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Abstract:  

The elevated porosity of recycled coarse aggregate renders recycled aggregate concrete (RAC) 

more susceptible to freeze-thaw (FT) damage and chemical degradation, significantly hindering 

the industrial use of RAC in civil engineering. This research reports an experimental 

investigation into the synergistic effects of freeze-thaw damage and sulphate assault on the 

mechanical properties of high-performance recycled aggregate concrete. The impact of 

combined damage on the mass, solution-filled pore volume, dynamic elastic modulus, 

compressive strength, splitting tensile strength, and fracture energy of recycled aggregate 

concrete (RAC) was examined. The results indicated that water-exposed freeze-thaw cycles lead 

to greater deterioration in mass loss, elastic modulus, and compressive strength, whereas 

sulphate-exposed freeze-thaw cycles exhibit more pronounced degradation in splitting tensile 

strength and fracture energy. Furthermore, the decline in splitting tensile strength is more 

pronounced than that in compressive strength. The peak losses in compressive and splitting 

tensile strength were 28.7% and 35%, respectively. The fracture energy exhibited an upward 

trend until 60 FT cycles, subsequently declining to 180 FT cycles. The fracture energy 

demonstrates a maximum increase of around 45% and 39% for samples exposed to water and 

sulphate, respectively, after undergoing 60 freeze-thaw cycles. The examination of failure modes 

in coarse aggregate has demonstrated that FT damage leads to a substantial decline in the 

adhesive strength of mortar. Following 180 FT cycles, the area percentage of pulled-out failure 

rose from 7.3% to over 17.3%. 

Keywords: Recycled aggregate concrete; freeze-thaw resistance; sulphate degradation; strength; 

fracture energy 

1. Introduction  

Concrete, as the most prevalent construction material, significantly contributes to the depletion 

of natural resources and global greenhouse gas emissions [1,2]. Recycled coarse aggregate 

(RCA) is a promising sustainable construction material for effective waste management. Despite 

rapid advancements in research concerning the recycling of construction and demolition debris, 

many countries find the outcomes unsatisfactory due to the poorer properties of recycled 

aggregate concrete compared to conventional concrete. Numerous research have been conducted 

in recent years to enhance the mechanical qualities of Recycled Aggregate Concrete (RAC) by 

the use of chemical admixtures, active mineral additions, and fibres [6–8]. Bui et al. [9] 

investigated the characteristics of RAC utilising a novel combination approach, wherein only 

large-sized recycled aggregate particles were substituted with conventional aggregate in coarse 

aggregates. The research established that the substantial coarse aggregate is essential for the 

performance of recycled aggregate concrete (RAC). Employing the novel combination process, 

the proportion of recycled coarse aggregate in the concrete may reach 50%, with just a minor 

alteration in compressive strength observed. the standard concrete. Bravo et al. [10] examined 

the efficacy of the superplasticizer on the mechanical properties of recycled aggregate concrete 

(RAC) and validated the effectiveness of polycarboxylic superplasticizer in improving the 

mechanical properties of RAC to an acceptable standard. 
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Enhancing the characteristics of mortar and interfacial transition zones (ITZs) could substantially 

augment the mechanical qualities of recycled aggregate concrete (RAC). Nonetheless, the 

substandard characteristics of RCA, including elevated porosity, significant water absorption, 

reduced density, and diminished strength, persist. Pepe et al. [11] determined that the mechanical 

performance of recycled aggregate concrete (RAC) could be forecasted just by evaluating the 

water absorption capacity to assess the "quality" of recycled coarse aggregate. Dilbas et al. [12] 

examined the permeability of RAC and noted a substantial decrease in its permeability upon the 

incorporation of 10% silica fume into the concrete mixture. Conversely, fluid infiltration is a 

principal element affecting freeze-thaw damage in concrete and remains a significant durability 

issue for this material [13]. When the water saturation level surpasses 86–88%, freeze–thaw 

damage becomes unavoidable, regardless of air entrainment, even after only a few freeze–thaw 

cycles [14]. 

