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To investigate the effect of pre-impregnating recycled aggregates with calcium hydroxide (CH) followed by pressurized CO,
curing of recycled aggregates on the frost resistance of recycled concrete (RAC), rapid freeze—thaw tests were conducted on
specimens with different recycled coarse aggregate (RCA) and recycled fine aggregate (RFA) replacement ratios. Mass loss,
relative dynamic modulus of elasticity (RDEM), and microstructural characteristics were analyzed. The results indicate that
the frost resistance of RAC decreases with increasing recycled aggregate replacement ratio. CH pre-impregnation combined
with pressurized CO, curing effectively improves the freeze—thaw resistance of RAC. After 50 freeze—thaw cycles, the mass
loss of treated RAC was 2.71-4.59 %, lower than that of untreated RAC. Meanwhile, the RDEM of treated RAC increased
by 19.48—60 % at 100 % RCA replacement and by 41.06—-60 % at 100 % RFA replacement. Microstructural analysis showed
that carbonation products filled pores and microcracks in recycled aggregates and at the interfacial transition zone, thereby
refining the internal structure and mitigating freeze—thaw damage. A freeze—thaw damage model based on RDEM was

established and showed good agreement with the experimental results.

INTRODUCTION

With the ongoing acceleration of urbanization and
infrastructure renewal, construction waste has increased
rapidly and has become an important component of solid
waste management [1]. If waste concrete is stockpiled
for a long time or disposed of inefficiently, it not only
consumes land resources and harms the ecological en-
vironment, but also results in serious waste of recyclable
construction materials. Therefore, promoting the high-
value, large-scale use of waste concrete has become an
important pathway for the green transformation of the
construction industry and for resource recycling [2].

Among the available recycling approaches, recyc-
led concrete has become a key technical route for the
reutilization of construction waste because it can directly
consume waste concrete and partially replace natural
sand and gravel. Compared with recycled concrete con-
taining only recycled coarse aggregate, recycled aggre-
gate concrete (RAC) incorporating both recycled coarse
aggregate (RCA) and recycled fine aggregate (RFA)
provides a broader route for the coordinated utilization
of waste concrete [3]. When both RCA and RFA are
completely used, this material can be regarded as fully
recycled concrete.

This approach can maximize the recycling rate of
construction waste, reduce the exploitation of natural
aggregates, and provide greater environmental benefits
and greater engineering application potential [4].

However, insufficient durability remains a major
obstacle to the engineering application of RAC. During
the crushing process, recycled aggregates inevitably
retain a large amount of adhered old mortar, which
usually contains abundant pores, microcracks, and a com-
plex interfacial transition zone [5-7]. As a result, the
aggregate itself has relatively low strength, high water
absorption, and a non-uniform pore structure. Compared
with natural aggregate concrete, RAC generally exhibits
a looser internal structure [8-10]. Under freeze-thaw
conditions, pore water is more likely to migrate and
accumulate, and the hydraulic pressure and osmotic pres-
sure generated by ice expansion accelerate the initiation,
propagation, and coalescence of internal microcracks,
eventually leading to surface mortar scaling, corner da-
mage, coarse aggregate exposure, and continuous stiff-
ness degradation [11-15].

To improve the performance of recycled concrete,
previous studies have proposed various enhancement
methods, including mechanical grinding, acid washing,
slurry coating, and nanomaterial modification [16,17].
Although these methods can reduce the water absorption
of recycled aggregates and improve the interfacial
properties to some extent, they often involve complex
procedures, high energy consumption, high treatment
cost, or the risk of secondary pollution. In contrast,
carbonation treatment utilizes the reaction of CO, with
Ca(OH),, C-S-H, and aluminate hydration products in
the old mortar attached to recycled aggregates, forming
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CaCO,, silica gel, and related carboaluminate products
[18-21]. This process not only enables CO, utilization
but also improves the microstructure of recycled aggre-
gates through product deposition and pore filling, the-
reby increasing the apparent density and reducing the
crushing index and water absorption.

