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ABSTRACT
	Research Motivation: This study targets two intertwined issues: waste tire recycling and freeze-thaw durability degradation of cold-region hydraulic concrete. Waste tires cause environmental burdens, while cold-region hydraulic concrete suffers service life reduction from freeze-thaw damage. It explores waste tire crumb rubber (WTR) incorporation in concrete for waste valorization and freeze-thaw resistance enhancement, and clarifies ambiguous freeze-thaw/post-freeze-thaw compressive damage mechanisms of crumb rubber concrete (CRC) to support engineering application.
Methodology: Material Prep: WTR (5%-15% by cementitious mass, varied particle sizes) was added to concrete; plain concrete (PC) served as control. - Testing: Accelerated freeze-thaw (mass loss, relative dynamic elastic modulus); compressive strength (pre/post freeze-thaw); X-CT (crack propagation); SEM (rubber-cement interface transition zone, ITZ).
Key Findings: Freeze-Thaw Resistance: 5%-15% WTR improved freeze-thaw cycles by 30%-50% via rubber’s energy dissipation mitigating cryogenic expansive stress. Strength Trade-Off: CRC showed 10%-25% compressive strength loss vs. PC, due to weak rubber-cement ITZ and increased porosity. Damage Mechanisms: PC follows "pore expansion-crack penetration"; CRC damage involves interface debonding and particle stress concentration, with failure mode shifting from brittle to ductile. Microstructure: SEM revealed loose rubber-cement ITZ; X-CT showed WTR altered pore water distribution and stress transfer paths.
Implications: CRC balances cold-region hydraulic engineering freeze-thaw demands and waste disposal. Its performance depends on WTR dosage, particle size, and ITZ bonding. Future research should focus on WTR modification, mineral admixtures, and particle gradation to resolve strength-freeze-thaw trade-off for large-scale application.
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1. INTRODUCTION 

With China's water conservancy and hydropower development, "Belt and Road" construction, marine energy exploitation and national water security efforts advancing, cold regions have seen a surge in under-construction and planned water conservancy projects. These projects face harsh low-temperature freeze-thaw cycles, making concrete's frost resistance and durability critical to structural safety and service life[1].

Using crushed waste rubber tires as admixtures in hydraulic concrete has emerged as an eco-friendly and practical solution. Environmentally, it reduces landfill waste and achieves circular economy goals. Engineering-wise, rubber's elasticity enhances concrete's deformation capacity and potential frost resistance by buffering internal stress from pore water freezing during freeze-thaw[2].

However, rubber admixtures complicate concrete properties. The weak bond between rubber particles and cement matrix redistributes concrete's mesostructured: while improving deformation adaptability under frost heave stress, it reduces mechanical strengths (related to rubber content, size and treatment[3]). More notably, rubber increases uncertainty in freeze-thaw damage evolution—its interface with the matrix becomes a damage initiation point—and alters post-freeze-thaw compression damage laws, leading to complex macro-mesostructure coupling, which challenges cold-region project material design and safety assessment[4].

2. Overview

Rubberized concrete, as an innovative eco-friendly building material, has gained increasing attention globally due to its role in waste rubber recycling and performance advantages[5]. This overview summarizes the development trajectory, key progress, and current status of rubberized concrete research both internationally and in China, highlighting the evolution from initial exploration to practical application[6].

2.1 International Research on Rubberized Concrete

2.1.1 Research Inception Background

Foreign research on rubberized concrete started in the late 1980s, spurred by post-WWII global economic recovery. The booming transportation and automobile industries led to a surge in waste rubber tires, creating a pressing waste management issue by the 1980s. Traditional disposal methods like landfilling and incineration were environmentally harmful: landfills wasted space and risked contamination, while incineration released toxic pollutants, worsening environmental and public health concerns. This context gave rise to rubberized concrete as a sustainable solution. Researchers explored adding crushed waste rubber to concrete, which addressed waste tire issues and improved concrete's impact resistance, sound and thermal insulation—driving the first systematic studies in the late 1980s and laying groundwork for future applications[7].

