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In the pursuit of sustainable construction practices, the utilization of recycled
concrete has emerged as a pivotal strategy, distinguished by its commitment
to resource conservation and environmental stewardship. Nevertheless, the
inherent micro-porosity and micro-cracking within the old mortar of recycled
concrete may lead to weak bonding performance at the interfacial transition
zone, culminating in diminished strength, reduced density, and elevated water
absorption rates compared to conventional concrete, which critically impairs its
performance in cold climates subjected to freeze-thaw cycles. Consequently,
this paper provides a structured examination of the frost resistance properties
of recycled concrete subjected to freeze-thaw cycling. Initially, the study
delineates the mechanisms of frost-induced damage in recycled concrete
by synthesizing the degradation pathways observed in both conventional
and recycled concrete during freeze-thaw exposure. Subsequently, a detailed
analysis is conducted to identify the pivotal factors affecting frost resistance,
encompassing the proportion and moisture affinity of recycled aggregates,
the addition of silica fume and fly ash, the water-to-cement ratio, and the
degree of water saturation. In the final segment, the study compiles and
reviews the strategies for bolstering the frost resistance of recycled concrete,
including the incorporation of air-entraining admixtures, fiber reinforcement,
and aggregatemodification approaches. The objective of this research is to offer
a thorough comprehension of recycled concrete, with a concentration on the
mechanisms of frost damage, the critical determinants of frost resistance, and
interventions to augment its resilience against freezing conditions. On this basis,
the present paper, in conjunction with the characteristics and current research
status of recycled concrete, proposes recommendations for the application
of recycled concrete in cold regions. This review is anticipated to facilitate
researchers in gaining a comprehensive understanding of the freeze-thaw
characteristics of recycled concrete and the measures to enhance its frost
resistance. Furthermore, it aims to assist engineering and technical personnel
in selecting appropriate treatment methods to improve the frost resistance of
recycled concrete in cold regions, thereby promoting the practical engineering
application of recycled concrete in such areas.
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1 Introduction

Concrete is primarily composed of aggregates, binder materials,
water, and admixtures. It possesses excellent processing and
mechanical properties, which have led to its widespread application
in the field of construction. Aggregates are the primary component
of concrete, accounting for 60%–80% of the total volume and
70%–85% of the total weight (Muhammad et al., 2024). Traditional
concrete heavily relies on the consumption of natural sand and
stone, which are non-renewable resources, and this has caused some
harm to the natural environment. Previous studies have shown
that waste concrete and waste clay bricks constitute the largest
volume of construction waste generated during new construction,
expansion, reconstruction, and demolition, accounting for 30%–40%
of urban waste (Chen et al., 2007). Therefore, utilizing recycled and
reprocessed waste materials such as waste concrete (Chandru et al.,
2023; Yao et al., 2023), bricks (Chen et al., 2024; Wang et al., 2024),
and stone (Shen et al., 2022) aggregates for producing concrete holds
great significance for sustainable development.

Frost resistance is a key indicator for assessing its long-term
durability in cold environments. However, limitations in disposal
technology often result in recycled aggregates having a high amount
of attached mortar and microcracks generated during the crushing
process. This leads to increased porosity and poorer aggregate
quality in recycled concrete (Muhammad et al., 2024; Ren et al., 2024;
Tam et al., 2005; Wang et al., 2021; Wang et al., 2014). Furthermore,
the interface transition zone (ITZ) in recycled concrete is intricate
and less robust compared to that in natural aggregate concrete,
making it prone to performance degradation and damage during
freeze-thaw cycles (Liu et al., 2019; Sáez Del Bosque et al., 2017;
Xiao et al., 2013). As well as, many factors, including the content
and water absorption rate of recycled aggregates (Datta et al., 2022;
Li T et al.,2024),mineraladmixtures(Gunasekara et al.,2020;Li et al.,
2012a; Song et al., 2018; Wang et al., 2023a), water-to-cement ratio
(Sosa et al., 2021), and water saturation (Luan et al., 2020), can
influence its frost resistance. Up to now, scholars have conducted
numerous experimental studies and evaluated the frost resistance
of these key factors (Guan et al., 2024). Therefore, summarizing the
frost damage mechanisms, analyzing its degradation process, and
examining how frost resistance indicators change with the number
of freeze-thaw cycles can provide valuable insights for researching and
applying frost resistance in recycled concrete.

It is crucial to ensure the mechanical performance of recycled
concrete in cold environments. Adding air-entraining agents to
recycled concrete is an effective method to improve its freeze-
thaw resistance (Deng et al., 2021a; Deng et al., 2021b). A large
number of uniformly distributed microbubbles are introduced into
the concrete by adding an air-entraining agent.These bubbles provide
space for the water to expand during freezing, thereby reducing
internal stress concentration and the formation of microcracks.
Furthermore, the incorporationoffiberscan formathree-dimensional
network in the concrete, enhancing the crack resistance and spalling
resistance of recycled concrete (Guan et al., 2024; Liu et al., 2023;
Zhang et al., 2023). Previous studies (Deng et al., 2023; Islam et al.,
2022) have shown that the different types of fiber materials have
varying effects on improving the frost resistance of recycled concrete.
Polypropylene fibers have good flexibility and dispersibility, reducing
the formation of microcracks in recycled concrete (Yildizel et al.,

2024). However, polypropylene fibers have relatively low strength
and modulus, which limits their ability to enhance the frost
resistance of concrete. Moreover, steel fibers, with higher strength
and toughness, can effectively restrain crack propagation but may
increase concrete conductivity. Therefore, selecting the appropriate
fiber type based on specific operational conditions is essential.
Coating protective agents on recycled aggregates and using chemical
adhesives can enhance bond strength between recycled aggregates
and fresh concrete, thereby reducing damage during freeze-thaw
cycles (Xia et al., 2023; Zheng et al., 2024). However, these methods
increase construction costs and require specialized equipment and
skills. Therefore, it is necessary to select appropriate modification
methods based on engineering conditions to enhance the freeze-thaw
resistance of recycled concrete.

This revie summarized the freeze-thaw degradation mechanisms
of recycled concrete and discusses the impact of the ITZ on the
frost resistance. Subsequently, the key factors, including recycled
aggregates, silica fume, water-to-cement ratio, and fly ash affecting
the frost resistance are reviewed. Then, this study summarized some
improvement techniques (air-entraining, reinforcement fibers, and
aggregate modification) to enhance the frost resistance of recycled
concrete. This study provides valuable references for improving the
durability of recycled concrete structures in cold environments. This
will assist researchers and engineering professionals in gaining a
comprehensive understanding of the frost resistance of recycled
concrete, thereby promoting further in-depth research on the
frost resistance of recycled concrete and facilitating its wider
application in cold regions.