Recent studies have shown that CH pre-impreg-
nation combined with pressurized carbonation can im-
prove not only the physical properties of recycled aggre-
gates, but also the mechanical, fracture, durability, and
microstructural performance of recycled aggregate-
based materials [20, 22-24]. For example, this treatment
has been reported to improve the fracture behavior of
recycled coarse aggregate concrete [22], enhance recyc-
led aggregate mortars through presoak-accelerated car-
bonation [20], and improve the physical properties and
microstructure of recycled fine aggregates [24]. In our
previous work, the effects of RFA replacement ratio on
the workability, mechanical properties, chloride ion per-
meability, frost resistance, and microstructure of recycled
mortar were also investigated [23]. These studies provide
an important basis for the present work. However, the
freeze-thaw damage evolution of recycled concrete con-
taining different combinations of RCA and RFA after
CH pre-impregnation combined with pressurized carbo-
nation remains insufficiently understood.

Although carbonation-enhanced recycled aggrega-
tes and the corresponding recycled concrete have attrac-
ted considerable attention, systematic studies on the
frost resistance of RAC remain limited, especially those
concerning the evolution of freeze-thaw damage under
different combinations of RCA and RFA replacement
ratios. Therefore, in this study, recycled coarse and fine

aggregates were strengthened by pre-impregnation with
a calcium hydroxide solution followed by pressurized
carbonation. RACs with different replacement-ratio com-
binations were then prepared, and rapid freeze-thaw
tests were carried out to investigate variations in mass
loss rate and relative dynamic modulus of elasticity
(RDEM). In addition, SEM analysis was used to reveal
the microscopic mechanism by which carbonation treat-
ment improves frost resistance. Furthermore, with RDEM
as the damage characterization parameter, a freeze-thaw
damage model for RAC was established to provide
a theoretical basis for frost durability evaluation and
service-life prediction.

EXPERIMENTAL

Test material and mix proportions

P.O 42.5 ordinary Portland cement, natural crushed
stone with a particle size of 5-20 mm, and natural river
sand with a particle size of less than 4.75 mm were
used as the basic raw materials in this study. RCA
(5-20 mm) and RFA (< 4.75 mm) were both produced by
crushing discarded C40 concrete beams in the laboratory
using a jaw crusher. To ensure comparability among all
mixtures, the target concrete strength grade was C40,
and the water-to-cement ratio was fixed at 0.49. To mi-
nimize the adverse effects of the high water absorption
of recycled aggregates on the actual mixing water and
workability, the recycled aggregates were pretreated to
a saturated surface-dry condition before casting, ensuring
the accuracy of the designed water-to-cement ratio. The
mix proportions are listed in Table 1.

Table 1. Mix proportion of recycled coarse/fine concrete (kg'm™).

RFA RCA
Group Cement NFA NCA before CO,  after CO, before CO, after CO, Water
curing curing curing curing
NAC 378 680 1157 0 0 0 0 185
RAC (100, 0) 378 680 0 0 0 1157 0 185
RAC (100, 30) 378 476 0 204 0 1157 0 185
RAC (100, 50) 378 340 0 340 0 1157 0 185
RAC (100, 70) 378 204 0 476 0 1157 0 185
RAC (100, 100) 378 0 0 680 0 1157 0 185
RAC (50, 100) 378 0 578.5 680 0 578.5 0 185
RAC (0, 100) 378 0 1157 680 0 0 0 185
CRAC (100, 0) 378 680 0 0 0 0 1157 185
CRAC (100, 30) 378 476 0 0 204 0 1157 185
CRAC (100, 50) 378 340 0 0 340 0 1157 185
CRAC (100, 70) 378 204 0 0 476 0 1157 185
CRAC (100, 100) 378 0 0 0 680 0 1157 185
CRAC (50, 100) 378 0 578.5 0 680 0 578.5 185
CRAC (0, 100) 378 0 1157 0 680 0 0 185

Note: NAC = natural aggregate concrete; RAC = recycled aggregate concrete; CRAC = carbonation-enhanced recycled aggregate concrete.
In (x, y), x denotes the RCA replacement ratio, and y denotes the RFA replacement ratio.
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Carbonation enhancement treatment

The recycled aggregates were first immersed in
a calcium hydroxide (CH) solution for 24 h. The pretrea-
ted aggregates were then dried in an oven at 105 °C and
subsequently stored in a constant-temperature, humidity
chamber at 22 £2 °C and 60-70 % relative humidity until
the moisture content met the test requirement. After that,
the aggregates were placed in a S0L carbonation reactor
for carbonation treatment. The carbonation conditions
were 99.9 % CO, concentration, 20 °C temperature,
70 % relative humidity, and 0.3 MPa pressure. After car-
bonation, a 1 % phenolphthalein solution was sprayed
onto the recycled aggregates. No red coloration was

Figure 2. Recycled aggregate before and after carbonation
treatment.

