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Abstract. This study explored the effects of recycled aggregates (RA) by modifying the shrinkage and chloride penetration
resistance of concrete. RA was heated at constant temperatures of 300, 500, and 700 °C for 30 min. Further, the measured
shrinkage and chloride penetration resistance of the recycled aggregate concrete (RAC) were also adversely affected by the
incorporation of RA. The results indicated that replacing 50% of NA with RA reduced compressive strength by 28.5% at 28
days. Shrinkage values for 100% RA replacement increased by 65.7% at 28 days compared to the reference, while chloride ion
penetration (electric flux) doubled. Moreover, when the heating temperature of RA was lower than 500 °C, the compressive
strength of RAC increased with increasing temperature and decreased when the temperature exceeded 500 °C. The shrinkage
value and chloride ion penetration resistance of the RAC exhibited similar phenomena. The addition of secondary cementitious
materials contributed to the compressive strength, shrinkage, and chloride penetration resistance of RAC. Heating RA at 500 °C
improved compressive strength by 12.3% compared to untreated RA, reduced porosity to 15.3%, and minimized shrinkage.
Incorporating 20% fly ash (FA) and 10% granulated blast-furnace slag (GBFS) enhanced compressive strength by 9.6% and
reduced chloride flux by 27% at 120 days. In addition, pore structure characteristics were investigated, and it was found that the
pore structure of RAC also improved owing to the heating of RA.
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1. Introduction

Over the past several decades, the global construction
sector has experienced significant growth, particularly in
emerging economies. This surge in construction has led to
substantial consumption of materials, creation of substantial
construction and demolition debris, and environmental
degradation. Given that concrete is a primary material in
construction, enhancing the sustainability of the industry
can be achieved by reducing the environmental footprint of
concrete. Presently, utilizing construction and demolition
waste to produce recycled materials, such as recycled
concrete, has become a prevalent strategy in many nations
to promote the recycling of construction and demolition
materials (Behzad et al. 2019, Lotfi et al. 2015, Wang ef al.
2017). The construction industry converts by-products
(steel slag and recycled concrete) into high-performance
structural concrete via low-cost methods, with large-scale
tests confirming good workability, strength, and durability,
despite minor issues like higher density, plastic shrinkage,
and reduced chloride resistance, proving viable for most
structural applications (Amaia et al. 2023). Ledesma
(Ledesma et al. 2016) has evaluated the feasibility of
replacing natural sand with recycled concrete sand,
adjusting water for consistency, and analyzing
fresh/hardened properties to determine statistically
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significant impacts of replacement levels on performance.
Recycled aggregates (RA) are primarily derived from
the crushing and processing of waste materials generated
from construction and demolition activities. These RA are
employed to substitute natural aggregates (NA), either
partially or entirely, in the production of recycled aggregate
concrete (RAC). The composition of RAC is notably more
intricate than that of concrete made with natural aggregates.
This complexity arises from the presence of three distinct
types of interfacial transition zones (ITZ) within the RAC.
These zones are formed by the adherence of old mortar to
the RA, which includes the interface between RA and old
mortar, between RA and new mortar, and between old
mortar and new mortar (Zhang et al. 2015). These
interfaces impact the mechanical properties, shrinkage
behavior, and resistance to chloride ion penetration of the
RAC (Jiong et al. 2015, Tran M. et al. 2023, Xiao et al.
2015). Research (Pedro et al. 2014, Seara-Paz et al. 2018,
Xiao et al. 2015, Zega et al. 2015) has consistently
indicated that concrete mixtures incorporating RA typically
exhibit lower compressive strengths compared to those
made with NA. Moreover, as the proportion of RA
replacement increases, so does the amount of old mortar,
which in turn diminishes the mechanical performance of the
RAC. Seara-Paz et al. (2016) has investigated the
mechanical properties (compressive strength, tensile
splitting strength, modulus of elasticity) of structural
concrete with varying recycled coarse aggregate (RCA)
replacement ratios (0%, 20%, 50%, 100%) and water-to-
cement ratios (0.50, 0.65), revealing that mechanical
behavior depends on RCA replacement levels and inherent
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aggregate characteristics. Xiangyi et al. (2018) research
using experiments and PFC3D simulations showed that
increasing recycled aggregate content reduces the
compressive, tensile, and flexural strengths of pervious
concrete. Fiol et al. (2023) has validates industrial-scale
use of self-compacting concrete (SCC) with 100% coarse
recycled aggregate (RA) in precast applications,
demonstrating failure loads 1.5-3 times above requirements,
comparable elastic behavior to RA-free SCC. Sainz-Aja et
al. (2022) investigates the fatigue behavior of recycled
aggregate concrete (RAC) under moderate (10 Hz) and
high-frequency (90 Hz) loading, revealing that high-
frequency tests significantly reduce the fatigue limit, with
specimen temperatures reaching 100 °C under overload
conditions, inducing pronounced creep damage (particularly
in RAC), thereby demonstrating the synergistic degradation
mechanism of elevated temperature and high-frequency
loading, offering critical insights for optimizing fatigue
testing protocols in recycled concrete applications.