2 Deterioration mechanisms

2.1 Normal concrete subjected to
freeze-thaw cycles

Due to factors such as pore structure and aggregate quality,
the material damage after freeze-thaw cycles is extremely complex
(Ann et al., 2017; Guo et al., 2022; Kobayashi et al., 2022; Lee et al.,
2018; Li Y et al., 2024; Liu and Hansen, 2016). The freeze-thaw
damage process does not alter the composition of concrete; thus, its
occurrence is primarily due to physical changes (Guo et al., 2022).
Currently, the damage mechanisms under freeze-thaw cycles in
concrete mainly focused on four representative theories, including
the hydraulic pressure theory (Powers, 1945), the osmotic pressure
theory (Powers and Helmuth, 1953), the crystallization pressure
theory (Scherer, 1999), and the micro-ice crystal model (Setzer,
2001a; Setzer, 2001b). Figure 1 summarizes the principles of these
degradation mechanisms, respectively. Among them, the hydraulic
and osmotic pressure theories proposed that when water entered
the pores of concrete and froze, the volume expansion generated
hydrostatic pressure, and the growth of ice crystals led to osmotic
pressure, resulting in micro-cracks and damage within the concrete
(Gong and Jacobsen, 2019; Wang et al., 2023b). The crystallization
pressure theory explains the mechanism of cumulative damage in
concrete by detailing the crystallization and pressurization during
freezing and the increased water absorption rate during thawing
(Liu et al., 2018). The micro-ice crystal theory suggests that the
concrete matrix needs to provide additional crystallization pressure
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FIGURE 1
Schematic diagram of degradation mechanisms in concrete during freeze-thaw cycles.

to balance the pressure generated by the curvature difference
between crystal surfaces and ends (Yan et al., 2014).

2.2 Recycled concrete subjected to
freeze-thaw cycles

The internal structure of recycled concrete differs from that
of natural concrete, leading to variations in their freeze-thaw
damage mechanisms (Luan et al., 2020; Luan et al., 2021). When
the moisture content within concrete reaches its critical saturation
point, the concrete begins to experience freeze-thaw damage and
deterioration. Similarly, the freeze-thawdamage of recycled concrete
is also influenced by its sensitivity to internal moisture (Li et al.,
2012b; Yang et al., 2024; Yao et al., 2022). Figure 2 illustrates the
interface structure inside natural and recycled concrete. Previous
studies (Rong et al., 2023; Zhao et al., 2023) have shown that
recycled concrete has more complex interface structure, dividing
new mortar-mortar interface (ITZ1), old aggregate-new mortar
interface (ITZ2), and old mortar-old aggregate interface (ITZ3),
respectively. These ITZs exhibit poor performance, resulting
increased water absorption and pore structure in recycled concrete
(Xiao et al., 2013). Previous studies (Peled et al., 2010; Xiao et al.,
2022) have demonstrated that ITZ exhibited characteristics of
crystalline looseness and high porosity, especially ITZ1, with its

indentation modulus being 10%–20% lower than that of the
surrounding mortar, and its width being 15 μm wider than ITZ2
and ITZ3. Therefore, microcracks generated in recycled concrete
under freeze-thaw cycles occurred first in weak ITZ and continued
to expand, resulting in poor frost resistance (Meng et al., 2024).

Researchers have focused extensively on studying the influence
mechanisms of interface structures in recycled concrete on its frost
resistance. Most researchers believe that the high-water absorption
caused by poor interface quality in recycled concrete is one of the
reasons for freeze-thaw damage (Gao et al., 2018; Qiu et al., 2024;
Tuyan et al., 2014; Wang et al., 2023c). This is because in the raw
materials, old mortar adheres to the surface of recycled aggregates,
leading to higher porosity and the generation of microcracks during
the crushing process of recycled aggregates (Alabduljabbar et al.,
2024).The interface images were observed using a scanning electron
microscope by Liu et al. (2019), demonstrating that there were more
weak interfaces, microcracks, and pores in the ITZ of recycled
concrete. Zheng et al. (2021) demonstrated that when the water-
to-cement ratio was high, there were more microcracks in the
ITZ around recycled aggregates. This resulted in increased pore
water absorption rate and decreased concrete strength. Lin et al.
(2023a) found that in recycled concrete, a higher ratio of oldmortar-
water cement lead to increased porosity, pore size, crystallization
pressure, principal stress, and the lower its frost resistance. In
addition, scholars have revealed the freeze-thaw damagemechanism
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FIGURE 2
Schematic diagram of interface structure for NC and recycled concrete: (A) NC, (B) recycled concrete (Zhang et al., 2018).

from the perspective of ITZs. Hasholt (2014) found that recycled
concrete contained multiple ITZs, generating numerous micro-
pores within its interior. During freeze-thaw cycles, smaller pore
sizes resulted in faster water absorption rates, increasing the
internal osmotic pressure of recycled concrete. Similarly, Xiao et al.
(2022) and Zhu et al. (2020) demonstrated that the higher the
recycled aggregates content, the higher the porosity and water
absorption rate. Luan et al. (2020) found that the critical water
saturation was 81%–83% in recycled concrete, which was lower than
the critical water saturation range of natural concrete (86%–88%).
Therefore, recycled concrete is more prone to freeze-thaw failure
than that of natural concrete. In conclusion, scholars generally
concur that the high-water absorption rate of recycled aggregates
subject the internal small pores in recycled concrete to considerable
pressure during the freezing and thawing process. As freeze-thaw
cycles increases, the total porosity and micro-cracks between pores
increase or expand, establishing channels for the infiltration of
external water into the concrete interior. Under high pressure, the
weak interface zone of the recycled concrete generates microcracks
with the continuous formation and expansion of internal pores,
which continuously develop and propagate, ultimately resulting
in the loosening of overall internal structures. When the damage
accumulates to a certain extent, freeze-thaw damage occurs.

In conclusion, recycled concrete demonstrates a higher
incidence of weak ITZs compared to natural concrete, which
consequently results in an inferior frost resistance performance.
It involved various degradation mechanisms associated with the
micro-pore structures in recycled concrete. Therefore, further
research is needed to reveal the influence of the ITZ on the
mechanism of freeze-thaw damage.