 
Figure: 1 Factor influencing high performance RAC 

The elevated porosity of recycled coarse aggregate leads to increased water absorption and 

diminished resistance to chemical assaults relative to conventional concrete. Kou and Poon [15] 

investigated the influence of parent concrete quality on the characteristics of recycled aggregate 

concrete (RAC) and observed an elevation in chloride-ion penetration when recycled coarse 

aggregate was utilised, in contrast to conventional concrete. The sulphate resistance of concrete 

incorporating recycled coarse aggregate and natural aggregate was also validated through 

evaluation [16]. Significant study has been undertaken regarding the durability of RAC in 

relation to freeze-thaw cycles and sulphate assault [17–19]. Relatively few research have been 

conducted on the synergistic effects of chemical assaults (chloride corrosion, sulphate attack) 

and freeze-thaw damage [20–23]. Farnam et al. [24] investigated the damage progression in 

concrete subjected to deicing salt and found that ice formation was the primary cause of damage 

in mortar exposed to low concentrations of MgCl2 solutions (<10% by weight), whereas 

deterioration at higher concentrations (≥10% by weight) was likely attributable to chemical 

attacks.  

China possesses the third largest area of saline-alkali land globally. Saline-alkali lands are 

predominantly situated in the northwestern regions of China, including Xinjiang, Ningxia, and 

Inner Mongolia, as well as northeastern China. Many of these places are distinguished by 

elevated altitude/latitude and low winter temperatures. Thus, the cumulative damage is more 

pertinent to operational situations than the traditional FT cycles and sulphate immersion 

assessments. The sulphate attack on concrete is influenced by numerous factors. 

Thaumasite is more prone to develop at low temperatures of approximately 5 ◦C, resulting in a 

diminished binding capacity of cement. Extensive experimental study has been conducted on the 
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mechanical characteristics and durability of RAC under freeze-thaw cycles and sulphate assaults. 

Furthermore, efforts have been undertaken to investigate the synergistic effects of chemical 

assaults and FT damage on conventional concrete. Nonetheless, there is a paucity of published 

research concerning the impact of sulphate attack and freeze-thaw degradation on the tensile and 

fracture parameters of recycled aggregate concrete (RAC). This study aims to examine the 

impact of combined freeze-thaw damage and sulphate assault on the mechanical properties of 

high-performance recycled aggregate concrete (RAC). The study examined the impact of 

combined damage on mass, solution-filled pore volume, dynamic elastic modulus (Edym), 

compressive strength, splitting tensile strength, and fracture energy of recycled aggregate 

concrete (RAC). The mid-span fracture surface of prisms was examined to gain insight into the 

failure mode of the aggregate concerning freeze-thaw degradation. Additionally, XRD 

investigations were conducted on RAC subjected to simultaneous FT damage and sulphate 

assault. This study yields significant results and analyses about the prospective application of 

high-performance RAC in cold climates.  

2. Materials and Methods  
2.1 Specimens of materials  

The parameters of the RAC combination are presented in Table 1. Recycled Concrete 

Aggregate (RCA) was generated from crushed and sieved leftover pavement concrete 

obtained during pavement rehabilitation. The dimensions of recycled coarse aggregate and 

natural coarse aggregate (NCA) ranged from 4.75 mm to 19 mm, whereas the water absorption 

ratio of recycled coarse aggregate (RCA) was 8.5%. Fly ash (FA), constituting 20% of the 

weight of the gelatinising agent, was utilised as a substitute for cement and as an active 

mineral ingredient in this context. Figure 1 illustrates the gradation curves of fly ash, fine 

aggregate, natural coarse aggregate (NCA), and recycled coarse aggregate (RCA). 

Furthermore, a polycarboxylic superplasticizer (SP) was employed to enhance the workability 

of recycled aggregate concrete (RAC). The characteristics of the polycarboxylic 

superplasticizer are presented in Table 2. Both FA and SP were employed to enhance the 

mechanical qualities of RAC. 

Prior to casting, the RCA was submerged in water for three days to achieve saturation. 

Following casting, all specimens were immersed in water at 20 ◦C for a duration of three 

months; hence, the strength attained during the ensuing testing period can be disregarded. 

Table 1. Mix properties of concrete (kg·m−3) 

Cement Sand NCA RCA FA SP Water w/c w/b 

440 610 620 620 110 1.1 165 0.5 0.4 
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Figure 1. The gradation curves for fly ash, fine aggregate, NCA and RCA. 

