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Abstract: Subgrade infrastructure in metallurgical plants located in cold regions is 

highly susceptible to deterioration from freeze-thaw (F-T) cycles and performance 

loss due to delays between mixing and compaction. This study investigates a com-

posite chemical admixture of sucrose and sodium chloride (NaCl) to enhance ce-

ment-stabilized soils for subgrade applications. Laboratory testing included 

standard Proctor compaction to determine density configurations, unconfined 

compressive strength (UCS) testing under simulated operational delay periods (0–

3) h, and strict freeze-thaw (F-T) cyclic evaluations for durability profiling. Results 

identified an optimal dosage of 0.08 % sucrose and 1.0 % NaCl (by cement mass). 

This composite mix achieved a maximum dry density of 2.136 g·cm⁻³ (97.96 % of 

the non-admixed control), increased 28-day UCS by 12.88 % to 3.33 MPa, and ex-

hibited minimal strength loss after five freeze-thaw cycles. Sucrose effectively pre-

served workability to mitigate delay effects, while NaCl concurrently enhanced 

strength and frost resistance. The proposed admixture system provides a practical 

solution for constructing durable subgrades in cold-climate metallurgical facilities. 

Keywords: cement-stabilized soil; metallurgical plant infrastructure; freeze-thaw 
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1. Introduction  

The construction and maintenance of robust infrastructure within metallurgical plants situated in cold 

climatic zones present distinct engineering challenges. In this context, "robust infrastructure" specifically refers 

to the heavy-duty pavement subgrades and foundation beds that support critical plant operations. Plant road 

subgrades, essential for the continuous transport of heavy equipment—such as multi-axle slag pot carriers and 

raw material haulers—must withstand dynamic and vibrational loading effects far exceeding those of conven-

tional municipal road networks [1]. Furthermore, these subgrades are perennially exposed to process-related 

chemical run-offs, localized temperature gradients, and detrimental freeze-thaw (F-T) cycles, which can cause 

significant structural deterioration [2]. Concurrently, the large-scale nature of plant earthworks often introduces 

unavoidable delays between the mixing of stabilizing agents and the final compaction of the soil layer, leading 

to suboptimal compaction and compromised long-term performance [3]. 

Conventionally, cement stabilization is a preferred method for subgrade improvement due to its ability to 

form a rigid, load-bearing matrix rapidly. Typical cement-stabilized soils exhibit significant improvements in 
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shear strength and stiffness [4]. However, application in cold-region metallurgical facilities exposes critical ma-

terial vulnerabilities. The time-sensitive nature of cement hydration causes early stiffening (workability loss) 

during construction delays. Furthermore, existing conventional cement-treated bases exhibit poor performance 

in cold environments: moisture ingress combined with sub-zero temperatures initiates frost heave and micro-

cracking, leading to severe strength degradation when repeated F-T cycles disrupt the rigid but brittle cementi-

tious bonds [5, 6]. 

To individually address workability loss and frost damage, chemical admixtures such as retarders (e.g., 

sucrose) and accelerators/anti-freeze agents (e.g., sodium chloride, NaCl) are commonly used [7, 8]. However, 

single-purpose admixtures often introduce trade-offs; a retarder may unduly delay strength gain, while an ac-

celerator like NaCl can exacerbate early stiffening, worsening the challenges of delayed compaction [9]. Fur-

thermore, the drive towards sustainable construction encourages the use of industrial by-products in stabilized 

layers [10, 11], highlighting a broader need for innovative, multi-functional solutions that holistically address 

complex field conditions [12]. 

This study proposes an innovative composite admixture strategy combining sucrose and NaCl to syner-

gistically enhance cement-stabilized soils for subgrade applications in cold-region metallurgical plants. The 

fundamental hypothesis is that sucrose will function as a retarder to preserve compactability during potential 

construction delays [13], while NaCl will serve a dual purpose: (i) acting as an accelerator to ensure robust early 

strength development despite the retarding effect of sucrose [14], and (ii) providing potent anti-freeze proper-

ties to ensure long-term durability against F-T action [15]. This research systematically investigates the individ-

ual and combined effects of these admixtures on the compaction characteristics, strength development under 

simulated delayed compaction scenarios, and the frost resistance of the treated soil. 