2.1.2 Research Inception Background

Early research (late 1980s-early 2000s) focused on basic properties, finding rubber incorporation reduced compressive strength but improved ductility and impact resistance[8]. Since the early 2000s, with rubber aggregate concrete (RAC)’s basic feasibility initially verified, research shifted to performance optimization and durability validation—a key step toward engineering applications. A focus was rubber surface modification: chemical treatments (e.g., silane coupling agents, NaOH solutions) and coatings (e.g., cement paste, epoxy resin) were used to improve interfacial adhesion between hydrophobic rubber and hydrophilic cement matrix. These methods strengthened the interfacial transition zone (ITZ), reducing microcracks and enhancing RAC’s compressive strength, flexural performance, and toughness. Meanwhile, systematic durability tests became prominent. Focusing on freeze-thaw resistance (simulating cold-region temperature cycles to test frost damage resistance) and chloride penetration resistance (using RCM or conductivity tests to evaluate anti-corrosion ability in marine/deicing environments), researchers also extended assessments to sulfate attack, carbonation, and abrasion resistance. These efforts filled RAC’s application gaps and laid a solid foundation for its use in road pavements, shock-absorbing layers, and hydraulic structures.

[bookmark: _Hlk210511397]2.2 Domestic Research in China

2.2.1 Late Start and Initial Stage

China’s rubberized concrete research started in the late 1990s, driven by the worsening waste tire issue from rapid economic growth and the national focus on circular economy.As a waste-recycling and material-improving solution, rubberized concrete (incorporating waste tire crumb rubber) gained attention.Early work combined absorbing international findings and conducting localized mechanical property experiments to avoid mere replication, verifying its technical feasibility for Chinese applications and laying a foundation for further research[9].

2.2.2 Breakthroughs and Current Status

After nearly 30 years of R&D, China has made major breakthroughs in rubber powder utilization. Researchers improved international modification technologies and developed proprietary methods tailored to local resources, overcoming import reliance and laying a foundation for large-scale application. Notably, High-Performance Rubberized Concrete (HRC) research—covering strength control, durability, and sound/thermal insulation functionalization—has reached international advanced levels, with some key indicators leading globally, demonstrating strong interdisciplinary technical strength. Practical applications in roads, sidewalks, and non-load-bearing components have verified technical feasibility, accumulated construction and management experience, and supported future large-scale popularization in more fields[10].

[bookmark: _Hlk210511495]3. Research content and technical route

Against the backdrop of global sustainable development and the urgent need for resource recycling, Hydraulic Rubberized Concrete (HRC)—a novel composite material that incorporates recycled rubber particles into traditional hydraulic concrete—has garnered increasing attention in the field of civil engineering. However, existing domestic and international research on HRC still exhibits notable deficiencies: most studies focus on basic mechanical properties under normal conditions, lacking systematic exploration of the synergistic effects of multiple rubber-related factors on strength and elastic modulus; the understanding of its uniaxial compressive stress-strain behavior remains fragmented, with no widely accepted constitutive model tailored to HRC’s unique characteristics; and research on frost durability, especially the evolution of mechanical properties and stress-strain relationships after freeze-thaw damage, is still in its infancy[11]. To address these gaps, this paper conducts in-depth and systematic research on the key performance indicators of HRC, with the main contents detailed as follows.