Table 2. Properties of the polycarboxylic superplasticizer. 

 
In accordance with the Standard Test Method GB/T 50082-2009 [30], beam specimens of 100 

mm × 100 mm × 400 mm were utilised in the FT tests. Thus, a notched beam of identical 

dimensions was utilised to examine the fracture behaviour of RAC following exposure to 60, 90, 

120, 150, and 180 freeze-thaw cycles. In the three-point bending test, the span-to-depth ratio was 

3, and the notch-to-depth ratio was 0.3 (Figure 2). 

 

Figure 2. Schematic of the notched beam (A) and experimental apparatus of the notched beam 

(B) under quasi-static three-point bending test. 

2.2 Freeze–Thaw Tests 

Rapid freeze-thaw experiments were performed on specimens saturated with water or sulphate 

solution utilising a rapid freeze-thaw testing apparatus. As per GB/T 50082-2009 [30], the 

internal temperature of specimens was regulated to fluctuate between 5 ± 2 ◦C and −15 ± 2 ◦C 

during a duration of approximately 4 hours for each cycle. The cycle commenced at 5 ◦C and 

decreased to −15 ◦C over 2 hours, succeeded by a 10-minute isothermal phase at −15 ◦C. The 

temperature was elevated to 5 ◦C during a duration of 1.5 hours and sustained for an additional 
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10 minutes. Figure 3 illustrates the interior temperature of specimens undergoing freezing and 

thawing.  

 
Figure 3. Internal temperature of notched beam in freeze–thaw cycles 

2.3 Mass Change, Water Absorption and Internal Damage 

Prior to freeze–thaw testing, the specimens were dehydrated in a drying oven at 60 ◦C for 24 

hours. This comparatively low temperature was chosen to prevent any damage to the pore 

structure at elevated temperatures [31] and to mitigate the impact of the drying process on the 

specimens' water absorption. The subsequent step involved measuring the oven-dried bulk and 

Edym. The specimens were submerged in a sulphate solution (or water) for one week [32] as a 

pre-saturation phase; thereafter, the saturated surface dry mass was documented. The natural 

saturated specimens were subsequently exposed to 60, 90, 120, 150, and 180 freeze-thaw cycles, 

during which they were immersed in water or a sulphate solution. A 5% (by mass) sodium 

sulphate solution was utilised in this work as the sulphate solution. Following FT testing, the 

saturated mass, oven-dried mass, and Edym were re-evaluated to assess frost damage.  

The mass loss (percentage) of concrete specimens induced by freeze-thaw cycles can be 

calculated by 
∆mN = (m1 − m2)/m1 × 100%                          (1) 

where m1 (g) and m2 (g) represent the mass prior to and subsequent to N freeze–thaw cycles, 

respectively.  

Micro-cracks formed throughout FT cycles, creating additional pathways for the solution to 

infiltrate the interior pores. Thus, saturated water absorption serves as an indirect method to 

assess the formation of micro-cracks [33,34], which was also employed in this study to evaluate 

FT damage. The volume of solution-filled pores and voids (V, mm−3) was determined from the 

saturated mass (ms, g) and the oven-dried mass (md, g) utilising Equation (2):  

 V = (ms − md)/ρ (2) 

where ρ(g · mm−3) is the density of water. 

The extent of internal damage caused by freeze–thaw cycles can be regularly evaluated by a 
relative dynamic elastic modulus (RDEM). Here, a damage parameter (1-RDEM) was used to 
assess the frost damage, which can be expressed by Equation (3): 

D = 1 − Edyn,FT /Edyn,0 (3) 

where Edyn,0 (GPa) and Edyn,FT (GPa) are the dynamic elastic modulus before and after FT 
cycles. 

2.4 Mechanical properties Tests 
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Three-point bending tests (TPBT), as outlined by the RILEM Technical Committee 50-FMC 

[35], were performed utilising a 100 kN electronic universal testing equipment (SHIMADZU). 

