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Experimental study on the
influence of recycled aggregate
substitution rate on the mechanical
properties of recycled aggregate
concrete under sulfate erosion
conditions

Yan Fu'™, Quanshen Zhao?, Qi Sun?, Song Chen?, Haili Shi?, Fan Zhang? & Chengyu Bai?

To investigate the degradation of recycled aggregate concrete (RAC) under sulfate attack, four
groups of RAC cubic specimens (168 in total) were prepared. The influence of recycled coarse
aggregate (RA) replacement ratio on the mechanical properties of RAC under sulfate exposure was
analyzed. Strength degradation at different exposure durations was assessed, and microstructural
changes were examined using scanning electron microscopy (SEM). The results show that: (1) both
compressive and splitting tensile strengths decrease with increasing RA replacement ratio, with the
reduction in splitting tensile strength being more pronounced; (2) the compressive strength initially
increases slightly under sulfate exposure, then gradually declines, with higher RA replacement ratios
accelerating the degradation; (3) the decrease in splitting tensile strength is slightly greater than that
of compressive strength over time; and (4) this decline in splitting tensile strength becomes more
significant as the RA replacement ratio increases. Based on the experimental data, predictive models
were established for the degradation of compressive and splitting tensile strengths at various sulfate
exposure ages, incorporating the effect of RA replacement. These models effectively characterize the
strength deterioration behavior of RAC under prolonged sulfate immersion.

Keywords Recycled concrete, Recycled coarse aggregate replacement rate, Sulfate erosion, SEM, Strength
decay modeling

Concrete production consumes substantial amounts of non-renewable resources and emits various harmful
gases, contributing to serious environmental concerns'. To promote environmentally friendly and sustainable
urban development, increasing attention has been given to the reuse of construction waste concrete. One
common method involves incorporating recycled coarse aggregate (RA), obtained by crushing concrete from
demolished structures, into fresh concrete to produce recycled aggregate concrete (RAC)"2 This practice
supports resource recycling and reduces environmental impact. Since RA originates from crushed waste
concrete, it inevitably contains residual damage and adherent low-strength mortar. As a result, its fundamental
properties—such as porosity, water absorption, and strength—differ significantly from those of natural coarse
aggregate (NA), leading to differences in the mechanical performance of RAC compared to conventional natural
aggregate concrete NAC*. Xie et al.* reported that RAC exhibits failure modes similar to those of NAC. Wu et
al.”> found that the prismatic compressive strength of RAC decreases with increasing RA replacement ratio, even
when slump and other workability parameters remain stable. Bai et al.® demonstrated that a weak interfacial
zone forms between the old and new mortar in RAC, resulting in reduced splitting tensile strength as the RA
content increases. Zhang’ further observed that fully replacing NA with RA adversely affects the long-term
mechanical properties and shrinkage behavior of RAC.
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Fig. 1. Particle gradation of coarse aggregate.

Item | Bulk density (kg/m®) | Apparent density (kg/m>) | Porosity (%) | Water absorption (%) | Soil content (%) | Water content (%)
NA | 1450 2690 46.1 0.72 0.85 0.33
RA 1293 2496 48.2 6.04 0.70 0.59
N 1635 2590 36.9 1.96 0.97 0.63

Table 1. Physical properties of aggregate.

Concrete is frequently exposed to harsh environmental conditions—such as chloride salts, sulfates, wet-dry
cycles, and freeze-thaw cycles—throughout its service life, which can lead to cracking, strength loss, and overall
performance degradation®!°. Among these factors, sulfate attack has been widely recognized as a major cause
of deterioration in the mechanical properties of concrete!!"!3. Accordingly, both domestic and international
researchers have investigated the degradation mechanisms of concrete subjected to sulfate erosion. These studies
generally indicate that the strength of concrete under sulfate exposure follows a typical pattern of initial increase
followed by a subsequent decline, regardless of sulfate concentration!31°. A lower water—cement ratio improves
sulfate resistance and extends the initial strength gain phase, while a higher water-cement ratio shortens
this phase!”~°. However, due to the inferior properties of RA—such as lower strength and higher porosity—
compared to NAC, the durability of RAC under sulfate attack differs significantly from that of NAC?*2!. Only
limited research has addressed the sulfate resistance of RAC. Devi et al.?? reported that the interfacial transition
zone between new and old mortar in RAC deteriorates more rapidly under sulfate exposure. Furthermore, as
the RA replacement ratio increases, the strength gain during the early stage of sulfate exposure diminishes, and
strength degradation accelerates in the later stages.