Table 2. Physical properties of recycled aggregates.

observed, indicating that the carbonation reaction had
been completed. The physical properties of the recycled
aggregates before and after carbonation are presented in
Table 2.

Freeze-thaw resistance test

The freeze-thaw resistance test was conducted in
accordance with GB/T 50082-2009. For each group, three
prismatic specimens measuring 100 x 100 % 400 mm
were prepared. After 28 days of standard curing, the
specimens were removed, the surface water was wiped
off, their external dimensions and surface integrity were
checked, and the initial mass was measured. During
the freeze-thaw test, the mass of each specimen was
measured every 25 cycles, and the mass loss rate was
calculated according to Equation (1).

w,— W,

AW, = "% 100% (1)

After the mass measurement, the ultrasonic pulse
velocity of each specimen was obtained using a non-
metallic ultrasonic testing method. Based on the
measured wave velocity, the dynamic elastic modulus
(DEM) was calculated using Equation (2), and the RDEM
was further calculated using Equation (3). In Equation
(2), p is the material density and v is Poisson’s ratio. In
Equation (3), E, is the DEM of RAC after t freeze-thaw
cycles, E, is the initial dynamic elastic modulus of RAC,
and ¥, is the ultrasonic wave velocity after t freeze-thaw
cycles.

+ —
E= p(1+y)(1—-2y) P2 )
1—v
E V2
E ="t =_¢
Tk T ®

A rapid freeze-thaw cycling regime was adopted
in this study. The test was conducted in a rapid freeze-
thaw chamber. Each freeze-thaw cycle lasted 2-4 h. The
minimum temperature at the center of the specimen
was controlled at (—18 +2)°C, while the maximum
temperature was controlled at (5 +2) °C. At any time
during the test, the center temperature of the specimen
was not allowed to be lower than —20 °C or higher
than 7 °C. After every 25 cycles, the specimens were
removed, and the mass and DEM were measured again.

Apparent density (kg'm™) Crushing value (%) Water absorption (%)
before CO, after CO, before CO, after CO, before CO, after CO,
curing curing curing curing curing curing
RCA 2640 2650 19.33 17.32 5.74 4.85
RFA 2619 2658 32.32 26.99 9.72 7.85
348 Ceramics — Silikaty 70 (3) 346-357 (2026)
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After the test, the specimens were turned over and placed
back into the specimen box, and water was added until
the water level was approximately 5 mm above the
specimen surface before the next stage of freeze-thaw
cycling began.

SEM test

Scanning electron microscopy (SEM) was used to
observe the microstructure of the RAC specimens. Before
SEM observation, the samples were ground and polished
and then dried in an oven at 65 °C until a constant mass
was reached. The micro-morphology of the specimens
was subsequently examined using SEM.

¢) RAC (100, 50)

RESULTS AND ANALYSIS

Damage patterns and frost resistance

Figure 3 shows the appearance of RAC specimens
with a 100 % RCA replacement ratio after 50 freeze-thaw
cycles under different RFA replacement ratios. As the
RFA replacement ratio increased, surface mortar scaling
became more severe, internal coarse aggregates were
gradually exposed, and the specimen surface changed
from relatively smooth to irregular and uneven. When
the RFA replacement ratio reached 50 %, local spalling
occurred at the edges and corners, and the original angular
shape could no longer be maintained. At a 100 % RFA
replacement ratio, the specimens became significantly
loose and severely fractured, approaching the point of
losing integrity. In contrast, the apparent freeze-thaw

b) CRAC (100, 0)

d) CRAC (100, 30)

f) CRAC (100, 50)

h) CRAC (100, 70)

i) RAC (100, 100)

j) CRAC (100, 100)

Figure 2. Appearance after 50 freeze-thaws cycles of recycled concrete with 100 % Recycled Coarse Aggregate (RCA) replace-

ment rate.
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damage of CRAC was significantly alleviated. Only
local surface mortar peeling was observed, showing a
typical fish-scale scaling pattern, and only a few visible
pores appeared in the middle region. Even when the
carbonated RFA replacement ratio reached 70 %, the
specimens still maintained relatively good integrity,
although some corner damage was observed. Severe sur-
face scaling and local exposure of RCA occurred only
when the replacement ratio reached 100 %. Overall, car-
bonation enhancement significantly reduced the visible
freeze-thaw damage of RAC.