The beam specimen was 100 mm x 100 mm × 400 mm. The notched specimens were subjected 

to loading until failure at a crosshead displacement rate of 0.1 mm per minute. An electro-

hydraulic testing machine with a capacity of 2000 kN was utilised for compression and splitting 

tests. As per GB/T 50081-2002 [36], the stress rates were established at 0.5 MPa · s−1 for 

compression testing and 0.05 MPa · s−1 for splitting tests. The cubic specimens were sectioned 

to dimensions of 100 mm × 100 mm × 100 mm from the shattered prism specimens to guarantee 

that the resultant compression and splitting tensile results were derived from concrete materials 

with identical attributes [37]. The shear forces near the supports during the bending test were all 

below 4 kN, indicating minimal impact on the measured strength of the cubic specimens.  

The breakdown energy of concrete, GF, is a crucial metric that signifies its resistance to cracking 

in fracture mechanics and crack analysis. It is defined as the energy necessary to generate a unit 

area of a fracture. In accordance with the RILEM [35] guidelines, fracture energy can be 

calculated from the experimental load-deflection curve use Equation (4):  

GF = (W0 + mgδ0)/A   (4) 

where W0 is the total area under the load-deflection curve, m is the mass of the beam between the 

supports, δ0 is the mid-span deflection of the beam upon failure, g = 9.81 m · s−2 is the 

gravitational acceleration and A is the area of the ligament. Here, A = t · h, where t is the width 

of the beam and h (equal to 70 mm) is the depth of the ligament. 

3. Results and Discussion 

The impact of FT damage on physical parameters such as mass loss, water absorption, and 

dynamic elastic modulus was examined. The results from the TPBT, compression tests, and 

splitting tests are subsequently discussed, followed by the XRD analysis. 

3.1 Mass Loss and Water Absorption 

Previous investigations [14,22] indicate that the normalised water absorption is related to the 

square root of time, with a slope ranging from 0.026 to 0.033 after 7 days of immersion in water 

[14]. Consequently, the alteration in water absorption seen in this study may be attributed to FT 

damage.  

Table 3 presents the documented masses and computed solution-filled pore volumes under 

various FT cycles and exposure circumstances. Figure 4 illustrates the computed mass losses for 

saturated and oven-dried conditions across various FT cycles. Saturated and oven-dried 

specimens subjected to water exhibit greater mass loss than those treated to sulphate solution. 

This outcome suggests that freeze-thaw cycles with water exposure may inflict greater damage 

on the concrete. Nevertheless, the mass loss due to oven drying (Figure 4B) for both specimen 

groups escalated with the rise in freeze-thaw (FT) cycles, aligning with the damage buildup 

resulting from the higher FT cycles. Nonetheless, the saturated mass loss (Figure 4A) remained 

unsteady throughout the FT tests. This suggests that oven-dried tests are more appropriate for 

evaluating FT damage than the saturated mass method.  

Table 3. Mass and solution-filled pore volume of notched beams subjected to freeze–thaw cycles. 
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Figure 4. Saturated mass loss (A) and oven-dried mass loss (B) at different FT cycles of 

water saturated (W) and sulfate attack (S) RAC. 

Furthermore, FT induces the formation of micro-cracks, ultimately leading to alterations in 

solution absorption [33]. Figure 5 illustrates the relative solution-filled pore volume, defined as 

the ratio of the solution-filled pore volume post-FT cycles to that before to FT cycles. For water-

exposed specimens (W), the relative solution-filled pore volume consistently exceeded one, so 

confirming that FT leads to an augmentation in solution-filled pore volume. A comparable effect 

was observed in sulfate-exposed specimens (S) following exposure to 120 FT cycles or more. 

Nonetheless, for specimens subjected to sulphate, there was minimal reduction in pore volumes 

from 60 to 90 freeze-thaw cycles. This may be ascribed to the precipitation of synthesised 

ettringite and thaumasite, a prevalent occurrence of sulphate attack, leading to a reduction in pore 

volume [38–40]. 

 

Figure 5. Changes of solution-filled pore volume of water-exposed (W) and sulfate-exposed 

(S) RAC samples at different freeze–thaw cycles. 