In summary, current research on the sulfate resistance of recycled concrete remains insufficient. To address
this gap, the present study experimentally investigates the effects of RA replacement ratio on the mechanical
properties of RAC at various sulfate immersion durations. In addition, a predictive degradation model for
compressive and splitting tensile strengths is developed, incorporating the influence of RA content and sulfate
exposure age. This study provides valuable insights for promoting RAC applications and designing structures in
harsh environments.

Materials and methods

Test materials

The cement used in the experiment was P.O. 42.5 ordinary Portland cement, while the recycled coarse aggregate
was obtained by crushing and sieving concrete beams demolished in the laboratory, with a tested strength grade
of C35. The particle size of the recycled coarse aggregate was controlled within the range of 5-20 mm through
screening. The particle size distribution curves of RA and NA, obtained through sieve analysis, are presented in
Fig. 1, demonstrating well-graded characteristics of the coarse aggregates. The river sand used had a particle size
range of 0.5-3.5 mm, with a fineness modulus of 2.56. The basic physical properties of the NA and RA measured
according to the Chinese standard JGJ 52-2006 2 are shown in Table 1.

Specimen preparation process
Tests were conducted to prepare one type of NAC and three types of RAC with RA substitution rates of 25%, 50%,
and 100%, respectively, with NAC serving as the control group. Since the water absorption of RA is significantly
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Dosage(kg/m®)
Specimen number | RAMRS (%) |C |NA |RA S W |AW | WR | WCR
NAC 0 300 | 1130 |0 800 | 144 | 0 3.0 |0.48
RAC-25% 25 300 | 847.5 | 282.5 | 800 | 144 | 14.25 | 3.0 | 0.48
RAC-50% 50 300 | 560 560 800 | 144 | 285 |3.0 [0.48
RAC-100% 100 300 |0 1130 | 800 | 144 | 57 3.0 ]0.48

Table 2. Mixture ratio of RAC.

Fig. 2. Sulfate immersion of specimens.

higher than that of NAC additional adsorbed water must be added in advance to maintain a constant water-
cement ratio for concrete at each strength level. The amount of additional adsorbed water is calculated as follows.

AW =mpra[(Sra — Wra) — (Soa — Woa )] (1

Where: mgra is RA mass, Wgra is RA natural Water content, Wo 4 is NA natural water content, Sr4 is RA
water absorption, Soa is NA water absorption.

C represents Cement; S denotes River Sand; W refers to Water; AW indicates Additional Water; WR stands
for Water Reducer; and WCR is the Water-to-Cement Ratio.

One type of NAC was mixed with three types of RAC, as shown in Table 2. When mixing the RAC, RA and
additional water were first added to the mixer and mixed for 2 min, during which time the additional water
was largely absorbed by the RA, ensuring that the water-cement ratio remained constant for each admixture.
Following this, crushed stone, river sand, cementitious materials, and water were added sequentially and mixed
for another 2 min. After testing the fluidity in accordance with the relevant standards, the concrete was molded.
The specimens were demolded 24 h after casting and then cured in a standard curing chamber at a temperature
of 20 +2 °C and a relative humidity exceeding 95% for 28 days.

Test program

Forty-two specimens were prepared for each mix ratio. After standard curing, six specimens from each group
were removed for natural drying and subsequently tested for compressive strength and splitting tensile strength
to evaluate the baseline mechanical properties prior to sulfate exposure. The remaining specimens were divided
into six batches and immersed in a 5% Na,SO, solution for sulfate erosion testing at different exposure durations:
60, 120, 180, 240, 300, and 360 days, as shown in Fig. 2. To ensure full and uniform contact between the RAC
specimens and the sulfate solution, each specimen was spaced 30 mm apart, with 20-mm-thick wooden strips
placed between layers to maintain vertical separation. The liquid level was maintained at least 30 mm above the
top surface of the uppermost specimen throughout the immersion period. The sulfate solution was replaced
every 30 days to maintain stable concentration and pH. At each designated exposure age (60, 120, 180, 240, 300,
and 360 days), one batch of specimens was removed from the solution, allowed to dry naturally, and then tested
for cubic compressive strength and splitting tensile strength, as illustrated in Fig. 3.