3 Critical influence factors for frost
resistance

3.1 Recycled aggregates

3.1.1 Content of recycled aggregates
Generally, the frost resistance of recycled concrete is influenced

by the content of recycled aggregates (Bogas et al., 2016; Tran et al.,

2022; Wang et al., 2023d; Wang et al., 2023e). Researchers have
focused on the recycled fine aggregate (RFA) and conducted
corresponding experimental studies. The frost resistance tests were
conducted by (Sun and Geng, 2012), and indicated that when the
content of RFAs content exceeded 40%, the relative dynamic elastic
modulus (RDEM) of the recycled concrete showed a significant
decrease, and with the increase in RFAs content, the RDEM
decreased more significantly. Bao et al. (2022) examined the frost
resistance with varying replacement rates of RFAs. The results
showed that the frost resistance was primarily related to the RFAs,
showing an initial increase followed by a decrease as the ferronickel
slag content increased. When 40% of recycled ferronickel slag fine
aggregates were incorporated, the recycled concrete exhibited the
best frost resistance, as shown in Figure 3. This is mainly due to
the hydration reaction of the active substances in the ferronickel
slag, which formed more hydration products and strengthened the
ITZ structure within the recycled concrete. Similarly, Saha and
Sarker (2020) demonstrated that when ferronickel slag replaced 40%
of river sand, the recycled concrete produced more cementitious
products, thereby improving its microstructure. The research
results of Quan et al. (2022) indicated that the mass loss rates
corresponding to molybdenum tailings replacement rates of 0%,
30%, 50%, 70%, and 100% were 0.62%, 0.81%, 0.83%, 0.9%, 1.01%,
and 1.11% after 100 freeze-thaw cycles, respectively.

Recycled coarse aggregates (RCAs) exhibited higher porosity
and greater absorption capacity compared to RFAs, making them
more susceptible to deterioration. For instance, Tuyan et al. (2014)
demonstrated that the frost resistance of concrete with crushed
limestone recycled aggregates can be significantly decreased.
Amorim et al. (2018) observed that the RDEM loss rate of RCA
concrete with a 50% content was lower compared to those with
25% and 75% content after 150 freeze-thaw cycles. Additionally, Ji
andWang (2022) found that recycled brick aggregate concrete, with
NCA replaced, developed cracks in the ITZ and reduced adhesion
between cement mortar and RCAs after 100 freeze-thaw cycles.
The substitution of RCAs for NCAs has a negative impact on the
frost resistance. Deng et al. (2021) studied the loss rate of flexural
strength of RCA concrete after different freeze-thaw cycles and
with varying RCA contents. The results showed that the flexural
strength loss rate increases with RCA contents, reaching up to 70%,
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FIGURE 3
The influence of ferronickel slag content on the mass loss rate and RDEM: (A) mass loss rate, (B) RDEM. Note: F represents nickel-iron slag content; R
denotes the recycled coarse aggregate content.

FIGURE 4
Loss rate of flexural strength RCA concrete subjected to
freeze-thaw cycles.

as shown in Figure 4. In conclusion, when using RCAs to replace
NCAs, the replacement rate should not exceed 50%.

3.1.2 Porosity and absorption of recycled
aggregates

The old mortar in recycled aggregate and microcracks may
increase water absorption and porosity, thereby reducing frost
resistance. Studies have demonstrated that the water absorption of
recycled aggregates are approximately 6–10 times that of natural
aggregates (Levy and Helene, 2004). According to (Omary et al.,
2016), as the water absorption and porosity increase, the strength
and density of recycled aggregates decrease. Consequently, the

freeze-thaw resistance and splitting tensile strength of recycled
aggregate concrete are notably lower than those of natural aggregate
concrete. This is because recycled aggregates retain old mortar and
develop micro-cracks. Moreover, RFAs exhibited higher porosity
compared to RCAs, likely due to more old cement mortar in RFAs.
Xia and Zhao (2024) found that the frost damage in recycled
concrete was primarily caused by the defects of recycled aggregates.
This is because the old mortar contains numerous tiny and loose
pore structures with high-water absorption, resulting in micro-
cracks propagation and new micro-cracks generation in the new
mortar under frost heave forces. Gokce et al. (2004) found that
microcracks in recycled concrete first concentrated on the old
mortar adhered to the RCA after absorbing water. Subsequently,
these cracks rapidly developed and penetrated the new mortar,
ultimately leading to freeze-thaw failure. Literature (Ghorbani et al.,
2019; Peceño et al., 2019; Wei et al., 2022) indicated that large-sized
RCAs were difficult to disperse uniformly in concrete, and increased
the porosity of RCA concrete, reducing the frost resistance. Figure 5
illustrates the development of the ITZ in RCA concrete during
freeze-thaw cycles. It can be seen that ITZ became fragmented and
porous after 300 freeze-thaw cycles, as shown in Figure 5A. The
width of the ITZ increased as microcracks gradually expanded and
connected with the pores, forming cross-cracks after 400 freeze-
thaw cycles, as shown in Figure 5C. In conclusion, frost resistance
can be influenced by factors such as water absorption, porosity, and
particle size. Therefore, the next step in research should focus on
developing effective modification methods for recycled aggregates
to enhance the frost resistance.

3.2 Mineral admixture

The frost resistance could be improved by incorporatingmineral
admixtures, including silica fume (Avet et al., 2019; Bu et al., 2022),
fly ash (Şimşek et al., 2022; Yu et al., 2021; Yuan et al., 2024), slag
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FIGURE 5
ITZ SEM images of RCA concrete at different freeze-thaw cycles: (A) 0 cycles, (B) 350 cycles, (C) 400 cycles (Wei et al., 2022).

(El-Hawary et al., 2021; Lee et al., 2021; Li et al., 2019), and rice
husk ash (Ma et al., 2024; Wang et al., 2017; Zhang et al., 2022).
On the one hand, it is possible to fill the micro-pores within
recycled concrete, increasing its density. On the other hand, the
active components of mineral admixtures could promote secondary
hydration reactions in recycled concrete, thereby enhancing its frost
resistance (Cheng et al., 2018; Mardani-Aghabaglou et al., 2019).