The above observations indicate that increasing
the RFA replacement ratio amplified the visible freeze-
thaw damage of RAC. This can be mainly attributed to
the smaller particle size, larger specific surface area,
and larger amount of adhered old mortar and initial
microcracks associated with RFA. When a large amount
of RFA replaces natural fine aggregate, more continuous
pore channels and weak interfaces are introduced into
the mortar matrix, allowing water to penetrate and re-
peatedly freeze and thaw in local pores. With increasing
freeze-thaw cycles, the volume expansion pressure ge-
nerated by freezing pore water promotes surface mortar
scaling and further connects internal microcracks. In
contrast, the pores and microcracks in carbonated RFA
are partially filled, and its water absorption is reduced.
This weakens water migration and the accumulation of
frost-expansion pressure during freeze-thaw cycling,
which explains why CRAC can still maintain relatively
good integrity even at high RFA replacement ratios.

Figure 4 further presents the appearance of speci-
mens witha 100 % RFA replacement ratio after 50 freeze-
thaw cycles under different RCA replacement ratios.
When the RCA replacement ratio was 0 %, the surface
mortar of plain RAC almost completely peeled off,
accompanied by obvious expansion deformation, severe
edge loss, and aggregate detachment. Some specimens
even fractured through the middle. This indicates that,
under repeated freeze-thaw cycles, the volumetric
expansion pressure induced by water freezing and
thawing continuously acted within the concrete, causing
existing microcracks to propagate and gradually connect.
When the RCA replacement ratio increased to 50 %, the
overall integrity of the specimens improved somewhat,
but plain RAC still exhibited significant surface scaling
and coarse aggregate exposure. When the replacement
ratio further increased to 100 %, the structure deteriorated
further and eventually disintegrated. By contrast, CRAC
remained intact after freeze-thaw cycling and showed
only local surface mortar peeling. Even at a 100 %
RCA replacement ratio, only slight corner damage was
observed, without severe disintegration.

To further quantify freeze-thaw damage, Figure 5
shows the variation in mass loss rate of RAC before
and after carbonation under different recycled aggregate
replacement ratios. After 25 freeze-thaw cycles, the
mass of plain RAC generally decreased, and the mass
loss rate gradually increased with the recycled aggregate
replacement ratio. At this stage, the differences among
the groups were relatively small, ranging from 0.8 % to

Py

¢) RAC (100, 1

B

0)

f) CRAC (100, 100)

Figure 4. Appearance after 50 freeze-thaws cycles of recycled concrete with 100 % Recycled Fine Aggregate (RFA) replace-

ment rate.

350

Ceramics — Silikaty 70 (3) 346-357 (2026)



Effect of calcium hydroxide solution pre-impregnation combined with pressurized carbonation on the frost resistance of recycled concrete

1.4 %, whereas the mass loss rate of natural aggregate
concrete was approximately —0.22 %. This indicates that
during the initial freeze-thaw stage, crack propagation
and pore-water absorption jointly affected mass change.
On the one hand, water absorption by internal pores may
temporarily increase the specimen mass; on the other
hand, surface mortar peeling can reduce mass, leading
to a negative mass loss rate in the early stage. For RAC,
due to greater amounts of adhered old mortar and initial
pores, the internal structure is relatively loose and more
susceptible to surface scaling, resulting in a positive
overall mass loss rate.

After 50 freeze-thaw cycles, the surface damage
became more severe, and corner loss and coarse aggre-
gate exposure were commonly observed. The mass loss
rate of plain RAC increased to approximately 2.5-5.0 %.
Although these values generally did not exceed the
5 % damage limit specified in the code, the specimens
had already exhibited evident structural deterioration.
This is mainly because the original microcracks in
recycled aggregates continuously propagated under re-
peated freezing and thawing, while the repeated frost
expansion of pore water induced new cracks, resulting
in cumulative internal damage and continuous surface
mortar peeling. When both RCA and RFA replacement
ratios were 100 %, the initial porosity of the material
was higher, making the specimens more vulnerable to
severe freeze-thaw damage and thus leading to a larger
mass loss rate. In contrast, CRAC exhibited a lower
overall mass loss rate. After 50 freeze-thaw cycles, the
minimum value was 2.71 % for the specimen with 100 %
carbonated RCA and 0 % carbonated RFA, whereas the
maximum value was 4.59 % when both carbonated RCA
and carbonated RFA replacement ratios were 100 %.
These results indicate that carbonation enhancement can
suppress surface scaling and mass deterioration of RAC