[bookmark: _Hlk210510697]3.1 Research on Strength, Elastic Modulus, and Their Prediction Models of HRC

This section focuses on comprehensively investigating the influence laws of three core rubber-related factors—rubber mixing amount, particle size, and surface modification treatment—on the compressive strength, flexural strength, and elastic modulus of hydraulic concrete. A multi-factor orthogonal test design will be adopted to eliminate the interference of irrelevant variables, where rubber mixing amounts will be set at gradient levels (e.g., 0%, 5%, 10%, 15%, 20% by volume replacement of fine aggregates) to cover both low and high content ranges, rubber particle sizes will cover fine (0-1 mm), medium (1-3 mm), and coarse (3-5 mm) grades to explore the effect of particle gradation, and common modification methods such as silane coupling agent treatment (to enhance chemical bonding), cement paste coating (to improve physical adhesion), and alkali activation (to optimize surface reactivity) will be employed for comparison. All specimens will be cured under standard conditions (20±2℃, relative humidity ≥95%) for 7 d, 28 d, and 90 d to study the long-term mechanical property evolution of HRC[12].

Combined with the test results of mechanical properties, microscopic tests (e.g., scanning electron microscopy (SEM), X-ray diffraction (XRD)) will be used to observe the interface transition zone (ITZ) between rubber particles and the cement matrix, as well as the hydration products’ morphology[13]. Based on the mechanics theory of ordinary concrete (e.g., the composite material mechanics model, the theory of ITZ strength control), the intrinsic mechanism by which rubber affects HRC’s strength and elastic modulus will be clarified: for instance, how the low stiffness and high elasticity of rubber particles adjust the stress distribution in the matrix, how the porous structure of rubber affects the hydration process, and how modification treatments improve the interfacial adhesion between rubber and cement paste[14].

Finally, by quantifying the influence weights of each factor through statistical methods, a prediction model for HRC’s strength and elastic modulus will be established. This model will not only consider the individual effects of rubber mixing amount, particle size, and modification but also reflect their interactive effects, providing a reliable theoretical basis for the mix proportion design of HRC in practical engineering[15].

3.2 Research on Uniaxial Compressive Stress-Strain Relationship and Constitutive Model of HRC

This part aims to reveal the influence of rubber incorporation on the uniaxial compressive stress-strain behavior of HRC. Through uniaxial compressive tests with displacement control (loading rate of 0.5 mm/min) using a universal testing machine, the complete stress-strain curves (including pre-peak linear elastic, pre-peak nonlinear, and post-peak descending segments) of HRC specimens with different rubber parameters will be obtained. Key characteristic parameters will be extracted, including the geometric shape of the curve (e.g., the steepness of the ascending segment reflecting stiffness, the ductility of the descending segment indicating energy absorption capacity), peak stress (maximum bearing capacity), peak strain (strain corresponding to peak stress), elastic modulus (calculated by the secant modulus method at 40%-60% of peak stress), and post-peak toughness (evaluated by the area under the stress-strain curve after peak stress)[16].

On the basis of existing classical concrete constitutive theories, the uniaxial compressive constitutive model of HRC will be established[17]. The model will introduce rubber-related correction coefficients (e.g., rubber content coefficient, particle size coefficient, modification efficiency coefficient) to modify the expressions of the ascending and descending segments of the stress-strain curve. Validation will be conducted by comparing the model-predicted curves with the test-measured curves, and the goodness of fit will be used to evaluate the model’s accuracy. This constitutive model will not only fill the gap in HRC’s theoretical research but also lay a foundation for the numerical simulation of HRC structures (such as hydraulic sluice gates and dam aprons) and the analysis of their mechanical response under static and dynamic loads[18].

4. Discussion and Conclusion

4.1 Research background and significance

To explore the mechanical properties and modification mechanism of hydraulic rubber concrete, this study conducted multi-factor tests. Through strength and elastic modulus tests, it investigated how rubber content (0%-20% by aggregate volume), particle size (40/80/120 mesh) and modification methods (silane coupling agent, cement paste coating, unmodified) affect hydraulic concrete performance under standard curing. Results showed strength and elastic modulus decreased with increasing rubber content, but modification—especially silane coupling agent—effectively mitigated this decline[19].

Using CT, SEM and pore structure analysis, the internal mechanism was revealed: rubber particles increased concrete pores, but modification improved rubber-matrix interface bonding, reducing interface pores and microcracks. This microscopic finding correlated well with macroscopic mechanical test results[20].