3.2.1 Silica fume
Silica fume (SF) is a finely-grained volcanic ash material.

It enhances the durability of concrete by filling internal pores,
increasing density, and reducing water absorption. Incorporating
the right amount of SF enhances cement hydration and boosts
the density of the ITZ in recycled concrete (Oertel et al., 2014;
Scrivener et al., 2015). Bai et al. (2023a) investigated the fracture
properties of recycled concrete after partially replacing cement with
SF. After 125 freeze-thaw cycles, the fracture damage parameters
were 0.256 and 0.247 for SF replacement rates of 0% and 9%,
respectively. The fracture damage parameter was relatively small
when the silica fume content was 9%, indicating a reduction in
microcrack density and improved frost resistance after the addition
of SF. Wang et al. (2023) found that after 400 freeze-thaw cycles,
recycled concrete with 3%, 5%, 8%, 11%, 13%, and 16% SF content
showed 16%, 20.0%, 28.0%, 36%, 40%, and 32% increase in splitting
tensile strength compared with recycled concrete with 0% SF
content, respectively. It can be seen that excessive addition of SF
will weaken its effect on improving frost resistance. This is because
unhydrated SF particles may cause shrinkage cracks and insert
into the hydration products, resulting in a decrease in the bonding
strength of the mortar, as shown in Figure 6.

3.2.2 Fly ash
Fly ash is a fine, greyish-white powder rich in silicate and

aluminate minerals. Incorporating fly ash into concrete could
improve its density (Posi et al., 2016), strength (Lam, 2020),
and durability (Corinaldesi, 2012), while also lowering costs
and environmental impact. Previous studies have demonstrated
that incorporating fly ash into recycled concrete could improve
microstructures (Sunayana and Barai, 2021), fill and reduce pores,
increase compactness, and delay hydration reactions (Yang et al.,

2024), thereby enhancing the frost resistance. Yu et al. (2021)
utilized discarded concrete and clay bricks as rawmaterials, blending
them in a 7:3 ratio to produce recycled brick-concrete aggregate,
and investigated the frost resistance incorporating both recycled
brick-concrete aggregate and fly ash under conditions of freeze-
thaw cycling and combined action with sodium chloride. The
experimental outcomes indicated that incorporating 15% fly ash
content could notably enhance the compressive strength of the
recycled concrete, frost resistance, and resistance to chloride-
induced synergistic erosion. Nazeer et al. (2024) observed that fly
ash would cause a positive effect on the frost resistance. Their
findings indicate that using 10% fly ash in recycled concrete leads
to a noticeable decrease in the rates of compressive strength loss
and mass loss, as depicted in Figure 7. Similarly, LI et al. (2017a)
study the influence of fly ash dosage on the frost resistance by
substituting cement with fly ash at equal weight percentages of 0%,
20%, and 40%, respectively, to prepare RCA concrete specimens.
The tested results demonstrated that the frost resistance was
enhanced by incorporating fly ash into RCA concrete. Moreover,
the additional pores provided by the RCA in the paste contributed
to this enhancement to some extent. Therefore, the utilization of an
appropriate amount of fly ash can reduce the loss of RDEM loss and
compressive strength in RCA concrete.

Some scholars argue that adding fly ash will reduce its frost
resistance performance of recycled concrete. Bu et al. (2023) studied
the microstructure, mechanical properties, flexural toughness, and
frost resistance with partial fly ash content, including 0%, 10%,
30%, 50%, and 70% in cement. The findings showed that as fly
ash content increased, the mass loss settlement initially decreased
and then increased. Conversely, the RDEM loss initially increased
and then decreased. Completing 100 freeze-thaw cycles, recycled
concrete with a 50% fly ash content exhibited the best mechanical
properties, with a significant decrease in mechanical properties at
higher or lower replacement rates. Similarly, Cheng et al. (2017)
found that the RDEM of recycled concrete specimens without
fly ash decreased slowly after 300 freeze-thaw cycles. However,
specimens incorporating 10% and 30%fly ash experienced amarked
acceleration in RDEM reduction rates after 200 freeze-thaw cycles,
whereas those with 50% fly ash showed a pronounced increase in
RDEM reduction rates following 150 freeze-thaw cycles, as detailed
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FIGURE 6
Schematic diagram of the mechanism of excessive silica fume under freeze-thaw cycles (Wang et al., 2023c).

FIGURE 7
The influence of fly ash on the frost resistance. Note: PC signifies cement, R denotes the recycled aggregate content, and F indicates the fly
ash content.

in Figure 8. Furthermore, Wu et al. (2019) also founded that the
incorporation of fly ash resulted a negative impact on the frost
resistance.

In summary, the amount of fly ash incorporation needs to be
determined based on specific engineering requirements and the
quality of the fly ash. Overusing or underusing fly ash in concrete
may negatively impact its performance.

3.2.3 Multiple mineral admixtures
Some researchers have utilized a combination of variousmineral

admixtures to develop recycled concrete, aiming to explore the
effects of composite mineral admixtures on its frost resistance. For
instance, Chen et al. (2023) conducted freeze-thaw cycling tests by

integrating fly ash (FA) and ground granulated blast furnace slag
(GGBS) individually or simultaneously into concrete containing
0%, 35%, and 50% RCAs, replacing part of the cement. The results
indicate that the hydration product Ca(OH)₂ effectively activated
the pozzolanic reactions between fly ash and ground granulated
blast furnace slag. Fly ash and ground granulated blast furnace
slag act as catalysts in recycled concrete, accelerating the formation
of C-S-H gel and enhancing freeze-thaw resistance. Consequently,
while RCAs may reduce the frost resistance, incorporating ground
granulated blast furnace slag and fly ash as partial substitutes for
cement can help alleviate the adverse effects of RCAs on frost
resistance. In particular, using fly ash and ground granulated blast
furnace slag together as partial replacements for cement significantly
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FIGURE 8
The influence of fly ash content on the frost resistance: (A) effects of freeze-thaw cycles on weight; (B) effects of freeze-thaw cycles on dynamic
modulus of elasticity.

enhances the frost resistance of RCA concrete.The synergistic effect
of ground granulated blast furnace slag and fly ash occurs at a ratio
of 15% byweight, as detailed in Figure 9. Cheng et al. (2024) selected
fly ash, silica fume, and granulated blast furnace slag to prepare
five distinct cementitious systems of recycled concrete through
various combinations of quantities. The experimental outcomes
revealed that a superimposed effect was formed due to the full
utilization of the morphological effects and micro-filler effects of
silica fume, fly ash, and granulated blast furnace slag within the
concrete matrix. This synergistic interaction reduced the porosity
of recycled concrete, effectively hindering the free water into its
interior, and consequently enhancing the frost resistance. Moreover,
mineral admixtures can improve the internal structure of recycled
concrete and mitigate the damage caused by pore water pressure
expansion. The research results of Guo et al. (2020) indicate that
self-compacting concrete blended with fly ash, slag, silica fume, and
recycled aggregates showed a strength loss similar to that of normal
self-compacting concrete.