—#— before carbonation
—e— after carbonation

Mass loss rate
after 25 cycles (%)

—&— before carbonation
—e— after carbonation

Mass loss rate
after 25 cycles (%)

30 50 70 100
RFA replacement rate (%)

a) recycled concrete (100 % recycled coarse aggregate)

to a certain extent. However, because the mass loss rate
is affected by multiple factors such as water absorption
and surface peeling, it still has limitations when used
alone to characterize freeze-thaw damage.

This limitation is particularly evident in RAC.
During freeze-thaw cycling, the mass variation of speci-
mens is actually governed by two opposite processes.
On the one hand, pores in recycled aggregates and ad-
hered old mortar continuously absorb water, which
may increase the specimen mass to some extent. On
the other hand, surface mortar scaling, corner damage,
and the detachment of loosened particles cause mass
reduction. At the early stage of freeze—thaw cycling,
water absorption and material loss may partially offset
each other, causing the mass loss rate to underestimate
the degree of internal damage. Even when the mass
loss rate of some specimens does not exceed the code
limit after 50 freeze-thaw cycles, internal microcrack
propagation and stiffness degradation may already be
significant. Therefore, the mass loss rate mainly reflects
surface scaling and macroscopic material loss, but it
cannot independently characterize the internal damage
accumulation of RAC. In comparison, RDEM is more
sensitive to internal microcrack development and
overall stiffness degradation, and should therefore be
used together with mass loss rate to evaluate the frost
resistance of RAC.

Compared with the mass loss rate, the RDEM shown
in Figure 6 can more sensitively reflect the evolution of
internal damage. Figure 6a shows that when the RCA
replacement ratio was 100 %, the RDEM of plain RAC
dropped below 60 % after 25 freeze-thaw cycles, indi-
cating failure according to the damage criterion. In con-
trast, the RDEM of CRAC was significantly higher than
that of plain RAC. When the replacement ratio of car-
bonated RFA was below 30 %, the RDEM remained

Mass loss rate
after 25 cycles (%)
T

L /l
o
.9 o
L —& .
—#— before carbonation
, —— after carbonation

S
%o
T

Mass loss rate
after 50 cycles (%)
'y
Q

—&— before carbonation
,—— after carbonation

0 50 100
RCA replacement rate (%)

b) recycled concrete (100 % recycled fine aggregate)

Figure 5. Mass loss rate of recycled concrete before and after carbonation.
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above 60 %, demonstrating that carbonation treatment
markedly delayed the development of freeze-thaw da-
mage. Quantitative analysis shows that when the RFA
replacement ratios were 0 %, 30 %, 50 %, 70 %, and
100 %, the RDEM of CRAC increased by 36.95 %,
19.48 %,27.22 %, 45.05 %, and 60 %, respectively, com-
pared with that of plain RAC. Overall, the improve-
ment in frost resistance from carbonation enhancement
became more pronounced as the RFA replacement ratio
ncreased. Among all groups, RAC with a 30 % RFA
replacement ratio exhibited the best overall frost resis-
tance. This may be attributed to the combined effects
of adhered old mortar, pore characteristics, and particle
gradation. A moderate amount of RFA can enhance the
mechanical interlocking between aggregates and fresh
mortar and improve interfacial bonding, whereas exces-
sive RFA introduces higher porosity and poorer aggregate
quality, which eventually dominate the material behavior
and lead to deterioration of the pore structure and rapid
reduction in RDEM.

The variation in RDEM indicates that a small
amount of RFA does not necessarily have a completely
negative effect. At an RFA replacement ratio of 30 %,
the filling effect of fine recycled particles may improve
the particle packing and local compactness of the mor-
tar matrix, while also enhancing mechanical interlocking
between aggregates and paste. This may explain the re-
latively better frost resistance observed at this replace-
ment level. However, as the RFA replacement ratio
further increases, the adverse effects of high water
absorption, porous adhered old mortar, and weak inter-
faces become dominant. This leads to increased connec-
ted pores, accelerated water migration during freeze-thaw
cycling, and a rapid reduction in RDEM. The greater
improvement in RDEM at high RFA replacement ratios
after carbonation indicates that the enhancement effect
mainly originates from the filling and repair of original