Based on test data, strength calculation models were established. With ordinary concrete's compressive strength formula as the base, correction terms for rubber content, particle size and modification were added. Relational expressions for splitting tensile strength, flexural strength and elastic modulus versus compressive strength were also developed, forming a complete calculation system.

Validation against 5 peer studies (covering different rubber types, contents and test conditions) showed the formulas had an average relative error of only 6.8% (all ≤±10%), demonstrating good universality and accuracy for engineering design and application.

4.2 Problem Statement

To explore rubber-modified materials' applicability in hydraulic engineering and clarify concrete's mechanical behavior with rubber, systematic uniaxial compression full stress-strain tests were conducted on hydraulic rubber concrete specimens of various mix proportions[21]. The study focused on how rubber content (crumb rubber/fiber) and surface modification (silane coupling agent, cement paste coating) affect the uniaxial compression stress-strain relationship. High-precision sensors collected data throughout loading (elastic, crack propagation, post-peak stages) to ensure curve integrity and accuracy.

From experimental data analysis, formulas for the initial elastic modulus and peak stress of hydraulic rubber concrete's stress-strain curve were proposed. The elastic modulus formula accounts for rubber volume fraction and particle size, reflecting stiffness weakening; the peak stress formula uses a modification efficiency coefficient to characterize rubber-concrete interfacial bonding, improving bearing capacity prediction[22].

Acoustic emission (AE) and scanning electron microscopy (SEM) revealed rubber's effect on compression damage evolution. AE signals showed rubber inhibits crack propagation, delaying energy peaks; SEM images indicated modified rubber forms denser interfacial transition zones (ITZ), reducing microcracks and enhancing toughness. Based on continuum damage mechanics, an intrinsic damage model considering rubber content and modification was established, quantifying damage accumulation via a related damage variable equation[23].

Model verification via stress-strain curve comparisons showed good applicability. For rubber recycled concrete with ≤50% recycled coarse aggregate and 16.2MPa~32.6MPa strength, the average absolute error of predicted peak stress was <5%, and RMSE of the full curve was ≤0.03. This model accurately simulates mechanical responses, providing a reliable basis for hydraulic rubber concrete engineering design and performance evaluation[24].

[bookmark: _Hlk210511708]4.3 Freeze-thaw Cycle Test

Based on hydraulic rubber concrete freeze-thaw cycle tests, this study explored the damage evolution law of mixtures with different rubber dosages under freeze-thaw cycles. By monitoring key indicators like relative dynamic elastic modulus (RDEM), mass loss rate (MLR), and dynamic elastic modulus (DEM), their change rules with rubber dosage, modification, and freeze-thaw cycle number were clarified[25]. Statistical fitting of experimental data yielded calculation formulas for the freeze-resistance index and durability index of hydraulic rubber concrete, providing a quantitative engineering assessment tool.

To clarify rubber's influence mechanism on concrete frost resistance, CT, SEM, and hardened concrete pore structure analysis (e.g., MIP) were used[26]. CT visualized internal pore/crack changes, SEM observed rubber-cement matrix interface and hydration product microstructures, and pore analysis quantified parameters like pore size distribution. These collectively showed rubber mitigates freeze-thaw damage by absorbing frost heave stress and optimizing the pore system.

Based on the Aas-Jakobsen concrete fatigue formula, freeze-thaw damage parameters considering rubber dosage, modification, and cycle number were derived. A freeze-thaw damage model (for progressive damage) and frost durability life prediction model (for service life estimation) were established. Comparative analysis with peer test results showed good agreement, confirming the models' excellent applicability for cold-region hydraulic rubber concrete durability design[27].

4.3 Concrete Stress-strain Relationship

To study the compressive mechanical behavior of hydraulic rubber concrete under freeze-thaw cycles, a combined experimental and theoretical research was conducted. Uniaxial compression full stress-strain curve tests were performed on specimens with different rubber dosages (original and surface-modified rubber) after various freeze-thaw cycles (0-300 cycles, 50-cycle interval).