Analysis of test results

Experimental phenomena

No significant external damage was observed on the specimens after sulfate erosion; however, a layer of white
sulfate crystals precipitated on the surface. This crystalline layer thickened with increasing immersion time.
During the compressive strength tests, specimens with shorter sulfate exposure durations and lower RA
replacement ratios exhibited fewer surface cracks under loading and displayed more brittle behavior. As RAC
specimens experienced prolonged sulfate erosion, their compressive strength decreased, the number of vertical
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Fig. 3. Test loading diagram. (a) Cube compressive test (b) Split tensile test.
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Fig. 4. Effect of RA replacement rate on RAC strength.

cracks on the surface increased during loading, and deformation at failure became more pronounced. The
brittleness of the specimens diminished, with this effect becoming more evident at higher RA replacement ratios.

Observations from the splitting tensile tests showed that, for NAC, splitting damage primarily occurred at the
interface between mortar and aggregate, with minimal damage to the aggregate itself. With the incorporation of
RA, the damage surfaces gradually exhibited detachment of RA particles, while damage at the mortar-aggregate
interface decreased. Consequently, the splitting tensile strength of the specimens declined, accompanied by
a reduction in brittleness. This behavior is mainly attributed to the lower strength and higher brittleness of
RA. Some studies!?-!2 have indicated that the bond between fresh cement paste and RA is stronger; however,
microstructural analyses and damage mechanism studies confirm that the overall brittleness of RAC is reduced.

Examination of the splitting surfaces of RAC specimens at different erosion ages revealed no significant
differences in the morphology of splitting damage, except for a reduction in brittleness as the erosion age
increased. This reduction is attributed to the accumulation of volume-expanding products, such as cement
hydration products and sulfate reaction products, within the RAC over time. These expansive products induce
internal microcracks due to volumetric expansion. During splitting tensile tests, internal cracks propagated
along these microcracks, resulting in decreased resistance to splitting failure.

RA effect on RAC strength
Figure 4 illustrates the variation curves of compressive strength (f_ ) and splitting tensile strength (f,) of RAC with
increasing RA substitution rates under uneroded conditions. It is evident from the figure that both compressive
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and splitting tensile strengths decrease as the RA substitution rate increases. Compared to NAC, when the RA
substitution rate reaches 100%, the compressive strength of the specimen decreases by 5.5 MPa, and the splitting
tensile strength decreases by 0.53 MPa. This indicates that incorporating RA adversely affects the strength of
RAC. This is primarily because a small amount of adhered cement mortar on RA is significantly weaker than the
original coarse aggregates. Additionally, RA causes secondary damage to the primary coarse aggregates during
the crushing process, which may lead to further deterioration of the concrete. The secondary damage incurred
during crushing results in more initial microcracks in the RA used to prepare RAC, thereby causing a reduction
in RAC strength as the RA substitution rate increases, even when the water-cement ratio remains constant.

As shown in the RAC strength variation curve in Fig. 5, the rate of decrease in splitting tensile strength is
greater than that of compressive strength, and this difference becomes more pronounced with increasing RA
substitution rate. When the RA substitution rate is low (25%), the difference in decline rates between compressive
and splitting tensile strengths is only 0.36%. However, as the RA substitution rate increases to 50%, the difference
rises significantly to 3.14%. This difference further increases to 3.8% when RA is used exclusively as the coarse
aggregate. This phenomenon can be primarily attributed to the initial cracks generated during the crushing of
RA. As the proportion of RA increases, the accumulation of these initial cracks also increases, resulting in a
greater number of internal cracks in RAC with higher RA substitution rates. Additionally, a significant amount
of mortar adheres to the surface of the crushed RA, but it is not tightly bonded to the internal crushed stone. The
complexity of the bond between the fresh mortar and RA in the formation of fresh concrete causes the transition
zone at the RA-new mortar interface to become a weak zone, thereby reducing RAC’s resistance to splitting. This
leads to the observed greater decrease in splitting tensile strength.

Deterioration pattern of RAC strength with erosion age

Compressive strength evolution under sulfate erosion

Figure 6 shows the changes in compressive strength of the specimens after sulfate erosion. Analysis of the curve
reveals that the compressive strength of RAC can be divided into two stages: an initial rising phase during the
early erosion period and a subsequent declining phase during the later erosion period. The strength gain of RAC
with different RA substitution rates varies in the early stage, as does the rate of strength decline in the later stage.
When the RA substitution rate is below 50%, the peak compressive strength occurs around 120 days of erosion
age. As the RA substitution rate increases, the peak compressive strength occurs earlier, reaching its maximum
at 60 days when the RA substitution rate is 100%, followed by a decline.