In general, the concurrent use of multiple mineral admixtures
in concrete production enhances the performance of recycled
concrete more effectively than using single mineral admixtures
alone. In other words, the selection of a combination of various
mineral admixtures and the determination of appropriate
mixing ratios can significantly enhance the frost resistance of
recycled concrete.

3.3 Water-to-cement ratio

The water-to-cement ratio is a crucial factor affecting the
frost resistance of recycled concrete. Scholars have conducted
experimental studies on the frost resistance of recycled concrete
under different water-to-cement ratios. Bogas et al. (2016) carried

out rapid freeze-thaw tests by partially or entirely replacing natural
fine aggregates (NFAs)with RFAs.The results indicated that the frost
resistance of recycled concrete primarily depended on the water-to-
cement ratio, with lower ratios correlating to better performance.
Atasham Ul Haq et al. (2024) utilized recycled brick aggregate to
produce recycled concrete specimens with water-to-cement ratios
of 0.65, 0.5, and 0.35, with replacement levels of 0%, 25%, 50%, and
100%. The results showed the recycled concrete made with a water-
to-cement ratio of 0.65 exhibited a significantly highermass loss rate
than those with ratios of 0.5 and 0.35. Luo et al. (2015) showed that
reducing the water-to-cement ratio led to a denser concrete matrix
and reduced the mass loss rate.

Increasing the water-to-cement ratio increases the number and
volume of capillary pores in concrete, allowing more water to
freeze within the cement paste. Therefore, reducing the water-
to-cement ratio of recycled concrete is beneficial for improving
its frost resistance. This effect is particularly pronounced in
specimens with higher water-to-cement ratios and greater contents
of recycled aggregates (Tuyan et al., 2014). Yildirim et al. (2015)
designed three levels of recycled aggregate saturation (0%, 50%,
and 100%) and three water-to-cement ratios (0.7, 0.6, and 0.5),
while controlling the proportion of recycled aggregates at different
levels, to study the durability of recycled concrete. The tested
results indicated that the mass loss rate of all specimens decreased
with the decrease in water-to-cement ratio after 300 freeze-thaw
cycles. Likewise, Meng et al. (2021) demonstrated that recycled
concrete with high RCA content exhibits poor frost resistance.
However, by reducing the water-to-cement ratio, the RDEM of
the specimens rapidly decreased at the end of the respective
experiments. This indicates that reducing the water-to-cement
ratio improves the frost resistance of recycled concrete to some
extent. The RDEM results for the concrete specimens are presented
in Figure 10.
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FIGURE 9
Synergistic effects of FA and GGBS on the mass loss rate and REDM of recycled concrete: (A) RDEM loss rate; (B) Mass loss rate. Note: Q represents the
of RCA content; F and S represents FA and GGBS, respectively.

FIGURE 10
Decrease of elastic modulus under different recycled coarse aggregate and freeze-thaw cycles (Yuan et al., 2023).

3.4 Water saturation of recycled
aggregates

The water saturation of recycled aggregates could affect
the pore structure, reducing the frost resistance of recycled
concrete. As a porous medium, recycled aggregates have a high-
water absorption rate (Khoury et al., 2019). Pretreating recycled
aggregates withwaterwill result in a certain degree of internal curing
effect in recycled concrete. Previous studies (Marchi et al., 2023;
Pickel et al., 2017; Yang et al., 2022) have shown that internal curing

can reduce water consumption, enhance the degree of hydration
in concrete, reduce cracks, and ensure the long-term stability of
concrete structures.

Scholars have studied the effect of water saturation of recycled
aggregates on the internal curing efficiency of recycled concrete.
Deng et al. (2021) indicated that the incorporation of RCAs
significantly affected the distribution and quality of different
pores. Prior to the commencement of freeze-thaw cycles, due
to the higher porosity and water absorption rate of recycled
aggregates, pre-wetting provided a certain degree of internal
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curing for the concrete by supplying water within the aggregate
pores. Consequently, recycled aggregate concrete exhibited higher
flexural strength compared to natural aggregate concrete. Similarly,
de Oliveira and Vazquez (1996) investigated the effect of water
saturation on the mechanical properties and durability of recycled
concrete. The results showed that recycled concrete made with
saturated and dried recycled aggregates exhibited poor frost
resistance. Conversely, recycled concrete containing semi-saturated
recycled aggregates exhibited better frost resistance, attributed to
a denser and stronger interface transition zone. Specifically, the
semi-saturated recycled aggregates provided sufficient moisture for
internal curing, promoting further hydration of the ITZ and thereby
enhancing the frost resistance. Yildirim et al. (2015) found that
during the curing process of concrete, water stored in the pores of
porous aggregates is gradually released, promoting the hydration of
cement. Therefore, achieving an optimal water saturation level for
recycled aggregates can improve the frost resistance to some extent.
Similarly, El-Hawary and Al-Sulily (2020) have found that recycled
concrete specimens containing 50% pre-moistened RCAs exhibit
improved frost resistance compared to mixtures without recycled
aggregate. In addition, specimens with 50% pre-moistened RCAs
and RFAs showed a significant increase in RDEM, indicating that
the internal curing provided by pre-moistened recycled aggregates
effectively improves the frost resistance. Furthermore, the optimal
water saturation of recycled aggregates can still exert their internal
curing function in complex environmental conditions, enhancing
the frost resistance. For instance, Lei et al. (2018) investigated the
effects of mechanical repetitive loading and its interaction with
complex environments on the performance of recycled aggregate
concrete.The results indicated that pre-saturated recycled aggregates
facilitated the hydration of new and old mortar adhered to the
recycled aggregates at the ITZ during the curing stage. Figure 11
illustrates variation of RDEM of pre-saturated recycled aggregate
concrete with freeze-thaw cycles. In this figure, A represents not
recycled aggregate, B represents 50% RCAs and RFAs content, C
represents 50% RFAs content, and D represents 50% RCAs content.
The numeral “1” represents a water-cement ratio of 0.4, and “75%”
indicates that the ambient humidity was 75%. The figure shows
that pre-moistened recycled aggregates enhance the frost resistance
of concrete, indicating the effectiveness of their internal curing
mechanism.

In summary, recycled aggregates, as a type of porous material
with high porosity and strong water absorption capacity, when used
at an appropriate water saturation level for preparing fresh mixed
concrete, will gradually release moisture during the curing process
of the concrete. This moisture release provides a certain level of
internal curing within the concrete structure, thereby promoting
cement hydration and improving the ITZ of the concrete structure.