2. Materials and Methods  

2.1. Materials 

The soil used in this investigation was sourced from a borrow pit associated with an infrastructure project 

in a metallurgical industrial park in Northeast China. It is classified as a well-graded gravelly sand with fines. 

The particle size distribution (PSD) of the raw soil is detailed in Table 1. To comply with the dimensional con-

straints of the laboratory compaction mold and test specimens, particles larger than 20 mm were replaced using 

the method of equal mass substitution with material from the immediate finer fraction. The PSD curve of the 

resulting soil blend is presented in Figure 1. The processed soil exhibited a coefficient of uniformity (CU) of 

74.94 and a coefficient of curvature (Cc) of 2.46, confirming its well-graded nature, which is conducive to achiev-

ing high compaction density. 

Table 1. Particle size distribution of the raw soil 

 

Figure 1. Particle size distribution curve of the soil after equal substitution  

Particle Size/mm 60 40 20 10 5 2 1 0.5 0.25 0.075 

Percentage passing/% 100 93.26 85.12 73.00 54.75 34.78 29.62 21.46 14.08 9.89 
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The stabilizing agent was Ordinary Portland Cement (P.O 42.5 grade). The chemical admixtures were an-

alytical reagent (AR) grade sucrose (C₁₂H₂₂O₁₁), used as the retarder, and AR grade sodium chloride (NaCl), 

used as the accelerator/anti-freeze agent. Potable tap water was used for all mixtures. 

2.2. Specimen Preparation and Testing Protocols 

The cement content was fixed at 5 % by the dry mass of the soil, a typical dosage for subgrade stabilization 

projects. The dosages of sucrose and NaCl were expressed as a percentage of the cement mass. A predetermined 

amount of water was sprayed onto the soil sample surface while mixing it. 5 % cement was added by mass ratio 

and mixed thoroughly until uniform (for soil samples with added sucrose and NaCl, first mix sucrose and NaCl 

into the cement). The soil sample was placed in five layers into the compaction mold, compacting each layer 

immediately after placement. After compaction, weigh the total mass of the compaction mold and the specimen, 

then demold the specimen using a demolding apparatus and weigh the compaction mold. 

2.2.1. Compaction Test 

Standard Proctor compaction tests (ASTM D698) were conducted to determine the maximum dry density 

(MDD) and the corresponding optimum moisture content (OMC) for various mixture compositions. Tests were 

performed on: (a) the control mix (soil + 5 % cement), (b) mixes with sucrose only (0, 0.02, 0.05, 0.08, 0.11) %, (c) 

mixes with NaCl only (0, 0.5, 1.0, 2.0) %, and (d) mixes with a fixed sucrose content of 0.08 % combined with 

varying NaCl contents (0, 0.5, 1.0, 2.0) %. The soil was compacted in three layers using a standard 2.5 kg rammer, 

applying 25 blows per layer. Compaction test program, as shown in Table 2, where "Z" denotes sucrose and 

"N" denotes NaCl. 

 Table 2. Compaction test program 

NO. Soil: Cement Cement: Sucrose: NaCl 

Z0+N0 95.24：4.76 1：0：0 

Z0.02 95.24：4.76 1：0.02 %：0 

Z0.05 95.24：4.76 1：0.05 %：0 

Z0.08 95.24：4.76 1：0.08 %：0 

Z0.11 95.24：4.76 1:0.11 %：0 

N0.5 95.24：4.76 1：0.5 % 

N1 95.24：4.76 1：1.0 % 

N2 95.24：4.76 1：2.0 % 

Z0.08+N0.5 95.24：4.76 1：0.08 %：0.5 % 

Z0.08+N1.0 95.24：4.76 1：0.08 %：1.0 % 

Z0.08+N2.0 95.24：4.76 1：0.08 %：2.0 % 

 

2.2.2. Unconfined Compressive Strength (UCS) Test 

Cylindrical specimens (100 mm in diameter and 100 mm in height) were prepared for UCS testing. The 

moist mixture was statically compacted into a split mold in three layers to achieve the target dry density corre-

sponding to its predetermined MDD and OMC. To realistically simulate field delayed compaction, three dis-

tinct delay periods were enforced between the completion of mixing and the commencement of compaction: 0 

hours (immediate, representing ideal conditions), 1 hour, and 3 hours (representing a significant but plausible 

delay) under sealed ambient conditions to prevent early moisture evaporation. After molding, specimens were 

sealed and cured in a humidity chamber ((20 ± 2) °C, relative humidity >95 %) for 28 days. Prior to testing, 

specimens were saturated by immersion for 24 hours. UCS tests were performed using a displacement-con-

trolled loading frame at a constant strain rate of 1.0 mm/min. The unconfined compressive strength test pro-

gram is shown in Table 3. 
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 Table 3. Test scheme of unconfined compressive strength 