Shrinkage characteristics are also a critical aspect of
concrete. The majority of empirical studies have
demonstrated a direct correlation between the shrinkage of
RAC and the proportion of RA used (Domingo et al. 2009,
Seara-Paz et al. 2016, Zhang et al. 2020,). However, there
are exceptions where the findings contradict this trend. For
instance, Soberon (2002) observed a decrease in the
shrinkage rate of RAC with an increase in the RA
replacement ratio. The study further revealed that the
shrinkage resistance of RAC prepared from RA is
influenced by the strength of the original concrete from
which the RA is derived. The stronger the parent concrete,
the better the shrinkage resistance of the resulting RAC
(Gholampour et al. 2018). Additionally, it has been noted
that RAC generally exhibits inferior durability compared to
conventional concrete. This is evident in aspects such as the
RAC’s resistance to chloride ion penetration (Sasanipour et
al. 2019) and other related durability issues (Abdelaziz et
al. 2022, Comingstarful et al. 2018, Mahdi et al. 2019,
Pedro et al. 2017). Besides, Fiol et al. (2023) has studied
the durability of self-compacting concrete (SCC) with
varying coarse recycled precast-concrete aggregate (RPCA)
and cement contents in marine environments, showing that
increased cement content mitigates RPCA-induced porosity
(25% reduction in effective porosity from 28 to 180 days),
improves water absorption and carbonation resistance.

In summary, the above studies show that the existence
of the old mortar would have varying degrees of effect on
the compressive strength, shrinkage and chloride
penetration resistance of RAC. Some researchers have
carried out a series of studies on how to improve the
properties of RA. Some of the techniques were removing or
strengthening of the adhered mortar (Grabiec et al. 2012,
Kong et al. 2010, Pelisser et al. 2011, Su et al. 2015), two
or triple stage mixing method (Kong.2010, Rajhans.2019,
Rajhans.2018), and addition of supplementary cementitious
materials such as fly ash (FA), granulated blast-furnace slag
(GBEFS), silica fume etc. to the RAC (Ya et al. 2021, Kou et
al. 2011, Kou et al. 2013). However, the results showed that
although these technologies have certain positive effects,
they cannot eliminate the influence of the old mortar on
RAC. Additionally, nanomaterials could also improve the

Table 1 Physical properties of cement

Compression Flexural Setting Time Specific
Strength (MPa) Strength (MPa) (min) Surface Area
3d 28d 3d 28d Initial Final (m%kg)
187 463 3.6 7.1 252 301 348
Table 2 Properties of aggregates
negewes gt e T G
e (kg/m’) (%) (%)
Coarse NA 2725 0.46 6.3
Coarse RA 2560 2.32 9.6
Fine NA 2645 1.11 7.4
Fine RA 2535 4.57 14.7

properties of RAC, and the results were satisfactory.
However, the high price of nanomaterials and their
dispersion limited the use in RAC (Ji ef al. 2005, Mukharjee
et al. 2014). The carbonization treatment of RA was an
effective and environmentally friendly method to improve
the performance of RAC (Shi et al. 2016, Xiang et al.
2023). However, this technology was complicated and
required specific equipment.

In this paper, the recycled aggregate was modified by
heating to study the durability of the recycled concrete.
Since, the mechanical property is the vital property of
concrete, the compressive strength of RAC was first
investigated in this paper. Further, the shrinkage and
chloride penetration resistance of RAC were evaluated. In
addition, the pore characteristics were also discussed.