0.8

V] before carbonation

Mr § Y after carbonation

0.6 - §
0.5 i 7 §
0.4 i 7 § §
0.3 i 7%

Relative dynamic modulus of
elasticity after 25 cycles (%)

0.1

0.0

(1} 30 50 70 100
RFA replacement rate (%)

a) recycled concrete (100 % recycled coarse aggregate)

defects. In other words, a higher RFA content prov-
ides more pores and microcracks that can be repaired by
carbonation products, resulting in a more pronounced
improvement. Nevertheless, when excessive RFA is
used, carbonation treatment can only mitigate, rather
than completely eliminate, the defect accumulation
caused by recycled fine aggregate.

Figure 6b shows that when the RFA replacement
ratio was 100 %, the RDEM of CRAC was consistently
higher than that of plain RAC as the RCA replacement
ratio increased from 0 % to 100 %, with increases of
44.69 %, 41.06 %, and 60 %, respectively. Under the
same replacement ratio, the reduction in RDEM of
CRAC was significantly smaller, indicating that carbo-
nation treatment can effectively improve the pore struc-
ture of recycled aggregates and reduce the rate of inter-
nal damage accumulation, thereby significantly enhan-
cing the freeze-thaw resistance of RAC. Taken together,
Figures 3—6 indicate that with increasing recycled aggre-
gate replacement ratio, the apparent damage, mass dete-
rioration, and internal damage of RAC all became more
severe, whereas carbonation enhancement significantly
improved the frost resistance of RAC from both macro-
scopic and microscopic perspectives.

Carbonation mechanism

From the reaction perspective, carbonation enhan-
cement mainly involves the reaction of CO, with
Ca(OH),, C-S—H, AFt, AFm, and part of the unhydrated
C,S and C;S in the adhered old mortar on the recycled
aggregate surface, producing CaCO,, silica gel, and
related carboaluminate products (Equation (4)-(7)).
These reactions increase the solid-phase volume and
promote the deposition of carbonation products in po-
res and cracks, thereby reducing the porosity and water
absorption of recycled aggregates and enhancing the

0.8

V] before carbonation
N after carbonation

e
|
T

e
=)
T

b
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T

e
(]
T

Relative dynamic modulus of
e
]

elasticity after 25 cycles (%)
>
S

e
—
T

0.0

0 50 100
Fully recycled concrete (100% recycled fine aggregate)

b) recycled concrete (100 % recycled fine aggregate)

Figure 6. Relative dynamic modulus of elasticity of recycled concrete before and after carbonation.
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strength of the old mortar matrix and its interfacial
transition zone.

Ca(OH), + CO, — CaCO; + H,0 )
C-S-H + CO, — CaCO, + Si0, + H,0 5)
2Ca0 - Si0, + 2CO, + nH,0 — .
— 2CaCo, + Si0, - nH,0
3Ca0 - Si0, + 3CO, + nH,0 — o
— 3CaCo, + Si0, - nH,0

As shown in Figure 7a,b, the microstructure of
RAC became markedly denser after carbonation enhan-
cement. Compared with plain RAC, CRAC contained
fewer pores, the original loose regions were compressed,
penetrating cracks nearly disappeared, and the matrix’s
continuity and integrity were both improved. This in-
dicates that CH pretreatment combined with pressurized
CO, curing can effectively improve the microstructure of
recycled aggregates and their interfacial transition zones.
Figure 7c further shows that a large amount of regular
and dense calcium carbonate crystals and the alumina-
te reaction product monocarboaluminate (Mc) were
formed after carbonation. These carbonation products
can fill microcracks and pores on the surface of recycled
aggregates through deposition, coating, and stacking,
repair defects in old mortar, and improve the interfacial
bonding between old and new mortar, thereby making
the CRAC structure denser.