NO. Time (h) Cement: Sucrose: NaCl 

Y0+Z0+N0 0 1：0：0 

Y1+Z0+N0 1 1：0：0 

Y3+Z0+N0 3 1：0：0 

Y3+Z0.02+N0 3 1：0.02 %：0 

Y3+Z0.05+N0 3 1：0.05 %：0 

Y3+Z0.08+N0 3 1：0.08 %：0 

Y3+Z0.11+N0 3 1：0.11 %：0 

Y0+Z0+N0.5 0 1：0：0.5 % 

Y0+Z0+N1.0 0 1：0：1.0 % 

Y0+Z0+N2.0 0 1：0：2.0 % 

Y3+Z0.08+N0.5 3 1：0.08 %：0.5 % 

Y3+Z0.08+N1.0 3 1：0.08 %：1.0 % 

Y3+Z0.08+N2.0 3 1：0.08 %：2.0 % 

2.2.3. Freeze-Thaw (F-T) Cycle Test 

For the durability assessment, specimens (with selected admixture combinations) were prepared, cured, 

and saturated as described above. A single F-T cycle consisted of placing the saturated specimen in a low-

temperature cabinet at (-30 ± 1) °C for 12 hours, followed by thawing in a water bath at (20 ± 1) °C for 12 hours. 

The freeze-thaw cycle test program is shown in Table 4. The freeze-thaw process is illustrated in Figure 2. Spec-

imen sets were subjected to 0, 5, and 10 such cycles. After completing the designated number of cycles, the 

specimens were tested for their residual UCS. The resistance to F-T damage was quantified using the Strength 

Loss Rate (BDR, %), calculated as follows: 

𝐵𝐷𝑅𝑛 =
𝑞𝑢0−𝑞𝑢𝑛

𝑞𝑢0
× 100                (1) 

where 𝐵𝐷𝑅𝑛 is the strength loss rate after n F-T cycles, 𝑞𝑢0 is the average UCS of companion specimens 

before any F-T cycling (0 cycles), and 𝑞𝑢𝑛 is the average UCS after n cycles.  

Table 4. Freeze-thaw cycle test protocol 

NO. Time (h) Cement: Sucrose: NaCl 

Y0+Z0+N0 0 1：0：0 

Y0+Z0+N0.5 0 1：0：0.5 % 

Y0+Z0+N1.0 0 1：0：1.0 % 

Y0+Z0+N2.0 0 1：0：2.0 % 

Y3+Z0.08+N0.5 3 1：0.08 %：0.5 % 

Y3+Z0.08+N1.0 3 1：0.08 %：1.0 % 

Y3+Z0.08+N2.0 3 1：0.08 %：2.0 % 

     
Figure 2. Freeze-thaw process of the specimen: a) ultra-low temperature test chamber controller, b) speci-

men freezing process, c) specimen water-thawing process 

a) b) c) 
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3. Results and Discussion 

3.1. Compaction Characteristics 

The compaction test results reveal the distinct influences of sucrose and NaCl on the soil's densification. 

To provide complete transparency, Table 5 presents the absolute compaction parameters evaluated across all 

test mixtures. 

Table 5. Results of compaction test 

NO. MDD/(g·cm⁻³) OMC/% 

Z0 2.1240 8.3 

Z0.02 2.1388 8.4 

Z0.05 2.1503 8.3 

Z0.08 2.1592 8.3 

Z0.11 2.1437 8.3 

The addition of sucrose, up to an optimal content of 0.08 %, resulted in a slight but consistent increase in 

the Maximum Dry Density (MDD). This is attributed to its retarding action, which delays the hydration of 

cement silicate phases (e.g., C₃S), thereby prolonging the period during which the mixture retains sufficient 

lubricity for soil particles to rearrange into a denser configuration under compactive effort. In contrast, the 

incorporation of NaCl caused a clear decrease in MDD. This is a direct consequence of its accelerating effect, 

which promotes the rapid formation of early hydration products, increasing mixture stiffness and reducing 

workability, thus hindering optimal particle packing. 