2. Materials and experiment
2.1 Materials

2.1.1 Cement
P.0.42.5 ordinary cement was used in this test. Physical
properties of cement are presented in Table 1.

2.1.2 Aggregates

The coarse NA with a particle size of Smm~25mm were
used. The fine NA used in the test was medium sand. The
main properties of coarse NA and fine NA were measured
according to the Chinese Standard JGJ52-2006, and the
results are shown in Table 2. RA included fine RA and
coarse RA. The recycled aggregate was heated at 300 °C,
500 °C and 700 °C for a constant temperature of 30 min,
marked RA-300, RA-500 and RA-700, respectively, and
then put into the concrete shaking table for vibration time of
15 min (Su et al. 2015). The main properties of fine RA and
coarse RA were measured according to the Chinese
Standards GB/T25176-2010 and GB/T 25177-2010,
respectively, and the results are shown in Table 2.

2.1.3 Secondary cementitious materials
The secondary cementitious materials included FA and
GBFS. The FA used in this paper was grade Il fly ash, with a
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Table 3 Mix proportions of concrete
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No. RCAOf}rse R(e::gifzz I‘Eé?lt wiC Design of Mix. Proportion (kg/m?)
ype Percentage (%) Cement Coarse NA Coarse RA Fine NA FA GBFS SP
A-0 NA 0 450 1010 - - -
A-1 RA-500 20 450 808 202 - -
A-2 RA-500 40 450 606 404 - -
A-3 RA-500 50 450 505 505 - -
A-4 RA-500 100 450 - 1010 - -
B-1 RA-300 20 0.35 450 808 202 975 - - 5.4
B-2 RA-500 20 450 808 202 - -
B-3 RA-700 20 450 808 202 - -
C-1 RA-500 20 360 808 202 90 -
C-2 RA-500 20 405 808 202 - 45
C-3 RA-500 20 315 808 202 90 45
Table 4 Mix proportions of mortar

No. Fi;ne RA ReI;ilrallece;nRAent WiC . Design .of Mix Proportion (kg/m?)

ype Percentage (%) Cement Fine NA Fine RA FA GBFS SP
D-0 NA 0 525 1500 - - -
D-1 RA-500 20 525 1200 300 - -
D-2 RA-500 40 525 900 600 - -
D-3 RA-500 50 525 750 750 - -
D-4 RA-500 100 525 - 1500 - -
E-1 RA-300 20 0.35 525 1200 300 - - 5.4
E-2 RA-500 20 525 1200 300 - -
E-3 RA-700 20 525 1200 300 - -
F-1 RA-500 20 420 1200 300 105 -
F-2 RA-500 20 427.5 1200 300 - 52.5
F-3 RA-500 20 367.5 1200 300 105 45

- (O Dial indicator

-
Fig.1 The specimen shrinkage test

specific surface area of 443 m%*kg and a density of 2470
kg/m3. The GBFS used in this paper was S95 grade powder
with a specific surface area of 415 m?kg and a density of
2860 kg/m?.

2.1.4 Additives
A polycarboxylate superplasticizer (SP) was used as an
admixture in 1.2% proportions of cement mass.

2.2 Mix proportions

The mix proportions of the concrete and mortar are
provided in Tables 3 and 4, respectively. According to the
specifications mentioned in section 2.3, out of all these
specimens, the concrete specimens were used for strength
and chloride penetration tests, and the mortar specimens
were used for shrinkage test. The specimens for each test
were divided into three groups. No. A-0 and No. D-0 were
used as the reference specimens.

2.3 Test methods

2.3.1 The strength of RAC

The compressive and tensile strengths of RAC were
determined on the 100x100x100 mm cube specimens
according to Chinese Standard JTGE30-2005. The
compressive and tensile strengths of the hardened RAC
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Fig. 2 The compressive strength of RAC

were determined at the ages of 7, 28, 56 and 120 days.

2.3.2 Shrinkage of mortar

The drying shrinkage of mortar was tested by measuring
the specimens length change in accordance with Chinese
standard JCT603-2004. The mortar specimens were prism
of size 25%x25%280 mm. Each specimen was fitted with a
copper joint at both ends. The specimens were taken out
from the molds 1 d after casting and the length of the
specimens were measured immediately. Then the specimens
were placed under the conditions of 20+3 °C and the
relative humidity of 50%+4%. The specimen shrinkage test
is shown in Fig. 1 and the formula of the shrinkage of the
mortar is given in Eq. (1).