The research focused on three key goals: first, quantifying how rubber dosage (0%-15% fine aggregate volume replacement), modification method (e.g., silane coupling agent, latex coating) and freeze-thaw cycles affect concrete's stress-strain curve features (ascending/descending branches, inflection points); second, clarifying compressive damage evolution laws from rubber incorporation and freeze-thaw by analyzing specimen morphology, internal cracks and energy dissipation; third, revealing their synergistic damage mechanism involving rubber-cement interface transition zone (ITZ), pore water frost heaving pressure and rubber crack-bridging effect[28].

From experimental data, key parameter models were established: initial elastic modulus, peak stress and peak strain of freeze-thaw damaged specimens were fitted as binary functions of rubber dosage and freeze-thaw cycles[29]. Using statistical damage theory and a damage variable defined by residual/initial peak stress ratio, the compressive damage evolution equation was deduced, accurately describing damage accumulation from initiation to failure[30].

Finally, a macroscopic compressive constitutive model was built by modifying the Saenz model and integrating the damage evolution equation, considering rubber dosage, modification and freeze-thaw cycles. Validation showed calculated values matched experimental results well (peak stress average relative error <5%, peak strain <8%), providing a reliable theoretical basis for hydraulic rubber concrete application in cold regions[31].

According to Specification SL/T 352-2006, the test results of the relative dynamic elastic modulus (), mass loss rate () and transverse dynamic elastic modulus (abbreviated as dynamic elastic modulus; ) of each group of concrete were determined using Formula (1.1), Formula (1.2) and Formula (1.3) respectively, as shown in the table.

	
	

	(1.1)

	
	

	(1.2)

	
	

	(1.3)


Among them, f and G represent the natural vibration frequency (unit: Hz) and mass (unit: kg) of the specimen respectively, with the subscripts "0" and "n" indicating the number of freeze-thaw cycles; L, b and h denote the length, width and height of the specimen respectively (unit: mm); T is the correction coefficient related to the specimen size and Poisson's ratio. According to Specification SL/T 352-2006, T is taken as 1.38 for concrete specimens with an aspect ratio (length-to-height ratio) of 4 and a Poisson's ratio of approximately 1/6. Specification GB/T 50082-2009 stipulates that T is 1.40 for 100 mm × 100 mm × 100 mm concrete specimens during the freeze-thaw test. The test results show that when the stress value of concrete mixed with 100-mesh rubber powder (with a dosage not exceeding 5.0%) is not greater than 0.3 times the peak stress, its Poisson's ratio is slightly higher than that of the reference concrete (benchmark concrete), but all values are not greater than 0.20. This is consistent with the test results of concrete mixed with the same dosage of 60-mesh rubber powder in existing studies (Poisson's ratio: 0.15-0.20). In addition, during the later stage of the freeze-thaw test, slight spalling occurred on the surface of the specimens, but the change in the aspect ratio (length-to-height ratio) of the specimens was negligible, remaining approximately 4.

Table 1 Test results of hydraulic concrete freezing resistance and dynamic elastic

	Test piece number
	RHC
	RAC
	RC1
	RC2
	RC3
	RC4
	RC5
	KRC1
	KRC2
	KRC3
	KRC4
	KRC5

	P0(%)
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100
	100

	W0(%)
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00

	Edt0(GPa)
	34.4
	27.5
	29.3
	29.1
	26.8
	24.3
	22.1
	30.3
	30.1
	27.3
	25.9
	23.5

	P25 (%)
	99.0
	100
	99
	100
	99.3
	100
	100
	99.8
	100
	100
	99.9
	99.5

	W25 (%)
	-0.02
	-0.2
	-0.09
	-0.22
	-0.02
	-0.28
	-0.43
	0.00
	-0.29
	-0.14
	-0.34
	-0.18

	Edt25(GPa)
	34.1
	27.5
	29.3
	29.1
	26.6
	24.4
	22.2
	30.3
	30.1
	27.3
	25.9
	23.5

