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Abstract: In this study, the comprehensive performance
and material properties of recycled aggregate concrete
(RAC) under the coupled effect of salt-frost cycles were
investigated to simulate the effect of complex environ-
mental effects on the durability and deterioration of
RAC. The tests on mass loss, relative dynamic modulus
of elasticity (RDME), and compressive strength of RAC
were conducted after 0, 25, 50, 75, and 100 standard
salt-frost cycles. The results show that the mass loss,
RDME, and compressive strength of RAC develop in a
bad direction with the increase of the number of salt-frost
cycles and the amount of recycled aggregate admixture.
The concrete damage is particularly severe at more than
40% recycled aggregate admixture. This phenomenon is
explained by the changes in the microscopic morphology,
distribution of the pore structure, and functional groups
of RAC.

Keywords: salt-frost cycles, recycled aggregate concrete,
comprehensive properties, material properties

1 Introduction

As an indispensable building material, concrete plays
a pivotal role in the development of the construction
industry [1,2]. However, with the continuous expansion
of urbanization and rural urbanization in China, a large
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amount of natural resources such as sand and gravel are
becoming depleted [3]. Meanwhile, the total amount of
construction waste generated from the demolition of
abandoned houses, road renovation, and major natural
disasters is about 1.85 billion tons per year, accounting
for 80-90% of the total urban waste, but the utilization
rate is less than 10% [4—8]. This set of problems is causing
the conventional concrete industry to struggle [9-11]. To
compensate for the lack of sustainability potential of
conventional concrete, an increasing amount of construc-
tion waste is being used to produce recycled aggregates,
including recycled fine aggregate (FA) and recycled coarse
aggregate (RCA). In addition, recycled aggregates can be
used to prepare recycled aggregate concrete (RAC) by
replacing natural aggregates in concrete [12,13]. At this
stage, many researchers are using recycled aggregates
to replace some of the natural aggregates in concrete
pavements, road construction, and other civil engineering
applications. They found that the low dose of recycled
aggregates can make the structure with better mechanical
properties and durability performance. However, the modi-
fication of recycled aggregates by dipping and adding
nanomaterials allows recycled aggregates to achieve the
same effect as natural aggregates [14-16]. Compared with
the traditional aggregates, the application of recycled aggre-
gates has more economic and environmental benefits.
Simultaneously, the architectural structure of the salt
lake area and coastal ports in northern China has been in
a complex service environment coupled with salt erosion
and freezing and thawing for a long time. Buildings often
suffer severe damage before reaching their normal service
life. The harsh environmental conditions in the northern
China pose severe challenges to the normal service of
RAC. The research results on the resistance of recycled
aggregates to salt-frost coupling erosion have shown that
(1) The mechanical and durability performance of RAC is
generally lower than that of natural aggregate concrete
and decreases with the increase of RCA substitution rate
[17-27]. (2) As the replacement rate of recycled aggre-
gates increases, the frost resistance and chloride ion
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corrosion resistance of concrete decrease [28-30]. (3) The
performance of recycled concrete with the same replace-
ment rate in salt solution is worse than that in water
freezing. This can be attributed to the complex micro-
structures in the old cement mortar adhering to the sur-
face of the RAC, such as aggregate cracks and voids [30].
In summary, the current research on the durability of
RAC under severe service environment mainly focuses
on the degradation performance of recycled aggregate
in a single environment. Research on related degradation
characteristics under coupled conditions is insufficient,
and the lack of relevant research hinders recycled aggre-
gate. The lack of relevant studies hinders the develop-
ment of regenerated aggregates and the application of
concrete in cold, high latitude coastal or salt lake areas.

Therefore, it is necessary to investigate the deteriora-
tion characteristics of recycled concrete under the cou-
pling effect of chloride salt and freeze—thaw cycles. The
purpose of this study is to investigate the effects of salt-
frost cycles on the surface damage, mass loss rate (MLR),
relative dynamic modulus of elasticity (RDME), and cubic
compressive strength of RAC with different RCA substitution
rates. At the same time, the internal microscopic damage of
the recycled concrete after salt-frost cycles is investigated to
explain the deterioration of macroscopic mechanical prop-
erties and to elaborate the damage mechanism for future
practical engineering applications.