_ Lo—Lt

§ = (M)
where &, is the shrinkage value of the specimen at ¢ d (%),
Ly is the initial length of the specimen (mm), which is the
value measured at 1 d, L is the length of the specimen
(mm), which is 280 mm, L, is the total length of the two
copper joints inserted in the mortar, which is 20+£2 mm, and
L, is the measured length of the specimen at ¢ d (mm).

2.3.3 Chloride penetration

The chloride ions penetration of concrete was proceeded
using the coulomb electric flux method conforming to
Chinese Standard GB/T50082-2009.The size of the
concrete specimen was a cylindrical specimen with a
diameter of 100=1mm and a height of 50+2mm. According
to the Chinese Standard GB/T50082-2009, the electric flux

of the specimen can be approximated by Egs. (2) and (3).

QIOO = 900(10 + 2]30 + 2160 + -+ th .t 21300 +
2)
21330 + I360)

Qg = Qa0 X (95/100) 3)

where Qg9 is the electric flux of the specimen with
diameter 100 mm (C), I, is the initial current (A), I; is the
current at time ¢ min (A), Q4 is the electric flux of the
specimen with diameter 95 mm (C).

2.3.4 Pore structure test

A cutting machine was used to cut the recycled concrete
specimen into a size of about 15 mmx15 mmx15 mm for
testing. The test was carried out with the MicroActive
AutoPore V9620 high performance fully automatic
mercury injection instrument with a contact Angle of
130.000 °© and pressure from 0.10 to 61000.00 psia step by
step. The pore structure characteristics of recycled concrete
were analyzed by the volume number of mercury injected
under low pressure and high pressure.

3. Results and discussion
3.1 The compressive strength of RAC
Fig. 2(a) illustrates the experimental outcomes regarding

how the proportion of recycled aggregates (RA) influences
the compressive strength of recycled aggregate concrete
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Fig. 3 The shrinkage of recycled mortar

(RAC). It is evident that the compressive strength of RAC
generally rises with the extension of the curing period.
Moreover, it is observed that an increase in the RA
replacement ratio correlates with a decrease in the
compressive strength of RAC at different ages, with both
being consistently lower than that of the reference concrete.
The incorporation of RA leads to an uneven distribution of
strength within the skeletal materials of RAC (Zhang et al.
2015). Furthermore, the presence of internal micro-cracks,
elevated porosity, and enhanced water absorption in RA
contribute to the reduced mechanical properties of RAC
when compared to the reference concrete.

Fig. 2(b) shows the test results of the influence of RA
heating temperature on the compressive strength of RAC. It
can be seen from Fig. 2(b) that the compressive strength of
B-1 and B-2 increases with the increase of RA heating
temperature. With the increase of RA heating temperature,
the intensity of RAC has a tendency to decrease. This may
be due to the fact that when the heating temperature rises to
300°C, the old mortar structure carried by the recycled
aggregate becomes loose, and part of the mortar on the
aggregate surface falls off through the action of the concrete
shaking table, the aggregate performance index was
improved compared with that without modification. When
the heating temperature was 500 °C, due to the thermal
expansion of aggregate and mortar, the mortar structure was
further damaged, and the mortar and aggregate fall off as a
whole at the interface, and the performance of regenerated
coarse aggregate basically reaches the performance of its
internal coarse aggregate. When the heating temperature was

700 °C, the regenerated coarse aggregate may have been
partially damaged by high temperature, which ultimately
leads to the deterioration of the mechanical properties of
RAC.