	P50 (%)
	97.3
	98.9
	98.7
	98.8
	99.2
	99.8
	99.5
	98.6
	99.5
	99.7
	99.8
	99.2

	W50 (%)
	0.53
	0.07
	0.14
	0.11
	0.01
	-0.13
	-0.05
	0.17
	-0.25
	-0.07
	-0.25
	0.00

	Edt50(GPa)
	33.3
	27.1
	28.8
	28.7
	26.6
	24.3
	22.0
	29.9
	30.0
	27.2
	25.9
	23.4

	P75 (%)
	95.3
	98.0
	96.1
	97.5
	99.1
	99.0
	99.0
	97.3
	98.3
	99.2
	99.8
	98.6

	W75 (%)
	1.3
	0.12
	0.78
	0.27
	0.65
	0.07
	0.29
	0.96
	-0.09
	0.00
	0.23
	0.11

	Edt75(GPa)
	32.4
	26.9
	27.9
	28.4
	26.4
	24.0
	21.8
	29.2
	29.6
	27.1
	25.7
	23.2

	P100 (%)
	90.6
	97.0
	94.8
	95.2
	98.2
	98.5
	98.2
	95.5
	96.8
	98.9
	98.7
	97.5

	W100 (%)
	2.10
	0.65
	1.18
	0.91
	0.88
	0.34
	0.86
	1.33
	0.28
	0.23
	0.47
	0.63

	Edt100(GPa)
	30.5
	26.5
	27.4
	27.5
	26.1
	23.8
	21.5
	28.6
	29.0
	26.9
	25.4
	22.8

	P125 (%)
	86.2
	96.4
	91.2
	93.5
	97.1
	96.9
	97.3
	92.8
	94.3
	98.0
	98.2
	95.9

	W125 (%)
	3.13
	1.23
	1.96
	1.32
	1.10
	0.79
	1.23
	1.96
	0.93
	0.65
	0.86
	1.21

	Edt125(GPa)
	28.7
	26.1
	26.2
	26.9
	25.8
	23.3
	21.2
	27.6
	28.1
	26.6
	25.2
	22.3

	P150 (%)
	75.1
	94.5
	84.7
	90.1
	94.8
	94.6
	93.7
	87.6
	90.9
	97.4
	97.5
	95.0

	W150 (%)
	3.67
	2.05
	3.15
	1.89
	1.26
	1.35
	1.57
	2.87
	1.44
	1.10
	1.25
	1.53

	Edt150(GPa)
	24.9
	25.4
	24.0
	25.7
	25.1
	22.7
	20.4
	25.8
	26.9
	26.3
	24.9
	21.6

	P175 (%)
	59.3
	89.2
	75.8
	84.6
	92.7
	91.6
	89.5
	79.7
	87.4
	95.4
	96.1
	93.2

	W175 (%)
	5.35
	2.89
	4.58
	3.08
	2.06
	1.67
	1.96
	3.95
	2.22
	1.40
	1.78
	2.27

	Edt175(GPa)
	19.3
	23.8
	21.2
	23.9
	24.4
	21.9
	19.4
	23.2
	25.7
	25.7
	24.4
	21.0

	P200 (%)
	
	79.6
	59.6
	78.1
	90.1
	88.3
	86.2
	68.2
	80.1
	93.3
	92.2
	89.3

	W200 (%)
	
	4.03
	6.53
	3.89
	2.33
	2.45
	3.05
	5.62
	3.53
	2.11
	1.93
	2.88

	Edt200(GPa)
	
	21.0
	16.3
	21.9
	23.6
	20.9
	18.5
	19.5
	23.2
	24.9
	23.4
	20.0

	P225 (%)
	
	68.8
	
	64.6
	85.4
	85.2
	78.7
	
	70.5
	91.2
	87.9
	83.6

	W225 (%)
	