2 Materials and experimental
methods

2.1 Raw materials and mixing proportions

The cement was made of ordinary silicate cement (P-042.5N)
produced by Foshan Conch Cement Co. Ltd., and the
mechanical properties of the cement are shown in Table 1.
The aggregates in the concrete mix include natural coarse
aggregate (NCA), RCA, and natural FA. NCA was made of

Table 1: Mechanical properties of Portland cement

Flexural Compressive Fineness Setting
strength (MPa)  strength (MPa) time (min)

3 28 3days 28days 1.2 Initial  Final
days days setting setting
4.0 7.2 20.4 43.5 174 269
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crushed limestone with particle size of 5-20 mm. The RCA
was produced from a demolished building in Foshan, China,
with a particle size of 5-20 mm. The coarse aggregate was
crushed, screened, and cleaned to comply with Chinese
standards GB/T25177-2010 [32]. The appearance and particle
gradation of coarse aggregate are shown in Figures 1 and 2.
Natural FA is medium sand with a fineness modulus of 2.76.
The basic physical indexes of NCA, RCA, and FA were tested
with reference to Chinese standards GB/T14685-2011 [33]
and GB/T14684-2011 [34], and their physical properties
are shown in Table 2. A high-efficiency polycarboxylic
acid water reducing agent was used as admixture.

In this study, the presaturation method [35-38] was
referred for the design of the RAC ratio, and the ratio is
shown in Table 3. The mixture was compensated with
saturated RCA to offset the moisture absorbed by RCA.
In this study, five concrete mixes were designed with 0,
20, 40, 60, 80, and 100% replacement rates, which were
labeled as RAC-0, RAC-20, RAC-40, RAC-60, RAC-80, and
RAC-100, using RCA replacement rate as the main para-
meter and choosing w/c = 0.5.

2.2 Specimen casting and curing conditions

According to Chinese standards GB/T50476-2008 [38], 60
groups of cubic specimens with dimensions of 100 mm x
100 mm x 100 mm (180 pieces) were designed and fabri-
cated, with three pieces in each group. After 24h of
casting, the specimens were demolded and maintained
in a standard maintenance room at 20 + 2°C and 95%
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Figure 1: Particle gradation of coarse aggregates.
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Figure 2: Appearance of coarse aggregates: (a) NCA and (b) RCA.

(b)

relative humidity for 24 days. For 24 days, the specimens
were immersed in a solution of sodium chloride with a
mass fraction of 3.5% for 4 days. The finished specimens
were used for cubic compressive strength test, mass loss
test, and elastic modulus test, respectively.

2.3 Experimental methods
2.3.1 Salt-frost cycles test

According to the fast freezing method in Chinese stan-
dards GB/T 50082-2009 [40], the salt-frost cycles test was
carried out using a rapid freeze—thaw testing machine for
concrete with model number TDR-10. The number of salt-
frost cycles were 0, 25, 50, 75, and 100, and the test pro-
cedure is shown in Figure 3.

2.3.2 Dynamic modulus of elasticity and mass loss tests
To obtain data on the RDME, this study used the HMP-13
bdynamic elastometer to nondestructively test the dynamic

modulus of elasticity of the collected specimens. The RDME
of concrete was determined by equation (1).

Table 2: Physical properties of aggregates

Deterioration characteristics of recycled aggregate concrete =——— 29
Table 3: Mix proportion of RAC (kg-m~3)
Specimens Water Cement Sand NCA RCA SP
RAC-0 189 378 712 1162.2 0 1.9
RAC-20 189 378 712 929.8 232.4 1.9
RAC-40 189 378 712 697.3 464.9 1.9
RAC-60 189 378 712 464.9 697.3 1.9
RAC-80 189 378 712 232.4 928.8 1.9
RAC-100 189 378 712 0 1162.2 1.9
2
_ fni 0,
pi = B x 100%, 8y
fai

p; is the RDME (%) of the ith concrete specimen after N
freeze—thaw cycles, f;; is the transverse fundamental fre-
quency (Hz) of the ith concrete specimen after N freeze—
thaw cycles, and fo; is the initial value of transverse funda-
mental frequency (Hz) of the ith concrete specimen before
the freeze—thaw cycle test.