Fig. 2(c) delineates the impact of secondary
cementitious materials on the mechanical properties of
recycled aggregate concrete (RAC). At 28 d, C-1 exhibited
a 3.2% decrease in compressive strength relative to A-1,
while C-2 and C-3 recorded increases of 5.6% and 9.6%,
respectively. By 120 d, C-1, C-2, and C-3 saw further
increases in compressive strength by 1.5%, 4.5%, and 8.6%,
respectively. Corinaldesi ef al. (2020) has demonstrated that
high-volume fly ash (HVFA) recycled aggregate concrete
achieves comparable mechanical properties, reduces
carbonation and chloride penetration.The initial low
reactivity of FA resulted in a decelerated strength gain in
RAC, yet its pozzolanic properties significantly contributed
to strength enhancement at later stages. The pozzolanic
reactions refined RAC’s internal pore structure (Kou et al.
2013), augmenting its density and strength. GBFS with its
smaller particle size and higher activity (Kapoor et al.
2016), facilitated early strength development in RAC. The
incorporation of FA and GBFS promoted a more
comprehensive secondary hydration process, leading to an
increased formation of C-S-H gel, which in turn, elevated
the density and strength of RAC (Kou et al. 2013).

3.2 The shrinkage of mortar

Figs. 3(a)-(c) are the test results of the shrinkage of
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Fig. 4 The coulomb electric flux of concrete

recycled mortar on the three factors of RA replacement
percentage, RA heating temperature and secondary
cementitious materials. The following conclusions can be
drawn from Fig. 3.

(1) Fig. 3(a) indicates that the shrinkage values of
recycled mortar exceeded those of the reference mortar,
with an increase in shrinkage as the substitution rate of fine
RA rose. Initially, the shrinkage values of RAC with
varying RA replacement percentages were relatively
similar, possibly because the fine RA absorbed moisture
during mixing, providing an internal curing effect that
mitigated shrinkage from early moisture loss. The Fig. 3(a)
also illustrates that shrinkage values increased rapidly at the
beginning and then decelerated over time. At 28 d, the
shrinkage values for D-1, D-2, D-3, and D-4 were 10.1%,
30.0%, 42.7%, and 65.7% higher than D-0, respectively. At
120 d, the corresponding increases were 8.1%, 20.3%,
27.5%, and 49.1%. The porosity of RA, especially in highly
porous recycled mortar, significantly influenced the extent
of shrinkage increase. When a humidity gradient was
present between the recycled mortar and the surrounding
environment, increased RA porosity led to greater moisture
loss from the cement paste. Additionally, the inclusion of
RA decreased the Young’s modulus of the recycled mortar,
contributing to increased shrinkage (Butler et al. 2013,
Dapena et al. 2011).

(2) Fig. 3(b) shows that when RA heating temperature
was 500 °C, the shrinkage rate of recycled mortar changes
the least. The possible reason was that as the temperature
rises, the old mortar carried by the recycled aggregate was

peeled off, which made the performance of the recycled
aggregate enhanced, but when the temperature exceeds 700
degrees, the recycled aggregate was damaged, so that the
shrinkage performance of the recycled concrete was
reduced.

(3) Shrinkage values for F-1, F-2, and F-3 were all
observed to be lower than those for D-1, with F-3 showing
the greatest reduction, followed by F-1, and F-2 the least.
This reduction is attributed to the substitution of a portion
of the cement with secondary cementitious materials,
effectively decreasing the volume of hydration products.
The secondary reaction of FA and GBFS with cement
hydration products forms additional gels that fill the pores
in the recycled mortar, enhancing its compactness and
impeding the diffusion and evaporation of moisture, thus
curtailing drying shrinkage. FA, characterized by its
spherical microbeads and dense texture, offers a superior
filling effect in the microstructure of recycled mortar
compared to the amorphous GBFS particles. Consequently,
mortar containing FA experiences reduced drying shrinkage
compared to that with GBFS. The addition of FA and GBFS
optimizes the particle size distribution of the cementitious
materials, leading to a coordinated reduction in shrinkage
performance.

3.3 The coulomb electric flux of RAC

Fig. 4(a) illustrates the impact of RA replacement ratios
on the electric flux of RAC. The electric flux of RAC at all
ages was noted to exceed that of the reference concrete,
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Table 5 Pore structure characteristics of RAC

. Total Pore  Total Pore ~ Average
Temperature  Porosit :
°C) %) Volume Area Pore Size
(mL/g) (m*/g) (nm)
300 18.124 0.0907 6.721 61.32
500 15.347 0.0814 6.064 48.14
700 17.335 0.0871 6.827 60.53

with an increase in RA replacement leading to a
proportional rise in electric flux. Over time, the electric flux
of the concrete decreases. Specifically, at 28 days, the
electric flux of RAC with a 50% RA replacement was 1.19
times higher than the reference concrete, and for 100% RA
replacement, it was 2.12 times higher. The increase in RA
replacement percentage correlates with a rise in the number
of interfacial transition zones, which in turn amplifies the
pathways for chloride ion penetration, diminishing the
chloride ion resistance of RAC. Bravo’s research (Bravo et
al. 2015) indicates that an increase in the old mortar
adhering to RA, indicative of higher porosity and more
interfacial transition zones, results in a reduced ability of
RAC to resist chloride penetration. Consequently, a higher
RA replacement percentage equates to a poorer resistance to
chloride ion penetration in RAC.