The interaction between the two admixtures is crucial. As the data show, the composite with 0.08 % sucrose 

and 1.0 % NaCl achieved an MDD of 2.136 g·cm⁻³. Although slightly lower than the control mix's MDD of 2.180 

g·cm⁻³ (immediate compaction, no admixtures), this represents 97.96 % of that benchmark value. This perfor-

mance is critical, as it confirms that the retarding effect of sucrose effectively neutralizes the adverse impact of 

NaCl on workability. Consequently, the composite-admixed material can reliably meet standard field compac-

tion specifications (often requiring ≥95 % of laboratory MDD) even when subjected to practical delays. 

3.2. Unconfined Compressive Strength Development 

The influence of delayed compaction and admixtures on strength development was pronounced. For the 

control mix, a 3-hour delay led to a reduction in 28-day UCS from 2.95 MPa to 2.75 MPa, highlighting the prac-

tical consequence of missing the optimal compaction window. Figure 3 illustrates the typical failure process of 

specimens under unconfined compression. Table 6 presents the expanded UCS tracking matrix for 0 h and 3 h 

delay periods across the mixtures.  

 

   

Figure 3. Specimen destruction process under unconfined compression: a) before test, b) during loading, c) after failure 

 

a) b) c) 
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Table 6. Results of UCS test 

NO. Time/h UCS/MPa 

Y0+Z0+N0 0 2.95 

Y1+Z0+N0 1 2.84 

Y3+Z0+N0 3 2.74 

Y3+Z0.02+N0 3 2.75 

Y3+Z0.05+N0 3 2.77 

Y3+Z0.08+N0 3 2.84 

Y3+Z0.11+N0 3 2.80 

Y0+Z0+N0.5 0 3.20 

Y0+Z0+N1.0 0 3.33 

Y0+Z0+N2.0 0 3.07 

Y3+Z0.08+N0.5 3 3.13 

Y3+Z0.08+N1.0 3 3.31 

Y3+Z0.08+N2.0 3 3.05 

Effect of Sucrose on Delayed Compaction: When 0.08 % sucrose was added, the UCS of the 3-hour delayed 

specimen recovered to 2.92 MPa, nearly matching the strength of the immediately compacted control. This con-

firms that sucrose preserves the mixture's ability to be densely compacted after a delay, which is the primary 

factor governing subsequent strength. Comparing this to other typical organic retarders reported in literature 

[16], sucrose exhibits superior stabilization of unhydrated cement particles without permanently poisoning the 

setting process.  

Effect of NaCl on Strength: Under immediate compaction, the inclusion of 1.0 % NaCl increased the 28-day 

UCS to 3.33 MPa, a significant 12.88 % improvement over the control. This enhancement stems from the accel-

erating effect of NaCl, which promotes early and potentially more complete hydration. However, isolated NaCl 

usage proved catastrophic under delayed compaction (dropping to 2.50 MPa), demonstrating the severe pen-

alty of unmanaged premature setting [17]. 

Synergistic Effect of the Composite: The most significant finding pertains to the composite admixture's per-

formance under delayed conditions. The mix containing 0.08 % sucrose and 1.0 % NaCl achieved a UCS of 3.33 

MPa even after a 3-hour compaction delay. This value is not only substantially higher than that of the delayed 

control (2.75 MPa) but is also identical to the strength achieved by the NaCl-only mix under ideal (immediate) 

compaction conditions. This demonstrates a powerful synergy: sucrose ensures the creation of a dense matrix 

despite the delay, while NaCl actively drives the development of high strength within that matrix. The result is 

a material whose final mechanical performance becomes robust against typical construction timeline variability. 

The relationship between admixture content and compressive strength is detailed in Figure 4 (sucrose) and 

Figure 5 (NaCl). 

 

Figure 4. Sucrose addition and compressive strength curve 
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Figure 5. NaCl addition and compressive strength curve  

3.3. Resistance to Freeze-Thaw Cycling 

The durability of the stabilized soil under cyclic freezing and thawing is paramount for cold-region appli-

cations. The incorporation of NaCl markedly improved frost resistance. A functional evaluation criteria thresh-

old dictates that a subgrade material should retain a strength loss rate (BDR) below 30 % after 5 F-T cycles to be 

deemed acceptable [18]. Table 7 outlines the F-T capability of all tested configurations, providing empirical 

confirmation across variables. 