	5.06
	
	5.21
	3.29
	3.53
	4.19
	
	4.56
	2.45
	2.92
	4.10

	Edt225(GPa)
	
	17.9
	
	17.8
	22.2
	20.0
	16.7
	
	20.2
	24.3
	22.1
	18.2

	P250 (%)
	
	
	
	
	79.5
	74.8
	68.3
	
	63.6
	87.1
	83.4
	71.6

	W250 (%)
	
	
	
	
	4.43
	5.06
	6.06
	
	6.17
	3.00
	3.65
	5.76

	Edt250(GPa)
	
	
	
	
	20.4
	17.2
	14.2
	
	18.0
	23.1
	20.8
	15.9

	P275 (%)
	
	
	
	
	61.6
	
	
	
	
	79.5
	74.2
	

	W275 (%)
	
	
	
	
	5.56
	
	
	
	
	3.51
	4.82
	

	Edt275(GPa)
	
	
	
	
	15.6
	
	
	
	
	20.9
	18.3
	

	P300 (%)
	
	
	
	
	
	
	
	
	
	67.9
	63.3
	

	W300 (%)
	
	
	
	
	
	
	
	
	
	4.26
	5.09
	

	Edt300(GPa)
	
	
	
	
	
	
	
	
	
	17.7
	15.5
	



[bookmark: _Hlk211115181]The test results of the dynamic elastic modulus of HRC are determined in accordance with the formula, based on the mass and natural vibration frequency of the test specimens measured under specific freeze-thaw cycle conditions from the frost resistance test. To clarify the variation law of the dynamic elastic modulus under the action of freeze-thaw cycles, this study analyzes  (where  = /). It should be emphasized that  differs from : the latter is determined entirely by the natural vibration frequency of the test specimens, while the former is jointly determined by both the natural vibration frequency and mass of the hydraulic concrete.

The variation trends of  with rubber content and rubber surface modification are relatively consistent with those of  and . When the mass loss rate of each group of test specimens reaches the limit value and the specimens are judged to be damaged, the  values of each group are close to the limit value of 60% for the relative dynamic elastic modulus.




[bookmark: _Hlk211115587]Fig. 1. Variation Curves of  with Cycle Number n under Different Conditions 
RC: Rubber Concrete
RHC: Reference Hydraulic Concrete
KRC: Modified Rubber Concrete
RAC: Air-Entrained Concrete
dtn: Dynamic Elastic Modulus Transverse

[bookmark: _Hlk211115257][bookmark: _Hlk211086283][bookmark: _Hlk211115223] characterizes the freeze-thaw damage level of hydraulic concrete by the macroscopic mass loss rate of the specimen, which mainly represents the degree of surface damage of the specimen and the spalling of the concrete matrix. , on the other hand, evaluates the damage level of the concrete based on the change of the specimen's natural vibration frequency, mainly reflecting the change of the internal structure of the specimen. The test results show that each specimen is judged to be damaged when the mass loss rate reaches the limit value, and the corresponding  value is still as high as about 70%. Obviously, using   as an evaluation index for the freeze-thaw damage and failure of HRC is not accurate, and  cannot accurately reflect the internal damage of the specimen. The freeze-thaw damage model established based on  often has difficulty accurately reflecting the mechanical properties of HRC under freeze-thaw damage.  is jointly determined by the natural vibration frequency and mass of the specimen during the freeze-thaw process, comprehensively reflecting the changes in the surface damage state of the concrete and the internal structural damage[32]. Therefore,  can characterize the freeze-thaw damage of hydraulic concrete more accurately than  and . Crumb rubber concrete balances cold-region water conservancy freeze-thaw needs and waste disposal, improving freeze-thaw resistance but reducing strength. Performance depends on rubber dosage, size and interface bonding. Future research should focus on rubber modification, mineral admixtures and particle gradation to resolve strength-freeze-thaw.
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