Fig. 4(b) shows the influence of the heating temperature
of RA on the electric flux of RAC. The results of Fig. 4(b)
show that after 500°C, the electric flux of RAC increased
slightly with the increase of temperature. It may be due to
the high temperature damage of RA, which led to the
increase of micro cracks in RAC, and reduced the resistance
of RAC to chloride ion penetration.

Fig. 4(c) delineates the influence of secondary
cementitious materials on the electric flux of RAC. The
RAC that incorporated these materials exhibited reduced
electric fluxes relative to the reference sample. At 28 d, the
electric fluxes for C-1, C-2, and C-3 were 0.87, 0.79, and
0.73 times that of A-1, respectively. At 90 d, these values
further decreased to 0.57, 0.61, and 0.47 times, respectively.
The data indicate that the integration of cementitious
materials substantially enhances the RAC’s resistance to
chloride ion penetration, with the combination of FA and
GBFS yielding the most pronounced results. This
improvement is primarily attributed to the physical
adsorption of chloride ions by unhydrated cementitious
materials, as well as the chemical reaction between Al,O3
present in these materials and chloride ions, which
collectively fortify the concrete’s resistance to chloride
penetration (Shi ef al. 2017). Additionally, the cementitious
materials’ filling effect, as previously discussed, contributes
to the overall compactness of RAC, further impeding the
ingress of chloride ions.

3.4 Pore structure characteristics of RAC

RAC prepared by RA at different heating temperatures
were selected for mercury injection test. The mercury
injection test results are shown in Table 5. The results in
Table 5 show that the porosity of RAC at 120 days of age
was 18.124%, 15.347% and 17.335%, respectively. With

the increase of heating temperature, the porosity of RAC
decreases first and then increases. The reason was that with
the increase of temperature, the old mortar attached to the
RA was spalling obviously, and the internal structure of the
RAC was denser, so the porosity was reduced. If the
temperature was too high, the RA would be damaged, and
the RA would produce cracks, resulting in an increase in the
porosity of the RAC. Therefore, with the increase of
temperature, the RAC showed an increase in porosity.

4. Conclusions

Shrinkage and chloride penetration resistance of
concrete prepared with RA by heating modified were
investigated in this study. The conclusions can be drawn
based on the experimental results as following:

* As the replacement percentage of RA increase, the
compressive strength and chloride penetration resistance
of concrete show a decrease, while the shrinkage values
of the mortar increase. Therefore, it is recommended
that the replacement percentage of RA should not
exceed 50%.
* In the process of heating modified reclaimed coarse
aggregate, the heating temperature of 500 °C was
selected.
* The physical adsorption and chemical reaction of the
cementitious material to chloride ions contribute to the
mechanical property, shrinkage and chloride penetration
resistance of concrete.
* Heating recycled aggregates (RA) to 500 °C optimally
removes the adhered old mortar through spalling,
thereby enhancing the compactness of recycled
aggregate concrete (RAC) by reducing interfacial
porosity and improving the structural integrity of the
cementitious matrix.
* Based on the findings, we recommend limiting the
replacement ratio of recycled aggregates (RA) to <50%
in practical applications, coupled with preheating RA at
500°C to enhance interfacial bonding. Incorporating 20-
30% supplementary cementitious materials (SCMs),
such as fly ash or slag, is advised to mitigate shrinkage
and improve chloride penetration resistance.
* Future research should prioritize hybrid modification
techniques (e.g., synergistic heating and carbonation) to
further optimize RA quality, alongside long-term field
monitoring to validate durability under real-world
conditions. Additionally, developing machine learning-
driven multiscale performance prediction models will
accelerate intelligent material design.
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