As shown in Fig. 7, which illustrates the rate of change in RAC compressive strength after sulfate erosion,
the increase in compressive strength during the early phase decreases as the RA substitution rate increases. The
peak compressive strength increases by 6.3%, 5.2%, 5.1%, and 3.0% at RA substitution rates of 0%, 25%, 50%, and
100%, respectively, compared to the uneroded specimens. In the later stages of erosion, the rate of compressive
strength reduction accelerates with increasing RA substitution rate. By the time the immersion age reaches 360
days, the compressive strength decreases by 11.6%, 14.5%, 15.6%, and 20.1% for specimens with RA substitution
rates of 0%, 25%, 50%, and 100%, respectively, compared to the uneroded specimens.

This phenomenon is mainly attributed to the reaction of sulfate ions (SO 42‘) in the sodium sulfate solution
with calcium hydroxide (Ca(OH),), a cement hydration product, and C-S-H gel during the early stages of
immersion, forming volume-expanding products such as ettringite (AFt) and gypsum (CaSO,-2H,0). These
products fill small voids within the RAC, densifying the material. Additionally, RAC is not fully hydrated at the
end of the curing period; therefore, the specimens are more compact and continue hydrating when immersed
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Fig. 5. RAC intensity rate of change curve.
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Fig. 6. The variation trend of RAC compressive strength with erosion time.
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Fig. 7. Rate of change curve of RAC compressive strength after erosion by sulfate erosion.

in the sulfate solution, resulting in a slight strength increase. Furthermore, RA possesses high porosity and
strong water absorption characteristics. As the RA substitution rate increases, the porosity of RAC increases,
accelerating cement hydration during the curing period for higher RA substitution rates. This leads to a higher
degree of hydration at the end of curing in RAC with higher RA content, which in turn reduces strength growth
during the early stages of sulfate immersion.

As the immersion time increases, volume-expanding products such as ettringite and gypsum continue to
accumulate inside the RAC, generating internal microcracks. These cracks develop further with prolonged
immersion, causing initial damage to the specimens. Moreover, the higher the RA substitution rate, the more
vulnerable the RAC is to sulfate ion penetration, accelerating the rate of strength deterioration.

Splitting tensile strength evolution of RAC under sulfate erosion

Figure 8 shows the trend of RAC splitting tensile strength with increasing erosion time. It can be observed that
the variation in splitting tensile strength under different sulfate erosion ages follows a pattern similar to that
of compressive strength. However, compared to compressive strength, the increase in splitting tensile strength
during the pre-erosion period is smaller, while the decrease during the post-erosion period is more pronounced.
As shown in Fig. 9, compared to the uneroded specimens, the peak splitting tensile strength of RAC with RA
substitution rates of 0%, 25%, 50%, and 100% increased by 2.1%, 1.2%, 2.96%, and 1.8%, respectively. When the
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Fig. 8. The variation trend of RAC splitting tensile strength with erosion time.
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Fig. 9. Rate of change curve of RAC split tensile strength after sulfate erosion.

erosion age reached 360 days, the splitting tensile strengths of RAC with RA substitution rates of 0%, 25%, 50%,
and 100% decreased by 12.5%, 12.8%, 17.8%, and 16.8%, respectively. The significant reduction in RAC splitting
tensile strength with increasing RA substitution rate under sulfate attack is mainly attributed to the formation
of numerous internal cracks caused by volume-expanding products generated through sulfate reactions with
cement hydration products. Additionally, initial cracks generated during the crushing of RA accumulate as the
RA substitution rate increases, resulting in a higher number of internal cracks in RAC with larger substitution
rates. The extensive internal cracking has a more detrimental effect on splitting tensile strength than on
compressive strength, leading to the more pronounced decrease observed in RAC splitting tensile strength.

Microstructural analysis of RAC under sulfate erosion

The SEM images of the interfacial transition zone (ITZ) of RAC at different erosion ages are shown in Fig. 10. It
is evident from the figure that, when RAC was not subjected to sulfate erosion, a distinct ITZ existed between
the RA aggregate and the new mortar. The new cement paste at the interface did not fully fill the voids on the
RA surface, leaving some microcracks. As sulfate ions (SO 42') infiltrate the RAC through these microcracks
and voids, they react with components such as the aluminate phase (e.g., C,A) and hydration products (e.g.,
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(d)

Fig. 10. SEM image of RAC interior after sulfate erosion (RA-50%). (a) 0 d, (b) 120 d, (c) 240 d, (d) 360 d.

monosulfate-type calcium sulfoaluminate AFm) in the cement, forming calcium aluminate sulfate hydrate
crystals (3Ca0-Al,0,-3CaSO,-32H,0).