The specimens were removed from the brine with
different number of salt-frost cycles and dried the surface
water, and their MLR was determined, and the MLR was
determined by equation (2).

Moi — My x 100%, )
My;

Amni =

Amy; is the MLR (%) of the ith concrete specimen after N
freeze—thaw cycles, m; is the mass (g) of the ith concrete
specimen before the freeze—-thaw cycles test, and my; is
the mass (g) of the ith concrete specimen after N freeze—
thaw cycles.

2.3.3 Compressive strength test

According to Chinese standards GB/T50081-2019 [41], an
electro-hydraulic pressure tester of model NYL was used
to test the compressive strength of the specimens under
different salt-frost cycles. All test specimens were grouped
in groups of three, and the arithmetic mean of their mea-
sured values was taken as the final result.

Physical properties

Coarse aggregate FA

Recycle stone Natural sand

Type Natural stone
Bulk density (kg:-m~) 1,650
Apparent density (kg-m~>) 2,550

Water content (%) 0.12

Mass water absorption (%) 1.21

Crushing value (%) 5.32

1,450 2,050
2,360 2,512
2.51 0.81
12 7.58
27.6 -
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Figure 3: Test flow chart of salt-frost cycles.

2.3.4 Material properties testing

To further investigate the effect of RCA on the freezing
and corrosion disturbance of recycled concrete under the
action of salt-frost cycles, the microscopic morphology,
pore structure distribution, enhancement mechanism, and
damage characteristics of hydration products and chemical
bonds or molecules of recycled concrete specimens under
different numbers of salt-frost cycles were analyzed using
scanning electron microscopy (SEM), Fourier-transform
infrared spectroscopy (FTIR), and mercury-pressure porosi-
metry (MIP). For microscopic performance, the test proce-
dures were as follows. First, the specimens that reached the
number of salt-freezing cycles were broken into 2-5mm
pellets. Second, these pellets were immersed in alcohol for
24 h to terminate the reaction. Then, the pellets were dried at
60°C for 48 h. Finally, the treated pellets were stored in a
desiccator. The specimens were sprayed with gold and sub-
jected to SEM analysis. The pellets were ground together
with potassium bromide and pressed into thin slices for
FTIR analysis. In addition, samples of 0.5-1 g were weighed
and put into swellers, sealed with vacuum grease, and then
subjected to MIP analysis using low and high pressure. The
drying and preparation conditions of the samples were in
accordance with Chinese standards GB/T 16594-2008 [42],
ISO 19618-2017 [43], and GB/T 21650-2008 [44].

3 Results and discussion

3.1 Effect of salt-frost cycles on RAC
3.1.1 Surface damage pattern of RAC specimens

Figure 4(a) shows the damage pattern of RAC-60 speci-
mens under different number of salt-frost cycles. With the
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increase of the number of salt-frost cycles, the surface of
the specimens become increasingly rougher. Before the
salt-frost cycles, the surface of each group of specimens is
flat and smooth with a dense cement mortar package.
After 25N salt-frost cycles, many pits appear on the sur-
face of the specimens due to the spalling of the surface
mortar. With the further increase of the number of salt-
frost cycles, holes begin to appear on the surface of the
specimens and the coarse aggregate is gradually exposed.
In addition, the increase of RCA would aggravate the
damage of the specimens. As shown in Figure 4(b), at
reaching 100N salt-frost cycles, mortar spalling and exposed
coarse aggregate soon appear on the surface of the speci-
mens with the increase of RCA content. At 60% of RCA
content, the surface of the specimen have mortar completely
spalled off, aggregate exposed, and the edges collapsed
because the strength of the old mortar attached to the aggre-
gate is lower than that of the new mortar. Therefore, it is less
sensitive to the osmotic pressure and resistance to crystalliza-
tion pressure induced by salt-frost cycles than natural coarse
concrete (NC) samples, leading to further damage. This result
is similar to that reported by many researchers [45-47].

