characteristics of RCA and RBA,
combined with their inherent porosity and weak cement paste bonding, create critical zones
for initial damage.

   
(a) The apparent morphology of RCA  (b) The apparent morphology of RBA 

Figure 21. The apparent morphology of recycled aggregates.
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(a) The Deterioration Process of RCA  (b) The Deterioration Process of RBA 

Figure 22. The Deterioration Process of Recycled Aggregates.

The combined deterioration of pore structure, ITZs, and continuous crack propaga-
tion ultimately manifests as macroscopic damage. Accelerated quality loss results from
internal crack propagation reaching the surface, causing mortar spalling. BRC0’s supe-
rior RDEM and quality retention performance derives from its denser cement matrix and
absence of weak rubber-cement ITZs, providing better resistance to internal damage and
surface scaling.

In summary, F–T damage in BRC represents a nonlinear process governed by compe-
tition between damage-aggravating mechanisms (pore deterioration, crack propagation,
and weak ITZs) and damage-inhibiting mechanisms (elastic stress buffering and crack
bridging by rubber). The ultimate frost resistance depends on which mechanism dom-
inates, determined primarily by rubber substitution ratio, dispersion uniformity, and
recycled aggregate characteristics. This mechanistic understanding, visually synthesized in
Figure 15, provides a theoretical foundation for optimizing BRC mix proportions to enhance
cold-region durability.

4. Conclusions
This study investigated the frost resistance of BRC, established and improved F–

T damage models, and analyzed the damage mechanism. The main conclusions are
as follows:

After 300 F–T cycles, the minimum quality loss (2.55%) and the highest RDEM (77.15%)
were exhibited by BRC0. This performance demonstrates its suitability for external compo-
nents in frequent F–T environments where high surface integrity is demanded. Conversely,
the maximum compressive strength retention (74.15%) was shown by BRC15, despite
pronounced surface erosion. This renders it more appropriate for non-exposed applications
in which residual load-bearing capacity is prioritized.

The multi-index weighting system based on the entropy method merges the relative
compressive strength, RDEM, and relative quality (with weights of 67.2%, 32.5%, and
0.3%, respectively) into a single score, which corresponds to five damage grades, thus
providing a quantifiable diagnostic tool for F–T damage status. For instance, a score of
73.12 (Grade III) for BRC10 after 100 F–T cycles suggests that corresponding maintenance
measures are required.

The F–T damage model based on the Weibull distribution effectively predicts the full-
cycle damage of BRC (R2 > 0.85, MAE < 0.024). Compared with the fatigue damage model,
this model demonstrates superior capability in characterizing the accelerated damage stage
during the later phase of F–T cycles, thereby providing a more reliable theoretical basis for
the service life assessment of BRC in engineering applications within cold regions.
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The F–T damage of BRC results from internal pore deterioration, crack propagation,
and weak ITZ failure. Rubber incorporation plays a dual role—providing elastic buffering
yet introducing weak interfaces as damage initiation points—thus requiring careful control
of its content and dispersion based on specific F–T environment and performance needs to
maximize benefits.

The F–T damage model serves as a predictive tool for the damage evolution of BRC.
However, its laboratory-derived parameters require validation for real-world extrapolation,
and precise “mix proportion-service life” predictions need regional climate data and a
broader parameter database. Subsequent work should therefore focus on model–climate
coupling and field validation to develop practical design guidelines.
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The following abbreviations are used in this manuscript:

BRC rubber concrete with recycled brick–concrete aggregate
RC rubber concrete
RBC recycled brick aggregate concrete
NA natural coarse aggregate
RCA recycled concrete aggregate
RBA recycled brick aggregate
F–T freeze–thaw
RDEM Relative Dynamic Elastic Modulus
DIC Digital Image Correlation
ITZ interfacial weak zone
R2 Coefficient of Determination
MAE Mean Absolute Error
RMSE Root Mean Square Error
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29. Ozel, B.F.; Sakallı, Ş.; Gündüz, Y.; Şahin, Y. Freeze-thaw resistance of pervious concrete produced with different aggregates and
fibres. Road Mater. Pavement Des. 2025, 26, 1951–1973. [CrossRef]

30. Li, G.; Tao, R.; Yan, Z.; Xu, T.; Zhao, X. Research on frost resistance and life prediction of fly ash manufactured sand concrete
under negative temperature curing. Case Stud. Constr. Mater. 2025, 23, e05012. [CrossRef]

31. Luo, X.; Xing, G.; Tao, J.; Hu, W.; Wei, C.; Chang, Z.; Qiao, L. Macro-microscopic experimental study on the frost resistance and
damage mechanism of dune sand concrete under freeze-thaw cycling. Constr. Build. Mater. 2025, 489, 142335. [CrossRef]

32. Cao, G.; Liu, R.; He, S.; Liao, S.; Zhang, Z.; Liu, J. Freeze-Thaw and Carbonation Resistance Performance of All-Lightweight Shale
Ceramsite Concrete. J. Mater. Civ. Eng. 2025, 37, 19885. [CrossRef]
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