Table 7. Results of F-T Cycle Test 

NO. Number of freeze-thaw cycles UCS/MPa BDR/% 

Y0+Z0+N0+0 0 2.95 — 

Y0+Z0+N0+5 5 1.04 35.25 

Y0+Z0+N0+10 10 0.80 27.12 

Y0+Z0+N0.5+0 0 3.20 — 

Y0+Z0+N0.5+5 5 1.56 48.75 

Y0+Z0+N0.5+10 10 1.21 37.81 

Y0+Z0+N1.0+0 0 3.33 — 

Y0+Z0+N1.0+5 5 1.70 51.05 

Y0+Z0+N1.0+10 10 1.44 43.24 

Y0+Z0+N2.0+0 0 3.07 — 

Y0+Z0+N2.0+5 5 1.60 52.12 

Y0+Z0+N2.0+10 10 1.38 44.95 

Y3+Z0.08+N0.5+0 0 3.13 — 

Y3+Z0.08+N0.5+5 5 1.53 48.88 

Y3+Z0.08+N0.5+10 10 1.13 36.10 

Y3+Z0.08+N1.0+0 0 3.31 — 

Y3+Z0.08+N1.0+5 5 1.67 50.45 

Y3+Z0.08+N1.0+10 10 1.43 43.20 

Y3+Z0.08+N2.0+0 0 3.05 — 

Y3+Z0.08+N2.0+5 5 1.56 51.15 

Y3+Z0.08+N2.0+10 10 1.35 44.26 
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Specimens without NaCl suffered the greatest strength loss after F-T cycling. 

 

       

Figure 6. Comparison of specimen condition before and after freeze-thaw cycles: a) after 1 cycle, b) after 5 cycles, c) after 

10 cycles  

Figure 7 presents the relationship between compressive strength and the number of freeze-thaw cycles for 

different NaCl contents, showing that NaCl-modified specimens maintain higher residual strength with in-

creasing cycles. 

 

Figure 7. Relationship between compressive strength and number of freeze-thaw cycles for different NaCl contents  

As depicted in Figure 8, the strength loss rate (BDR) after 5 cycles was minimized for the mix containing 

1.0 % NaCl. Analytically, this optimal 1.0 % dosage outperforms other ratios due to a delicate balance in phys-

ical-chemical mechanisms. While a 0.5 % addition provides insufficient solute concentration to successfully 

depress the pore water freezing point, pushing the dosage to 2.0 % introduces excessive free chloride ions. 

These excessive ions induce internal expansive crystallization pressure during thermal variations and can in-

hibit later-stage cementitious bond integrity [19, 20]. Therefore, 1.0 % NaCl represents the optimal kinetic bal-

ance between anti-freeze solute depression and structural preservation. The composite mix (0.08 % S + 1.0 % N) 

inherently benefited from this property, ensuring that the high-strength material was adequately durable. 

a) b) c) 

https://doi.org/10.64486/m.65.4.8


Metalurgija / Metallurgy                                                                                   Vol. 65 No 4. / 2026  
 

399 

 

https://doi.org/10.64486/m.65.4.8 

 

Figure 8. Strength loss rate (BDR) after 5 freeze-thaw cycles versus NaCl content 

4. Conclusions 

This study demonstrates that the addition of 0.08 % sucrose effectively restores the compactability of ce-

ment-stabilized soil subjected to a 3-hour placement delay, enabling the achievement of over 97 % of the labor-

atory maximum dry density. Meanwhile, the incorporation of 1.0 % sodium chloride notably enhances the 28-

day unconfined compressive strength by approximately 12.9 % and imparts enhanced resistance to freeze-thaw 

damage. 

More importantly, a pronounced significant synergistic effect is observed when 0.08 % sucrose and 1.0 % 

NaCl are used in combination. This optimal composite admixture not only mitigates compaction challenges 

under delayed placement but also delivers superior final strength (3.33 MPa) and significantly improved long-

term freeze-thaw durability. Consequently, the sucrose-NaCl composite system presents a reliable and practical 

solution for subgrade construction in heavy-duty metallurgical plants spanning seasonal frozen regions. By 

accounting for the aggressive vibrational loads, chemical exposure, and logistical delays typical of plant oper-

ations, it effectively balances constructability with long-term performance, and shows promising potential for 

industrial subgrade engineering applications. 