3.1.2 RDME and mass loss of RAC

The results of dynamic modulus of elasticity of RAC for
different number of salt-frost cycles are shown in Figure 5.
With the increase of the number of salt-frost cycles, the
RDME of the RAC decreases more than that of the normal
concrete. After 75N salt-frost cycles, the RDME of RAC-100
specimens decreases to 57.6%, which is lower than the cri-
tical value of RDME (60%). Meanwhile, the salt-frost cycles
is more likely to negatively affect the RDME of the RAC
compares with the normal concrete. 25N salt-frost cycles of
the RAC specimens show a severe loss of RDME. In the final
stage, the loss of RDME is significantly reduced. In addition,
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Figure 4: Damage morphology of specimens after salt-frost cycles: (a) RAC-60 and (b) 100N.

the incorporation of RCA contributes to produce a more sig-
nificant reduction in RDME of RAC. This may be attributed to
the poor bonding of the old mortar to the new mortar on the
RCA surface, which is more prone to internal cracking under
crystallization pressure, resulting in a reduction in RDME.
The MLR of RAC under different number of salt-frost
cycles is shown in Figure 6. For the RAC specimens
with less than 40% RCA admixture, the MLR of RAC
only changes by about 0.4% under 25N salt-frost cycles.
This may be due to the presence of brine crystals in
the internal pores of the concrete, which offset part of
the spalling of the cement mortar. The MLR of the con-
crete gradually increases with the number of salt-frost
cycles. Similarly, the incorporation of RCA intensifies the

deterioration of the concrete specimens. Specimens of
RAC-80 and RAC-100 are elevated to 5.1 and 6.8% mass
loss after 100N salt-frost cycles, which exceed the MLR
threshold (5%). As analyzed by Zhu et al. [48], the mass
change of concrete under freeze—thaw cycles is the result of
a combination of water intrusion mass increase and surface
scaling mass loss. When the number of salt-frost cycles is
low, the specimens have less freeze damage, and the mass
gained by the specimens from solution crystallization can
mitigate mass loss due to spalling. With the increase of the
number of salt-frost cycles and RCA content, the frost
damage of the specimens becomes more and more serious,
the cracks increase, the aggregate and mortar fall off, and
the mass gain from solution crystallization is smaller than
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Figure 5: The RDME of concrete after salt-frost cycles.

the mass loss from specimen spalling, which leads to a
substantial loss of the overall mass of the specimens.
3.1.3 Changes in compressive strength of RAC

Figure 7 shows the change law of compressive strength of
RAC under different number of salt-frost cycles. It can be

Mass loss rate (%)

T
100
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seen that the compressive strength of RAC decreases with
the increase of the number of salt-frost cycles and the

amount of RCA content. After more than 75N salt-frost
cycles, the compressive strength loss of RAC-0, RAC-20,

and RAC-40 is relatively moderate, whereas the compres-

sive strength loss of RAC-60, RAC-80, and RAC-100 increase
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Figure 6: The MLR of concrete after salt-frost cycles.
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steeply, and their strength loss rates reach 20, 21.9, and
17.5%, respectively. This indicates that the large amount
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Figure 7: The compressive strength of concrete after salt-frost cycles.

of RCA is very detrimental to RAC at the late stage of salt-
frost cycles. The reason is that the number of original micro-
cracks of RCA is high and the bond between the old mortar
and the aggregate or the old mortar and the new mortar is
poor, which leads to the high frost swelling force generated
during the salt-frost cycles. At the same time, the NaCl crys-
tals are formed by the salt entering the concrete interior
with the cracks further strengthen the extrusion and swel-
ling damage to the internal capillaries and microcracks of
the concrete, which severely damages its internal structure;
however, the crushing index and the needle-like content of
the RCA are greater than those of the natural aggregate,
which also leads to a lower strength of RAC than ordinary
concrete and an increased rate of compressive strength loss
after the salt-frost cycles [49].