In contrast to mass loss, the variation in solution-filled pore volume between specimens exposed 

to water and sulphate was minimal at lower freeze-thaw cycles, but 180 cycles led to a 16.1% 
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increase in pore volume in the water-exposed sample (Figure 5). For specimens exposed to 120 

and 150 FT cycles, the pore volume alterations in the sulphate solution exposure group were 

slightly greater (4.1% and 2.9%, respectively) than those in the water exposure group. A minor 

degree of spalling due to salt crystallisation during oven-drying results in a reduced dried bulk 

and may have contributed to this tendency. 

3.2 Dynamic Elastic Modulus 

The computed damage characteristics under various FT cycles and exposure conditions are 

presented in Table 4. Figure 6 illustrates the impact of several FT cycles on the damage parameter 

of samples subjected to water and sulphate. For RAC, specimens exposed to water during freeze-

thaw cycles exhibited significantly worse deterioration of elastic modulus across all examined 

freeze-thaw cycles compared to those exposed to sulphate. Specimens exposed to water and 

sulphate experienced maximum reductions in elastic modulus (damage parameters) of 24.6% 

and 21.5%, respectively, after undergoing 180 freeze-thaw cycles. For water-exposed specimens 

subjected to 120 or fewer freeze-thaw cycles, the damage parameter progressively increased with 

the number of cycles. However, upon undergoing 120 or more cycles, the progression of the 

damage parameter exhibited a declining trend. In contrast to the water-exposed specimens, the 

damage parameter of sulphate-exposed specimens exhibited an opposing trend. 

Table 4. Metallurgical characteristics of notched beams exposed to freeze–thaw cycles. 

 

 
Figure 6. Progressions of the damage parameter for water-exposed (W) and sulphate-exposed 

(S) recycled aggregate concrete (RAC) samples across several freeze-thaw cycles. 

 

The specimen given a dicing saltwater solution exhibited a more pronounced decline in elastic 

modulus, attributed to the differential liquid pressure induced by the water and salt solution 

[21,24]. Furthermore, the research by Zeng et al. [21] shown that sodium chloride in solution 
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reduces ice formation, thereby leading to a drop in maximum liquid pressure. Sodium sulphate 

may exert comparable effects on pore pressure in relation to the dicing salt. 

3.3 Compressive Strength and Splitting Tensile Strength 

To comprehend the deterioration of strength throughout several freeze-thaw cycles, assessments 

of both compressive strength and splitting tensile strength were conducted. The recorded 

strengths during various FT cycles and exposure settings are presented in Table 4. Figure 7A 

illustrates the dimensionless strength values, namely the relative residual compressive and 

splitting tensile strength, in relation to FT cycles. 

 
Figure 7. Changes in residual strength (A) and interfacial transition zones (B,C) during several 

freeze-thaw cycles. 

In RAC exposed to sulphate freeze-thaw damage, the reduction in compressive strength was less 

significant than that observed in specimens subjected to water freeze-thaw damage. Samples 

exposed to water and sulphate and subjected to 180 freeze-thaw cycles exhibited residual 

compressive strengths of around 71% and 78% of their original strength, respectively. The 

residual strength of W180 was approximately 92% of that of S180. This phenomenon was 

corroborated by Jiang [41] through an examination of the durability of high-performance cement 

under identical exposure conditions. 

Furthermore, both the recycled aggregate concrete (RAC) in this work and the high-performance 

concrete (w/c = 0.56) referenced in [41], when exposed to freeze-thaw cycles, exhibited a 

significant linear correlation between their compressive strengths and the number of freeze-thaw 

cycles. Furthermore, due to its elevated porosity, the RCA concrete exhibited a greater reduction 

in compressive strength relative to regular concrete in [41], although utilising a lower water-to-

binder ratio. 

Nonetheless, minor variations were seen in the splitting tensile strength of RAC subjected to 

varied exposure circumstances in this investigation. For samples exposed to both water and 

sulphate during 180 freeze-thaw cycles, the residual splitting tensile strength was approximately 

65% of the initial strength. For RAC exposed to sulfate–FT damage, the reduction in splitting 

tensile strength was less significant than that of specimens subjected to water–FT damage, even 

after 180 FT cycles. 