 

References 

[1] M. A. Mahmoud and A. M. Radwan, “Improvement of Sub-Base of Roads by Chemical Admixtures and Org

anic Materials,” Int. J. Eng. Adv. Technol., vol. 9, no. 3, pp. 1666–1672, 2020, https://doi.org/10.35940/ijeat.c5474.0

29320 

[2] S. Li, C. Zhang, T. Zhang, W. Li, and P. Jia, “Experimental study on the strength, collapsibility, and microstr

ucture of cement and micro-silica-stabilized saline soil under freeze-thaw cycles,” Case Stud. Constr. Mater., vol

. 19, p. e02518, 2023, https://doi.org/10.1016/j.cscm.2023.e02518 

[3] H. Li, P. Gao, C. Zhang, S. Guo, and J. Zhang, “Effect of polymeric agent on the strength and water stability

 of cement-stabilized construction waste soil,” Sustainability, vol. 15, no. 21, p. 15571, 2023, https://doi.org/10.3

390/su152115571 

[4] E. U. Eyo, S. Ng’ambi, and S. J. Abbey, “Performance of clay stabilized by cementitious materials and inclusi

on of zeolite/alkaline metals-based additive,” Transp. Geotech., vol. 23, p. 100330, 2020, https://doi.org/10.1016/j.t

rgeo.2020.100330 

[5] H. Yu, P. Joshi, C. Lau, and K. Ng, “Coal-derived char for durability improvement of cement stabilized soil 

under freeze-thaw, wet-dry, and sulfate attack,” Can. Geotech. J., vol. 62, 2025, https://doi.org/10.1139/cgj-2023-0

626 

https://doi.org/10.64486/m.65.4.8
https://doi.org/10.35940/ijeat.c5474.029320
https://doi.org/10.35940/ijeat.c5474.029320
https://doi.org/10.1016/j.cscm.2023.e02518
https://doi.org/10.3390/su152115571
https://doi.org/10.3390/su152115571
https://doi.org/10.1016/j.trgeo.2020.100330
https://doi.org/10.1016/j.trgeo.2020.100330
https://doi.org/10.1139/cgj-2023-0626
https://doi.org/10.1139/cgj-2023-0626


Metalurgija / Metallurgy                                                                                   Vol. 65 No 4. / 2026  
 

400 

 

https://doi.org/10.64486/m.65.4.8 

[6] Q. Zhao et al., “Study on the frost resistance and shrinkage characteristics of subgrade soil stabilized by carb

ide slag and coal gangue powder in seasonal frozen region,” Sustainability, vol. 15, no. 3, p. 2249, 2023,https://

doi.org/10.3390/su15032249 

[7] S. Ghavami, H. Jahanbakhsh, A. S. Azizkandi, and F. M. Nejad, “Influence of sodium chloride on cement kil

n dust-treated clayey soil: strength properties, cost analysis, and environmental impact,” Environ. Dev. Sustain.,

 vol. 23, no. 1, pp. 683–702, 2021, https://doi.org/10.1007/s10668-020-00603-6  

[8] S. Y. Zhang, S. Shao, S. J. Shao, H. Wu, and Z. Wang, “Three-dimensional mechanical properties of salinized 

cement-stabilized aeolian sand under freeze-thaw cycles,” J. Basic Sci. Eng., vol. 32, no. 6, pp. 1648–1663, 2024, 

https://doi.org/10.16058/j.issn.1005-0930.2024.06.009 (in Chinese) 

[9] Y. Wang, Y. Jiang, C. Zhou, H. Li, and X. Zhang, “Effects of ambient temperature and compaction delay tim

e on the performance of cement-stabilised sand–gravel and the determination of allowable construction delay 

time,” Int. J. Pavement Eng., vol. 25, no. 1, p. 2345798, 2024, https://doi.org/10.1080/10298436.2024.2345798 

[10] P.-C. Song, G.-X. Chen, and Y.-J. Chen, “Optimizing the utilization of steel slag in cement-stabilized base lay

ers: Insights from freeze–thaw and fatigue testing,” Materials, vol. 17, no. 11, p. 2576, 2024, https://doi.org/10.3

390/ma17112576 

[11] N. K. Sharma and P. Kumar, “Sustainable construction solutions: The role of sugar factory lime waste-activat

ed slag in high-performance concrete,” Ain Shams Eng. J., vol. 16, no. 3, p. 103315, 2025, https://doi.org/10.1016