In Fig. 10b, the distribution of C-S-H gel in the cement paste during the pre-erosion stage appears more
uniform. Some unhydrated cement particles undergo further hydration, generating additional C-S-H gel,
which enhances the compactness of the paste. A small amount of calcium aluminate sulfate crystals begins to
form inside the RAC, filling the voids and microcracks, thereby densifying the microstructure and improving
the short-term compressive strength of the concrete.

As the erosion time progresses, calcium aluminate crystals gradually develop into coarse, plate-like structures.
Excess sulfate ions react with calcium hydroxide (Ca(OH),) to form gypsum, as shown in Figs. 9d and 10c.
Simultaneously, ongoing formation of calcium aluminate involves water absorption and volumetric expansion.
The generation of these expansive products, combined with microcrack propagation, results in increased
porosity and reduced compactness of the concrete matrix. When the expansion-induced stress exceeds the
tensile strength of the material, internal microcracks further propagate. This explains the significant degradation
in compressive and splitting tensile strengths of RAC under long-term sulfate attack. Moreover, the porous old
mortar adhered to the surface of recycled aggregate serves as a preferential pathway for sulfate ion penetration,
accelerating deterioration of the interfacial transition zone (ITZ). The degradation of the ITZ weakens the bond
between aggregate and cement paste, leading to a reduction in the overall mechanical strength of the recycled
aggregate concrete.

Figure 11 presents SEM images of the internal microstructure of recycled aggregate concrete (RAC) specimens
with varying recycled aggregate (RA) substitution rates after sulfate erosion. The images reveal a marked increase
in the accumulation of erosion products, such as calcium sulfate and gypsum, within the specimens as the RA
substitution rate rises, particularly at an erosion age of 360 days. Compared to natural aggregate concrete (NAC),
RAC exhibits a significantly lower density in the interfacial transition zone (ITZ) with increasing RA content,
which can be attributed to the inherently higher porosity of RA and the presence of a greater number of initial
microcracks. Under sulfate exposure, sulfate ions more readily penetrate RAC and chemically react with the
cementitious matrix. Additionally, as the RA substitution rate increases, the exposed area of the old mortar
expands, intensifying sulfate-induced reactions and accelerating degradation of the ITZ. This degradation
weakens the bond between aggregate and paste, leading to an accelerated reduction in mechanical strength in
RAC with higher RA substitution rates as the erosion period progresses.

Predictive modeling of RAC intensity in sulfate erosion environments

Prediction of compressive strength decay in RAC

After sulfate erosion, the mechanical properties of the concrete deteriorated. To further investigate the
degradation of compressive strength under sulfate erosion conditions, a sulfate erosion influence coefficient,
B, was introduced as a function of erosion age, T. By analyzing the variation curve of the compressive strength
decay rate of specimens in the NAC group, it was observed that the coefficient p follows a cubic function with
respect to erosion age T, as illustrated in Fig. 12. Nonlinear fitting of the data in Fig. 11 yields the following
expression for calculating p:

B =-118x 107°T° +9.14 x 10~ °T° — 0.0015T ()

Combining Eq. (2) gives the formula for calculating NAC compressive strength for different sulfate erosion ages:
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Fig. 11. SEM maps within the RAC for different RA replacement rates (erosion age 360d). (a) NAC, (b) RAC-
25%, (c) RAC-50%, (d) RAC-100%.
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Fig. 12. The attenuation rate curve of compressive strength at different erosion ages.

fcu,O = feu,O(l - /8) (3)

Where: feu,o is the uneroded NAC compressive strength.