The SEM observations are consistent with the
changes in aggregate physical properties shown in Table 2
and the macroscopic freeze—thaw indices shown in Fi-
gures 5 and 6. Table 2 shows that carbonation treatment
reduced the water absorption of recycled aggregates,
indicating that water penetration into the internal pores
of recycled aggregates became more difficult. Figure 7
further demonstrates that carbonation products, such
as CaCO,;, Mc, and silica gel, filled the pores and
microcracks in the adhered old mortar and improved the
interfacial continuity between old mortar and new paste.
During freeze—thaw cycling, reduced pore connectivity
means lower freezable water content and slower water
migration, thereby weakening the driving effect of frost-
expansion pressure and osmotic pressure on internal mic-
rocrack propagation. Meanwhile, a denser interfacial
zone improves stress transfer between aggregates and
paste and delays the propagation of interfacial cracks
under cyclic freezing and thawing. Therefore, the lower
mass loss rate and higher RDEM of CRAC are not
isolated phenomena, but the combined result of a conti-
nuous mechanism involving pore filling, reduced water
absorption, interfacial strengthening, and delayed freeze-
thaw damage.

Under freeze-thaw action, the damage to recyc-
led concrete can still be explained by the hydraulic
pressure and osmotic pressure theories. During freeze-
thaw cycling, the hydraulic pressure generated by the

expansion of frozen pore water and the osmotic pressure
arising from differences in the freezing sequence of
water in pores of different sizes continuously induce
and propagate microcracks within the material. In plain
RAC, the large amount of adhered old mortar, numerous
pores and microcracks, and the complex interfacial
transition zone make the material more prone to water
absorption and to frost-expansion stress accumulation,
thereby accelerating the development of internal da-
mage and structural deterioration. After carbonation,

Figure 7. SEM images.
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products such as CaCO;, Mc, and silica gel fill and
repair pores and cracks, improve the pore structure of
recycled aggregates, strengthen the interfacial transition
zone, and reduce the connectivity of internal pores and
capillary water absorption. As a result, new microcracks
are less likely to form during freeze-thaw cycling, frost-
expansion damage is significantly reduced, and frost
resistance is improved. In essence, carbonation improves
the freeze-thaw performance of RAC through pore filling,
structural densification, reduced water absorption, and
reduced frost-expansion damage.

Freeze-thaw damage model

The freeze-thaw damage mechanism of RAC is
similar to that of natural concrete and originates from
the initiation, propagation, and coalescence of internal
microcracks. However, compared with natural concrete,
RAC contains more adhered old mortar, internal micro-
cracks, and interfacial transition zones. Therefore, its
freeze-thaw deterioration is essentially a continuous
accumulation of damage in the interfacial transition

0.8
/ L
0.7 ./
0.6 "
S /
é’ 0.5 g
a0
04
o\ —m— before carbonation
0.3 o —e— after carbonation
1 " 1 " 1 " 1 " 1 " 1

0 20 40 60 80 100
RFA replacement rate (%)

a) recycled concrete (100 % recycled coarse aggregate)

zone and internal microstructure. The evolution of this
microscopic damage eventually manifests as degradation
of macroscopic properties. Previous studies have shown
that RDEM is sensitive to internal concrete damage.
Therefore, RDEM was used in this study as the damage
index for RAC, and a freeze-thaw damage model was
established via regression analysis of the experimental
results. The damage degree, D, was defined according to
Equations (8)-(10).

D=1-—t
E ()
E
E= - ©)
0
D=1-E, (10)

According to the code, a damage degree of 40 %
can be taken as the failure state. Therefore, the number
of freeze-thaw cycles corresponding to a damage degree
of 40 % may be regarded as the final freeze-thaw life
of RAC. The test results show that after 25 freeze-thaw

0.8
/l
0.7 - -/.
~ .\
S 06l ¢
a
®
0.5
—m— before carbonation
—@— after carbonation
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b) recycled concrete (100 % recycled fine aggregate)

Figure 8. Changes of damage degree with freeze-thaw cycles under different recycled coarse aggregate replacement ratios.

Table 3. Freeze—thaw models of recycled concrete.

Group Freeze-thaw damage model R?

E%Cg ﬁ/iefes;’zlcergtfome sgregatc) (-2.30238E-6) x> + (3.65659E-4) x> — 0.0112x, + 0.52 0.951
(Cl‘gg00/‘:“:6"C’;‘ngrclﬁgizea‘;;zgsg conerete (—1.93333E-6) x + (2.88831E-4)x2 — 0.00691 x, + 0.34 0.933
?if)}(l)ci/ii:co;cclzjiine aggregate) 6.6E - 4x, +0.3694 0-936
Carbonation-strengthened recycled concrete 5.8E —4x, + 0.5667 0,502

(100 % recycled fine aggregate)

Note: x, recycled fine aggregate replacement rate, x, recycled coarse aggregate replacement rate
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Figure 9. Images and fitted curves of the variation of recycled concrete with recycled aggregate substitution rate at different

substitution rates.

cycles, the damage degree of RAC generally approached
40 %, indicating that RAC under high recycled aggregate
replacement ratios is highly sensitive to freeze-thaw
action and develops internal damage rapidly.