3.2 Material properties of RAC after salt-
frost cycles

3.2.1 Material morphology changes of RAC

The microscopic morphological changes of the materials
under ON and 100N salt-frost cycles are determined by
SEM for RAC-0, RAC-40, and RAC-100, as shown in
Figure 8. It can be seen that all the concrete internal
structures are relatively dense in the initial state, with
only a few micropores and microcracks. However, the
interface transition zone (ITZ) of conventional concrete
is more compact than RAC-100, which is due to the old

mortar attached to the surface of RCA. After 100N salt-
frost cycles, the cement matrix is extruded to form wider
cracks and poorer pore structure. With the increase of
RCA admixture, the micropores develop into large pore
size holes, and the microcracks gradually develop into
cracks, showing a loose porous state. Meanwhile, the loose
internal structure makes the poorly bonded ITZ further dete-
riorated. The results clearly show that the degradation of RAC
under the coupling action of RCA and salt freezing is more
severe than that under the action of single factor, which is
attributed to the increase of pore size and microcracks during
freeze—thawing. These pores and microcracks provide more
pathways for subsequent chloride ion infiltration and pro-
mote structural damage, which leads to more severe dete-
rioration of the complex environment.

3.2.2 Pore structure distribution of RAC

Figure 9(a) and Table 4 show the pore size distribution,
porosity, total pore volume, and total pore area of RAC under
different salt-frost cycles. At ON, the curve of RAC shift sig-
nificantly upward with the incorporation of RCA and the
porosity increased, and the porosity of RAC-100 increased
by 45.1% compares with that of RAC-0. This indicates that
RCA has a negative effect on the pore structure of concrete.
As the number of salt-frost cycles increased, the cumulative
damage of salt-frost cycles and the collapse and blockage of
some large pores eventually lead to the deterioration of the
pore structure and densification inside the concrete. The
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porosity of RAC-100-100N reach 26.5%, which is 134.5% volume percentages are classified according to the principles
higher than that of RAC-0-ON. The cumulative pore volume of harmless pores (<20 nm), less harmful pores (20-100 nm),
percentages are shown in Figure 10(b). The cumulative pore harmful pores (100-1,000 nm) and very harmful pores
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Figure 8: Micromorphology of the RAC: (a) RAC-0-ON, (b) RAC-0-100N, (c) RAC-40-ON, (d) RAC-40-100N, (e) RAC-100-0N, and (f) RAC-

100-100N.

(>1,000 nm). The salt-frost cycles can significantly increase
the volume fraction of harmful pores (100-1,000 nm)
and decrease the volume fraction of less harmful pores
(20-100 nm). In summary, the salt-frost cycling effect
accelerates the degradation of RAC. This result is attri-
buted to the fact that RCA itself has certain pores, and
when the material is in the process of salt-frost cycling,
the space in the pore structure is favorable for the migra-
tion of water molecules to the interior and promotes the
development of ice crystals. Under hydrostatic pressure
the pores are opened up to each other and large pores
are formed [50].

3.2.3 Functional group changes of RAC

The changes in the functional groups of the RAC during
the salt-frost cycles are determined based on FTIR and
are shown in Figure 10. With the increase of the number
of salt-frost cycles, the intensity of the contraction vibra-
tion of the H-O-H functional group (3,400) increased,
and the expansion of the internal space lead to the extru-
sion and bending of water molecules raising the degree of

aqueous phase deformation. In addition, the contraction
vibration of Si—O functional group (970) in Q, tetrahedra
is obvious, indicating that the enhanced polymerization
of this functional group produces absorption peaks [51-53].
Meanwhile, the incorporation of RCA makes the absorption
peak of the —OH functional group (3,640) weaker, which
affects the proportion of functional group —-OH in CH
[54,55]. In conclusion, the salt-frost cycles and the incor-
poration of recycled aggregates affect the Si-O and —OH
groups of the concrete materials, thus altering their mechan-
ical and durability properties.