Following exposure to 180 freeze-thaw cycles, a reduction of around 35% in splitting tensile 

strength was observed, surpassing the decline in compressive strength. Consequently, in 

comparison to compressive strength, tensile strength exhibits more sensitivity to FT damage. The 

interfacial connection between aggregate and mortar is crucial for tensile strength. Figure 7B,C 

illustrates the cutting surface of the control specimen (0) and the water-exposed specimen 

subjected to 120 freeze-thaw cycles (W120). In the FT-damaged specimen, macrocracks were 

seen mostly in surface-adjacent locations at the interface between the aggregate and mortar. 

Consequently, damage in the interfacial transition zones (ITZs) also transpires during cyclic 

freeze-thaw damage, exacerbating the deterioration of splitting tensile strength. The subsequent 

part will address the quantitative examination of the degradation in ITZs. 
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3.4 Fracture Energy 

Figure 8A illustrates the normalised fracture energy in relation to FT cycles, derived by dividing 

the GF by the control. In contrast to the loss observed in Edyn and the strength reduction under 

FT damage, both water- and sulphate-exposed samples exhibited an increase in fracture energy. 

The fracture energy exhibited an increasing trend up to 60 FT cycles, subsequently demonstrating 

an overall decline until 180 FT cycles. Following exposure to 60 FT cycles, the fracture energy 

exhibited a maximum increase of approximately 45% for water-exposed samples and 39% for 

sulphate-exposed samples. The fracture energy of sulphate-exposed specimens decreases more 

significantly than that of water-exposed specimens. Following 180 FT cycles, the sulphate-

exposed specimen exhibited a reduction in fracture energy of approximately 16%, surpassing the 

9% decrease observed in the water-exposed specimen. Kazberuk et al. [42] observed a 

comparable variation trend in their investigation of the impact of internal frost damage on the 

fracture energy of both aerated and non-aerated concrete. 

 
Figure 8: Changes in fracture energy (A), area percentage of pulled-out failure (C), and 

aggregate splitting failure (B) during various FT cycles. 

The fracture energy, GF, required for the creation of a fracture surface can be ex- pressed as 

 
where the subscripts m, a, and i stand for matrix, aggregate, and interface phases, respectively, 

and A is the area of the fracture surface and γ is the energy wasted for the crack propagation. In 

order to look into the rise in GF, the fracture surface was examined. A MATLAB code was used 

to determine the area % of the various aggregate failure mechanisms. It is important to note that 

in RCA, mortar failure is defined as the fracture of mortar components, primarily the crushed 

mortar.  

The area % of various aggregate failure types with varying FT cycles is displayed in Figures 8B 
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and C. Generally speaking, there is a discernible rise in interface damage (Figure 8C), which is 

correlated with a dramatic reduction in splitting damage (Figure 8B). The area percentages of 

interface failure (Figure 8C) and fractured aggregate (Figure 8B) were 7.3% and 18.5%, 

respectively, for the control specimen with zero FT cycle. Specimens exposed to 120 FT cycles 

in sulphate solution, however, displayed respective yields of 9.6% and 14.9%. The area 

percentages of splitting and pulled-out failure were around 5% and 17.3%, respectively, 

following 180 FT cycles. Comparing specimens treated to FT under sulphate exposure to those 

exposed to water, the former had a greater area % at all examined FT cycles for pulled-out 

aggregate failure. Following 180 FT cycles, the specimens exposed to sulphate had an area 

percentage of pulled-out aggregate failure of 22.1%, while the specimens exposed to water had 

an area percentage of 17.3%. This suggests that throughout the cyclic FT damage, there is a 

notable decline in the mortar's binding power. The collapse of the curved interface ultimately 

leads to a larger area of the fracture surface in comparison to the area of ligament. However, the 

effective cross-section area (t · h) is used to determine the fracture energy, which results in a 

greater fracture energy.  