4 Improvement techniques for frost
resistance of recycled concrete

4.1 Incorporating air-entraining agent

The use of air-entraining admixtures can enhance the
workability, internal cohesion, and plasticity of concrete, and
reduce segregation and water loss, particularly in terms of frost

resistance (Huaishuai et al., 2017; Li and Qin, 2013; Long et al.,
2013). Incorporating air-entraining admixtures is considered the
most effective method for enhancing concrete’s frost resistance at a
fixed water-to-cement ratio. This is because when recycled concrete
is mixed with air-entraining admixtures, numerous small, closed
spherical air bubbles can be formed within the concrete (Liu et al.,
2011). During the freeze-thaw cycle, air bubbles were absorbed
and some water was released, alleviating the hydrostatic pressure
and osmotic stress on the concrete, thereby reducing the extent of
damage caused by ice crystal expansion.

Liu et al. (2016) investigated the frost resistance made with
non-aerated and aerated recycled aggregates concrete. The results
showed that the strength loss of recycled concrete containing
both aerated and non-aerated aggregates was intermediate between
that of concrete with only aerated aggregates and that with only
non-aerated aggregates. Tarhan and Şahin (2021) investigated the
scaling behavior of recycled concrete incorporating different air-
entraining admixtures (0.06%, 0.13%, 0.20%) and recycled aggregate
content. The results showed that in the absence of any recycled
aggregates, the control group with 0.13% air-entraining admixture
had the highest scaling rate. Among the mixtures with the same
percentage of recycled aggregates, the mixture containing 0.06%
air-entraining admixture typically exhibited the least scaling and
the weakest signs of deterioration. These results indicate that the
pores generated by the air-entraining admixture assist in reducing
the pressure buildup caused by the expansion of liquid water and
ice crystals. Furthermore, the spherical air void structure formed
after incorporating air-entraining admixture is an important reason
for the impact on the frost resistance. Deng et al. (2021) found
that the addition of air-entraining admixtures had little effect on
the mass loss rate of recycled concrete but helped to increase
its RDEM. Similarly, Olanike (2014) found that air-entraining
admixtures played a significant role in preventing the RDEM
of recycled concrete from decreasing after freeze-thaw cycles. In
addition, Zhang et al. (2024) found that the mass loss rates of
recycled concrete with a 50% recycled aggregate content were 1.31%,
1.18%, and 2.36% after 200 freeze-thaw cycles when 0.01%, 0.03%,
and 0.05% air-entraining agents (MR50-A1/A3/A5) were added,
as shown in Figure 12. In the figure, R50 denotes recycled concrete
with a 50% replacement rate of recycled aggregates, while MR50
refers to the R50 concrete that has been modified by the addition
of nano-silica. This indicates that even a small amount of aerated
admixture can help reduce the mass loss under salt-based freeze-
thaw conditions.

In summary, the incorporation of air-entraining admixtures
can significantly enhance the frost resistance. This improvement is
mainly seen in the reduction of RDEM loss and the decrease in
scaling and mass loss rates.

4.2 Incorporating reinforcing fibers

The incorporation of fiber-reinforced materials into recycled
concrete is a common approach to enhance frost resistance.
Commonly used fiber-reinforced materials include steel fibers
(GAO et al., 2007), polypropylene fibers (Tošić et al., 2022), glass
fibers (Bhikshma and Kumar, 2015), carbon fibers (Zaid and
Zamir Hashmi, 2021), and basalt fibers (Guo et al., 2023; Kang et al.,
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FIGURE 11
Impact of water saturation of recycled aggregates on frost resistance of recycled concrete.

FIGURE 12
Mass loss rate of recycled concrete with different air-entraining agents after freeze-thaw cycles. Note: R50 signifies a replacement rate of 50% with
recycled aggregate; MR50 refers to the R50 concrete that has been modified with nano-silica; MR50-A1 denotes the R50 concrete that has been
modified with nano-silica and incorporates 0.01% of an air-entraining agent.
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FIGURE 13
Bridging mechanism of reinforcing fibers on concrete cracks.

2024). Bai et al. (2023b) carried out freeze-thaw cycle tests on
recycled concrete with different carbon fiber contents and analyzed
the microscopic damage mechanisms. The test results indicated
that carbon fibers hindered the entry of external water into
the interior of recycled concrete, thus restraining the volume
expansion of water during freezing. Furthermore, the presence of
carbon fibers effectively resisted the tensile forces generated by
concrete expansion and cracking, inhibiting crack formation and
reducing the concrete’s mass loss. Zheng et al. (2022) found that
the three-dimensional network structure formed by polypropylene
fibers within the recycled concrete matrix could withstand some
tensile stresses caused by freeze-thaw cycles, limiting the expansion
and contraction of recycled concrete and mitigating the damage.
Adding 0.10% polypropylene fibers to recycled concrete could
simultaneously improve the strength and frost resistance. Yuan et al.
(2024) incorporated basalt fibers into recycled concrete to enhance
its frost resistance. The experimental results showed that basalt
fibers led to the formation of a spatial network structure within the
recycled concrete, thereby strengthening the interaction between
aggregate particles and between the aggregates and the binding
matrix. After 100 freeze-thaw cycles, recycled concrete specimens
without basalt fibers (0 kg/m³) showed a significant mass loss,
reaching the critical failure threshold. In contrast, specimens with
different basalt fiber contents exhibited relatively minor mass loss.
References (Gao et al., 2020; Liu et al., 2024) also confirmed the
microscopic mechanism of action of fiber-reinforced materials in
enhancing the frost resistance. In conclusion, the bridging and filling
effects of fibers increase the interaction forces between aggregates
and between aggregates and the matrix. On the other hand, they
reduce the tensile forces required for the expansion of microcracks
within recycled concrete, thereby enhancing the material’s frost
resistance.The bridgingmechanismof reinforcing fibers on concrete
cracks is illustrated in Figure 13.