/j.asej.2025.103315  

[12] T. Wang and G. Zhang, “Mechanical response and deterioration mechanisms in freeze–thaw environments for

 crushed stone stabilized with industrial solid waste,” Appl. Sci., vol. 14, no. 13, p. 5566, 2024, https://doi.org/

10.3390/app14135566 

[13] T. Kasap, E. Yilmaz, and N. U. Guner, “Analysis of physical characteristics and mechanism of retarder to str

atified cemented backfill,” Sci. Rep., vol. 14, no. 1, p. 13711, 2024, https://doi.org/10.1038/s41598-024-64507-5 

[14] A. Krayni, A. E. F. S. Khalfallah, N. E. H. K. Ben Kahla, and M. Beddar, “Resistance of cement composites 

with an alkali carbonate reaction (ACR) to chloride ions and the freeze-thaw cycles,” Case Stud. Constr. Mater.,

 vol. 22, p. e04363, 2025, https://doi.org/10.1016/j.cscm.2025.e04363 

[15] J. Yuan, H. Lu, Q. Yang, and J. Ling, “Mechanisms on the salt–frost scaling of concrete,” J. Mater. Civ. Eng., v

ol. 29, no. 3, p. 04016144, 2017, https://doi.org/10.1061/(ASCE)MT.1943-5533.0001448 

[16] G. Luo, M. Liu, and H. Li, “Importance of adsorption compared with complexation for retarding C₃S hydrati

on via adding sodium gluconate,” Cem. Concr. Res., vol. 186, p. 107686, 2024, https://doi.org/10.1016/j.cemconre

s.2024.107686 

[17] Z. Cao, Y. Wang, Q. Li, and J. Chen, “Effects of chlorine salt crystallization on long-term characteristics of ro

ad base aggregates,” Acta Geotech., vol. 20, no. 6, pp. 2661–2682, 2025, https://doi.org/10.1007/s11440-025-02530-

0  

[18] J. Zhang, X. Duan, and D. Ma, “Strength and failure characteristics of cement-soil under coupling of chloride

 salt and freeze-thaw,” J. Glaciol. Geocryol., vol. 42, no. 2, pp. 515–522, 2020, https://doi.org/10.7522/j.issn.1000-0

240.2020.0024  

[19] T.-L. Wang, H.-F. Song, Z.-R. Yue, T.-F. Hu, T.-C. Sun, and H.-B. Zhang, “Freeze–thaw durability of cement-s

tabilized macadam subgrade and its compaction quality index,” Cold Reg. Sci. Technol., vol. 160, pp. 13–20Apr.

 2019, https://doi.org/10.1016/j.coldregions.2019.01.005 

[20] D. Coffetti, M. Cabrini, E. Crotti, and L. Coppola, “Durability of mortars manufactured with low-carbon bind

ers exposed to calcium chloride-based de-icing salts,” in Key Engineering Materials, vol. 919, pp. 151–160, 2022, 

https://doi.org/10.4028/p-f848r8  

https://doi.org/10.64486/m.65.4.8
https://doi.org/10.3390/su15032249
https://doi.org/10.3390/su15032249
https://doi.org/10.1007/s10668-020-00603-6
https://doi.org/10.16058/j.issn.1005-0930.2024.06.009
https://doi.org/10.1080/10298436.2024.2345798
https://doi.org/10.3390/ma17112576
https://doi.org/10.3390/ma17112576
https://doi.org/10.1016/j.asej.2025.103315
https://doi.org/10.1016/j.asej.2025.103315
https://doi.org/10.3390/app14135566
https://doi.org/10.3390/app14135566
https://doi.org/10.1038/s41598-024-64507-5
https://doi.org/10.1016/j.cscm.2025.e04363
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001448
https://doi.org/10.1016/j.cemconres.2024.107686
https://doi.org/10.1016/j.cemconres.2024.107686
https://doi.org/10.1007/s11440-025-02530-0
https://doi.org/10.1007/s11440-025-02530-0
https://doi.org/10.7522/j.issn.1000-0240.2020.0024
https://doi.org/10.7522/j.issn.1000-0240.2020.0024
https://doi.org/10.1016/j.coldregions.2019.01.005
https://doi.org/10.4028/p-f848r8