3.5. The Connection between Damage Parameters and Strength 

Understanding the deterioration of compressive strength under freeze-thaw cycles is crucial for 

the practical use of concrete in cold climates, given the compressive forces acting on structural 

concrete. Tensile strength is a fundamental metric in the fracture analysis and simulation of 

concrete structures. Therefore, assessing strength under FT cycles is essential, as it will aid in 

the creation of concrete performance models and service life tools, facilitating a comprehensive 

approach to degradation evaluation [43]. The strength loss and damage parameters for several 

FT cycles are illustrated in Figure 9. The damage parameter, compressive strength, and split-

tensile strength exhibited a robust linear correlation with freeze-thaw cycles. Consequently, for 

a specific concrete exposed to freeze-thaw cycles, the damage parameter can be utilised to 

forecast the residual strength. 

  

Figure 9. The relationship between strength loss and damage parameter for water-exposed (A) 

and sulphate-exposed (B) RAC. 

For the specimen subjected to FT cycles, its residual strength can be expressed as; 

σR = σ0(1 − α(1 − eβn)) (6) 

where σR and σ0 denote the residual and original strength, respectively, and n represents the 

number of FT cycles in strength prediction. The coefficients α and β can be determined using 

Equations (7) and (8). 
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α = (1 − σR(N)/σ0)/(1 − Edyn,FT−N/Edyn,0) (7) 

and  
β = ln(Edyn,FT−N/Edyn,0)/N (8) 

In this experiment, N represents the number of FT cycles, while Edyn,0 and Edyn,FT−N denote 

the dynamic elastic modulus prior to and following FT tests with N cycles, respectively. The 

factor α, approximately equal to one, represents the relationship between strength deterioration 

and dynamic elastic modulus, while β denotes the impact of FT cycles on the dynamic elastic 

modulus. The dynamic elastic modulus has been extensively researched in relation to concrete 

with varying mixture properties, facilitating the determination of these coefficients. In the current 

study, the parameters α = 1.16 and β = 0.002 can be employed to predict the residual compressive 

strength of specimens exposed to water-saturated freeze-thaw conditions. 

3.6 Analytical Techniques 

Any potential products formed from the chemical attack were further analysed using XRD. 

Freeze-thaw damage in water-saturated concrete constitutes a process of physical degradation. 

Therefore, only the specimen exposed to sulphate was analysed using XRD.  

Figure 10 displays the XRD patterns for specimens 0 and S150. The XRD pattern of S150 

exhibited the presence of calcium carbonate. The decomposition of thaumasite occurs at 

approximately 60 ◦C during oven drying treatment. The prominence of ettringite was more 

pronounced in specimen S150, suggesting that ettringite serves as a corrosion product. XRD 

analysis indicates that chemical sulphate attack occurs in the FT tests subjected to sulphate 

solution exposure. Thaumasite and ettringite are formed in specimens subjected to sulphate 

attack. The lower temperature may considerably reduce the reaction rate between sulphate ions 

and hydration products; however, this chemical attack must still be considered in the long-term 

performance of RAC.  

 
Figure 10 presents the XRD patterns of RAC under control conditions (S0) and after exposure 

to sulphate during FT cycles (S150). 

4. Conclusion 
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This study investigates the effects of FT damage on the mechanical properties of high-

performance RAC. Conditions involving exposure to both water and sulphate were examined. 

The results indicate the following conclusions: 

The mass of the oven-dried sample decreases linearly with the number of freeze-thaw cycles. 

The saturated mass exhibits minor fluctuations throughout the tests. The loss of the oven-dried 

mass is a more appropriate measure for evaluating FT damage compared to the saturated mass.  

The water-exposed freeze-thaw cycles lead to greater deterioration in mass loss, elastic modulus, 

and compressive strength, whereas the sulphate-exposed freeze-thaw cycles result in more 

significant degradation of splitting tensile strength and fracture energy. The deterioration in 

splitting tensile strength is more pronounced than that of compressive strength. The maximum 

reductions in compressive and splitting tensile strength are 28.7% and 35%, respectively.  

The fracture energy exhibited an initial increase up to 60 freeze-thaw cycles, subsequently 

declining by 180 cycles. The results showed a maximum increase of approximately 45% for 

water-exposed samples and 39% for sulfate-exposed samples after undergoing 60 freeze-thaw 

cycles. The examination of failure modes in coarse aggregate indicates that FT damage leads to 

a notable decline in the binding strength of mortar. Following 180 FT cycles, the area percentage 

of pulled-out failure increased from 7.3% to over 17.3%.  
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