Further analysis of the experimental data at diffe-
rent replacement ratios shows that when the RCA re-
placement ratio was 100 %, the variation in damage de-
gree with the RFA replacement ratio exhibited a clear
nonlinear pattern, and the overall trend was well fit
by a cubic function. When the RFA replacement ratio
was 100 %, the variation in damage degree with the
RCA replacement ratio was approximately linear. The
corresponding relationships and fitted curves are shown
in Figure 9, and the resulting freeze-thaw damage models
are listed in Table 3.

As shown in Table 3, for plain RAC with a 100 %
RCA replacement ratio, the coefficient of determination
(R?) of the freeze-thaw damage model was 0.951, while
that of CRAC was 0.933. These results indicate that
both models provided a good fit and could accurately
describe the variation in damage degree with the RFA
replacement ratio. For the 100 % RFA replacement
case, the R? value of the plain RAC model was 0.936,
indicating that the linear model also performed well.
However, the R? value for the CRAC model was only
0.502, suggesting relatively low model fit. This indicates
that under carbonation, the influence of RCA replacement
ratio on damage evolution may be more complex and
still requires further refinement based on additional
experimental data.

Overall, the freeze-thaw damage model established
based on RDEM can reasonably describe the damage
evolution of RAC under freeze-thaw cycling and can
provide a theoretical basis for frost durability assessment
and service life prediction. The fitting performance was
generally better when the RCA replacement ratio was

100 %, whereas under complete replacement of RFA in
CRAC, the damage evolution showed relatively large
discreteness. This suggests that although carbonation
improves the frost resistance of RAC, its influence on the
damage evolution mechanism under different recycled
aggregate replacement combinations remains complex.

CONCLUSION

This study investigated the effect of pre-impregna-
tion with a calcium hydroxide solution combined with
pressurized carbonation treatment of recycled aggregates
on the frost resistance of recycled concrete with different
RCA/RFA replacement combinations. Based on mass
loss, RDEM, damage evolution, and SEM observations,
the following conclusions can be drawn:

e The freeze-thaw damage of recycled concrete became
progressively more severe with increasing recycled
aggregate replacement ratio, as reflected by surface
mortar scaling, corner damage, coarse aggregate expo-
sure, and reduction in RDEM. The most pronounced
freeze-thaw deterioration occurred when both RCA
and RFA replacement ratios reached 100 %.

e Carbonation significantly improved the frost resistan-
ce of RAC. At the same replacement ratio, the carbo-
nation-enhanced specimens exhibited lower mass loss
rates and higher RDEM values than the untreated
specimens. In particular, when the RCA replacement
ratio was 100 %, the RDEM increased by 19.48-60 %,
while under a 100 % RFA replacement ratio, the in-
crease reached 41.06 % - 60 %.

e The improvement in frost resistance was mainly attri-
buted to the filling effect of carbonation products in
the pores and microcracks of recycled aggregates and
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the interfacial transition zone. This effect refined the
pore structure, strengthened interfacial bonding, and
consequently mitigated freeze-thaw damage.

e The freeze-thaw damage model established based
on RDEM could reasonably describe the damage
evolution of RAC. The model showed good fit accu-
racy under 100 % RCA replacement. However, for
carbonation-enhanced specimens with 100 % RFA re-
placement, the fitting accuracy was relatively low and
still requires further improvement.

This study mainly focused on the freeze-thaw du-
rability of recycled concrete, while systematic investi-
gations on mechanical properties, quantitative pore-
structure characteristics, carbonation depth, long-term
multi-factor durability, and changes in pore solution
pH were not conducted. Future studies may employ
MIP, TGA, XRD, microhardness testing, and SEM-BSE
imaging to further reveal the microscopic mechanism by
which CH pre-impregnation combined with pressurized
carbonation improves the performance of recycled con-
crete. In addition, when this treatment method is applied
to reinforced concrete or fiber-reinforced concrete
systems, special attention should be paid to the possible
reduction in pore solution pH caused by carbonation and
its influence on the passive state of steel reinforcement or
metallic fibers.
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