The effects of different fiber materials on enhancing the frost
resistance of recycled concrete are inconsistent. Mahboob et al.
(2024) added steel fibers, plastic fibers, and kenaf fibers into
recycled concrete and conducted freeze-thaw cycle tests. The
results showed that after 300 freeze-thaw cycles, the recycled
concretewith fiber-reinforcedmaterials had significantly lowermass
loss rates and RDEM losses than traditional recycled concrete.
Furthermore, compared to plastic fibers and kenaf fibers, steel

fibers exhibited excellent microstructural protection. However,
Pehlivanlı et al. (2015) demonstrated that steel fibers have weak
bonding with the mortar matrix, limiting their performance.
Mastali et al. (2016) found that adding glass fibers to recycled
concrete could improve its frost resistance. However, glass fibers are
relatively fragile and prone to breakage during incorporation, which
leads to uneven distribution within the recycled concrete matrix
and suboptimal performance. In contrast, Ramesh and Eswari
(2021) found that basalt fibers maintained excellent mechanical
properties under freeze-thaw cycles and exhibited better shear
and tensile strengths than other fiber-reinforced materials, such
as polypropylene. Furthermore, scholars have also studied the
impact of incorporating mixed fibers on the frost resistance. For
example, Ahmed and Lim (2023) prepared recycled concrete with
basalt, polypropylene, and glass fibers, either individually or in
combination. The study found that incorporating mixed fibers
could significantly enhance the frost resistance. Similarly, Yuan et al.
(2023) found that recycled concrete with a controlled proportion
of basalt fibers and steel fibers exhibits better frost resistance
compared to concrete with only a single type of fiber. The research
data is shown in Figure 14. It is not difficult to see from the
figure that after 150 freeze-thaw cycles, recycled concrete specimens
(S1.5BF3.5/5.5/7.5) with a volume fraction of 1.5% steel fibers and a
basalt fiber content of 3.5/55/7.5 kg/m3 exhibit superior compressive
strength compared to all single basalt reinforced concrete specimens.
This improvement is primarily due to the synergistic use of different
fiber types, which reduces fiber aggregation and enhances the frost
resistance.

In summary, the bridging and filling functions of fibers in
recycled concrete help to suppress the tensile stresses generated
by freeze-thaw cycles, thereby enhancing the frost resistance. The
type and performance of fiber materials are key factors affecting
the frost resistance of recycled concrete. Furthermore, compared to
incorporating a single type of fiber, the incorporation of multiple
types of fibers typically further improves the frost resistance.
Therefore, the rational introduction of fibers can effectively enhance
the frost resistance of recycled concrete to some extent.

4.3 Aggregate modification

Themortar attached to recycled aggregates limits the promotion
and use of recycled concrete. Therefore, modifying recycled
aggregates to remove the surface of old mortar or enhance
the performance of the ITZ is expected to enhance the frost
resistance of recycled concrete. Existing methods for removing
old mortar from the recycled aggregates include acid washing
(Tanta et al., 2022), mechanical grinding (Lin et al., 2023b), thermal
grinding (Kalinowska-Wichrowska et al., 2020), microwave heating
(Xiao et al., 2012), and pulsed discharge treatment (Inoue et al.,
2009), among others. Wang J et al. (2017) treated recycled concrete
aggregates by immersing them in an acetic acid solution, finding
that immersion in a 3% acetic acid solution for 24 h could soften the
attachedmortar, while a concentration of acetic acid above 3%would
exert a blocking effect. Tam et al. (2007) treated recycled concrete
aggregates with hydrochloric and phosphoric acid, respectively, and
the results showed that the water absorption rate of the aggregates
decreased by 12%, 9.8%, and 8.3% compared to the untreated state,
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FIGURE 14
Compressive strength of recycled concrete with different reinforcing fibers after freeze-thaw cycles. Notes: BF denotes basalt fiber, and S represents
steel fiber.

respectively. However, the use of acid solutions to treat recycled
concrete aggregates may damage the structure of natural aggregates
containing limestone. Therefore, further optimization of the acid-
washing process is required. Pepe et al. (2014) utilized mechanical
grinding to treat recycled aggregates, and the results indicated
that the water absorption rate was related to the treatment time.
Sui and Mueller (2012) heated recycled concrete aggregates at
temperatures ranging from 100°C to 600°C and then performed
mechanical grinding, finding that treatment at approximately 300°C
and sufficient grinding time could grind the apparent density of the
recycled aggregates to be close to that of natural coarse aggregates.
However, both the mortar attached and the natural aggregate would
be worn during the grinding stage. Akbarnezhad et al. (2011) used
microwave heating to treat recycled aggregates, and the content
of the attached mortar and water absorption rate was reduced
by 48% and 33%, respectively, after treatment. With the addition
of mechanical friction, the content of the attached mortar and
water absorption rate could be further reduced to 85% and 76%,
respectively. Pulsed discharge treatment of recycled aggregates is
considered one of the most effective treatment methods. Habibzai
and Shigeishi (2020) used pulsed discharge to recover natural
coarse aggregates and recycled fine aggregates. They discovered that
after an appropriate number of discharge treatments, the attached
mortar could be completely removed. Inoue et al. (2009) repeatedly
discharged recycled concrete, and it was found that the quality
of the recycled concrete aggregates increased with the increase in
the number of treatments, and the water absorption rate could be
reduced from 8% to less than 1%.

By filling the pores within the mortar and the ITZ, it is
possible to increase the density of themortar, reduce surface defects,
and thereby enhance the performance of recycled aggregates.
Microbially-induced calcium carbonate precipitation can form a
protective layer, reducing the erosion caused by the external
environment on the aggregate and enhancing the durability of the
aggregate. Wang T et al. (2017) reinforced and modified recycled
concrete aggregates using spherical bacillus, and the results indicated
that the mass of the reinforced aggregates increased by 2.5%,

with a maximum reduction in water absorption of 20%. Similarly,
Qiu et al. (2014) demonstrated that the organicmatter in the calcium
carbonate induced by bacteria can reduce the wettability of the
aggregate surface, decreasing water absorption in treated recycled
aggregates. Coating the recycled aggregate surface with mortar
repairs the pores and cracks in both the mortar and the ITZ.
Hu et al. (2021) applied a zeolite powder-cement (ZP-C) slurry to
the surface of RCAs and immersed them. The results demonstrated
that a decrease in water absorption of 19.8% and 16.5% for the
treated recycled aggregates, respectively. In addition, Zou et al.
(2021) modified recycled aggregates using silane coupling agents.
The results showed that after 200 freeze-thaw cycles, the mass loss
rate was 54.7% lower than that of the unmodified group, and the
RDEM was 26.1% higher, as shown in Figure 15. Kou and Poon
(2010) strengthened recycled concrete aggregates by immersing
them in different concentrations of polyvinyl alcohol solution, and
the results showed that the higher the concentration of the polyvinyl
alcohol solution, the higher the density and the lower the water
absorption of the recycled concrete aggregates.