3.2.4 Damage mechanism of RAC

In this study, a large amount of mortar spalling and
exposed aggregates are observed on the surface of the
RAC specimens after 100N salt-frost cycles. However,
the internal crack width of the concrete increased,
the number of holes increases, and the ITZ is weak.
However, no significant changes are observed in the
plain concrete specimens after 100N salt-frost cycles.
According to a previous study [56], the damage to the
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Figure 9: Pore structure distribution of RC for after salt-frost cycles: (a) pore size distribution; (b) cumulative pore volume percentage.

Table 4: Porosity, total pore size, and area of RAC

Specimen Porosity (%) Total intruded Total surface
volume (mL-g™) area (m*g™)

RAC-0-ON 11.3 0.0339 3.7807

RAC-0-100N 13.6 0.0398 3.5640

RAC-40-ON 14.9 0.0442 4.1532

RAC- 18.8 0.0576 5.5077

40-100N

RAC-100-ON 16.4 0.0410 3.8949

RAC- 26.5 0.0828 7.7558

100-100N

internal structure of concrete exposes to salt-frost cycles
may be due to water migration and crystallization
expansion resulting in water pressure and frost swelling
pressure. The frost swelling pressure may accelerate the
development of microcracks and macrocracks when
the tensile strength of concrete that can withstand is
exceeded. As shown in Figure 11, as salt-frost erosion pro-
ceeds, the ITZ around the RCA is gradually filled with salt
solution and further expansion of the crystals can lead to
separation of the old mortar from the aggregate or the old
mortar from the new mortar. Therefore, after 100N salt-
frost cycles, large holes and exposed RCA appear on the
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Figure 10: Function groups analysis on RAC subjected to salt-frost cycles.

surface of the specimens. This indicates that the ITZ must be considered in concert to reduce the damage
between the RCA and the old mortar is the weak link. caused by salt-frost cycles.

Compared with the RAC with multi-interface structure,

the tensile strength of the ITZ with internal structure of

NC is higher than that of the old ITZ. Also, the NC samples .

have lower porosity than the RAC samples, which limits & Conclusion

the frost swelling due to internal pressure. Therefore, RAC

is more sensitive to salt-frost cycles than natural aggregate  This study analyzed the mechanism of the effect of salt-
concrete. Therefore, the use of RAC in cold coastal areas frost cycles on RAC based on the results of the study on

NaCl NaCl NaCl

F-T cycles F-T cycles
) b
. , .l . l I I
B New ITZ T od ITZ Old Mortar [N NC %Fmst heave pressure

Figure 11: Damage mechanism of salt-frost cycles on RAC.
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the effect of RAC performance under salt-frost cycles con-

ditions, and concludes as follows:

(1) The incorporation of RCA accelerates the spalling of
concrete under salt-frost cycles conditions. After 100
salt-frost cycles, a large number of holes and exposed
aggregates appear in RAC-100 specimens.

(2) The relative dynamic modulus, MLR, and compres-
sive strength decrease with the increase of the number
of salt-frost cycles. The RDME of RAC-100 specimens is
lower than 60% after 100N salt-frost cycles, and the
mass loss is more than 5%. The compressive strength
of specimens with more than 60% RCA admixture
decreases significantly, and the compressive strength
of RAC-100 after 100 salt-frost cycles is lower than that
of RAC-0 by 51.6%.

(3) The damage of specimens caused by salt-frost cycles
is different from that of ordinary concrete. The main
damage location tend to occur in the ITZ of old mortar
and coarse aggregate or old mortar and new mortar,
and then the cracks extend along the surface of old
mortar. Moreover, the deterioration of pore size and
the effect on Si-O and —-OH groups caused by salt-
frost cycles are factors that cannot be ignored in redu-
cing their mechanical and durability properties.
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