Figure 13 illustrates the compressive strength decay rate curves at different RA substitution rates. The
compressive strength decay rate is derived from the ratio of the difference between the calculated values from
Eq. (3) and the compressive strength test values for RAC with three different RA substitution rates. As shown
in Fig. 13, with the increase in erosion age, the compressive strength decay rate of specimens with all three
RA substitution rates generally increases linearly. Moreover, with the increase of RA substitution rate, the
compressive strength decay rate of specimens at the same erosion age is approximately directly proportional to
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Fig. 13. Attenuation curves of compressive strength of specimens with different RA replacement ratios.

the RA substitution rate, . To reflect the influence of the RA substitution rate on the compressive strength of
RAC under sulfate erosion, an RA substitution rate influence coefficient, y, as a function of RA substitution rate
r and erosion age T, is introduced. By linearly fitting the compressive strength decay rates of the three groups of
specimens with different RA substitution rates, and taking the average value of the fitting coeflicients from all
three groups, the expression for the coefficient of influence y on the compressive strength in relation to the RA
substitution rate is derived as follows:

v =1—7(2.67x 107*T +0.128) (4)

Combining Egs. (3) and (4) yields the following equation for calculating the compressive strength of RAC, which
incorporates the effect of varying RA substitution rates under sulfate erosion conditions:

Jeuwr,r = fcuyo(l - B )'Y (5)

Prediction of splitting tensile strength decay in RAC

From the above study, it can be observed that the decay rate of RAC splitting tensile strength is slightly greater
than that of compressive strength as the RA substitution rate and erosion age increase. Applying the conventional
conversion relationship between compressive strength and splitting tensile strength from existing standards
to calculate RAC splitting tensile strength after sulfate erosion tends to overestimate the results compared to
experimental values. Therefore, to achieve more accurate predictions of RAC splitting tensile strength post-
sulfate attack, it is necessary to introduce an attenuation coefficient for splitting tensile strength that depends on
both the RA substitution rate r and erosion age T, and subsequently modify the conversion equation accordingly.
By fitting the discrepancies between the standard values and test results, the formula for calculating the splitting
tensile strength attenuation coefficient is derived as follows:

¢ =1.2x 107°Tr — 0.00016T — 0.072r + 1 (6)

By combining Egs. (5) and (6), the adjusted conversion equation for RAC splitting tensile strength after sulfate
attack is obtained as follows:

ferr = 019 foror 7)

Comparison of experimental and predicted values

By substituting the RA r and T into Eqs. (5) and (7), the predicted curves for RAC compressive and splitting
tensile strengths under sulfate erosion are generated, as shown in Fig. 14. The test results cluster closely around
these curves, indicating good agreement between the model and experimental data. This confirms that the
proposed model effectively captures the influence of RA substitution on RAC strength deterioration under
sulfate attack.

Conclusion

This study investigated the effects of RA replacement ratio on the strength performance of RAC under sulfate
immersion at various exposure ages. A strength degradation model for RAC in sulfate environments was also
developed. The main conclusions are as follows:

(1) With increasing RA replacement ratio, both the compressive strength and splitting tensile strength of RAC
show a decreasing trend. The rate of reduction in splitting tensile strength is greater than that of compres-
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Fig. 14. Comparison of experimental value and predicted value. (a) Compressive strength (b) Splitting tensile
strength.
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sive strength. For specimens with 100% RA replacement, the difference in reduction rates between splitting
tensile and compressive strengths reaches 3.8%.

At the early stage of sulfate immersion, the strength of RAC initially increases. However, the greater the RA
replacement ratio, the smaller the strength gain and the earlier the peak strength occurs. As the exposure
duration increases, both compressive and splitting tensile strengths decline. RAC with higher RA content
exhibits faster strength degradation, with the decrease in splitting tensile strength slightly exceeding that of
compressive strength. After 360 days of sulfate exposure, specimens with full RA replacement show com-
pressive and splitting tensile strength losses of 20.1% and 21.6%, respectively.

As the sulfate exposure period increases, the accumulation of expansive chemical products such as ettrin-
gite and gypsum becomes more pronounced. These products promote the propagation of microcracks and
increase porosity, resulting in reduced concrete density and deteriorated strength.

A degradation model for compressive and splitting tensile strengths of RAC under sulfate immersion,
incorporating the effect of RA replacement ratio, was established. The proposed model effectively captures
the deterioration trends of RAC mechanical properties under prolonged sulfate attack.

This study provides a comprehensive investigation into the strength degradation of RAC under sulfate attack.
Future research could further explore the effects of different types of recycled aggregates, as well as the strength
deterioration of RAC under coupled deterioration mechanisms, such as sulfate erosion combined with freeze-
thaw cycles.

Data availability
The data that support the findings of this study are available on request from the corresponding author, [Yan Fu]
upon reasonable request.
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