Accelerated carbonation involves introducing CO2 into recycled
concrete aggregates, leading to a chemical reaction with substances
such as calcium hydroxide, calcium silicate hydration products,
and calcium aluminate hydration products within the attached
mortar, resulting in the formation of calcium carbonate precipitates,
aluminates, and silicates (Leemann et al., 2023). This process
reduces the porosity and water absorption rate, significantly
enhancing the frost resistance. Liang et al. (2024) investigated the
influence of incorporating CO2 curing on the properties of RAC
subjected to freeze-thaw cycles. The results indicated that the CO2
curing method with Ca(OH)2 pre-soaking had the most significant
effect on enhancing the frost resistance of recycled concrete. This
resulted in a RDEM ranging from 65.27% to 67.71%. Similarly,
Li et al. (2017b) investigated the frost resistance of recycled concrete
with CO2 curing periods of 0, 3, and 7 days. The experimental
results showed that after 300 freeze-thaw cycles, carbonated recycled
concrete exhibited a lower mass loss rate compared to non-
carbonated recycled concrete. This is because carbonation mitigates
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FIGURE 15
Average index of freeze-thaw durability of recycled concrete: (A) mass loss rate versus freeze-thaw cycles and (B) RDME versus
freeze-thaw cycles (Zou et al., 2021).

the negative effects of high initial porosity and other defects in
recycled coarse aggregates during early freeze-thaw cycles and
enhances the dispersion of water pressure during later cycles.
Moreover, compared to recycled concrete cured for 3 days, recycled
concrete cured for 7 days showed a lower mass loss rate and a
higher RDEM. It can be observed that extending the CO2 curing
time can improve the frost resistance. Peng et al. (2023) found that
increasing the CO2-cured recycled aggregates content at the same
freeze-thaw cycle number reduces the mass loss rate of recycled
concrete. In addition, they found that during the CO2 curing
process, the phase transformation occurring inside the material
leads to the roughness of the loose ITZ between the matrix and
the recycled aggregates, which is the main reason for improving
the frost resistance. In summary, carbonation modification relies
on the content of carbonizable substances within the attached
mortar. However, for recycled concrete aggregates with long service
life, the carbonizable substances content in the old mortar and
ITZ is extremely low, which limits the efficiency of carbonation
modification.

5 Conclusions and remarks

This paper reviews the primary influencing factors on the
freeze-thaw resistance of recycled concrete, including the content of
recycled aggregate, mineral admixtures, water-to-cement ratio, and
water saturation levels, and provides a comprehensive evaluation.
Additionally, it briefly summarizes the freeze-thaw damage
mechanisms in recycled concrete and outlines several methods
for improving its freeze-thaw resistance.

1 The ITZ is a crucial factor affecting the frost resistance of
recycled concrete. This is because the ITZ of recycled concrete
is complex, and its mechanical properties are poor. Since the
internal micropore structure of recycled concrete is influenced

by the quality, type, and amount of recycled aggregates, the
freeze-thaw damage mechanism in recycled concrete is more
complex than that of ordinary concrete, necessitating further
investigation.

2 Recycled aggregates are influenced by their production
processes, often exhibiting high paste attachment rates on
the surface of the aggregates and weak ITZs. This often
results in a generally inferior quality of the aggregates. Under
freeze-thaw cycling conditions, the frost resistance of recycled
concrete typically declines gradually with increasing amounts
of recycled aggregates. However, incorporating an appropriate
amount of mineral admixtures positively enhances the frost
resistance. Extensive testing has shown that a low water-
to-cement notably improves frost resistance. Additionally,
studies have indicated that an optimal water saturation level of
recycled aggregates can provide internal curing effect, further
enhancing frost resistance in recycled concrete.

3 Under freeze-thaw actions, the random and isotropic
distribution characteristics of fibers play a notable role in
the frost resistance of recycled concrete. Additionally, air-
entraining agents, commonly used as admixtures, effectively
enhance the workability, cohesiveness, and plasticity of
concrete while reducing segregation and bleeding. In terms
of enhancing the frost resistance of recycled concrete, the
impact of air-entraining agents is particularly pronounced.
Furthermore, internal modification strategies such as silane
treatment and CO2 curing of recycled aggregates also clearly
elevate frost resistance, complementing external strengthening
measures like fiber additions or admixture use, thuswarranting
widespread promotion.

4 In general, the inclusion of admixtures and additives
significantly affects the frost resistance of recycled concrete.
The careful use of these materials can enhance the frost
resistance. However, current research lacks a unified
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quantification for the use of various admixtures and additives,
such as silica fume, fly ash, rice husk ash, and air-entraining
agents. Moreover, there are no standardized measures for
improving the frost resistance of recycled concrete, such as
the incorporation of fibers, internal curing, or modification of
aggregates, meriting further exploration.

Based on existing research findings, the following
recommendations are proposed to facilitate the application and
promotion of recycled concrete in cold regions.

1 The incorporation rate of recycled aggregates significantly
affects the frost resistance of recycled concrete. Based on
current research, it is recommended that the content of
recycled fine aggregates should not exceed 40%when replacing
natural fine aggregates. When substituting natural coarse
aggregates with recycled coarse aggregates, the recommended
replacement rate should not exceed 50%.

2 In practical engineering, mineral admixtures are frequently
used to replace a portion of the bindingmaterials to achieve the
objectives of cost reduction and performance enhancement.
The addition of an appropriate amount of mineral admixtures
can improve the frost resistance of recycled concrete. It is
recommended to consider the impact of the dosage of mineral
admixtures on the frost resistance of recycled concrete and
determine the optimal amount of mineral admixtures.

3 Thewater-to-cement ratio is a significant factor influencing the
frost resistance of recycled concrete. It is recommended to use a
lower water-to-cement ratio in themix design to achieve better
frost resistance in recycled concrete.

4 An appropriate degree of water saturation can play a positive
role in enhancing the frost resistance of recycled concrete. It is
recommended to determine the optimal water saturation level
of recycled aggregates to improve their frost resistance.

5 Air-entraining agents have a favorable effect on improving the
frost resistance of recycled concrete. It is recommended to
select an appropriate dosage to ensure that recycled concrete
has good frost resistance. Moreover, an appropriate fiber
content can also contribute to a significant improvement in its
frost resistance.

6 The old mortar on the surface of recycled aggregates
significantly influences the frost resistance of recycled

concrete. It is recommended to choose an appropriate method
to remove the old mortar from the surface of recycled
aggregates or strengthen the recycled aggregates.
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