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Abstract

The rising demand for natural aggregates in the construction industry poses significant
environmental concerns, prompting the need for sustainable alternatives. This study investigates the
use of recycled concrete aggregate (RCA) derived from laboratory waste and the effectiveness of
thermal-mechanical treatment (TMT) in improving its quality. The TMT process involved heating
RCA to 250 °C followed by 500 revolutions of mechanical grinding to reduce adhered mortar. Treated
RCA (TRCA) was used to replace natural coarse aggregate (NCA) in concrete mixtures at substitution
levels of 25-100%. Tests were conducted on both aggregate and concrete properties, including
specific gravity, water absorption, abrasion resistance, crushing value, compressive strength, elastic
modulus, and interfacial transition zone (ITZ) analysis using scanning electron microscopy (SEM).
TMT reduced RCA’s water absorption from 5.24% to 4.79% and increased specific gravity from 2.45
to 2.53. Concrete with 50% TRCA achieved 19.2 MPa compressive strength and 22.199 MPa elastic
modulus, comparable to the reference concrete. SEM images revealed a denser and more
homogeneous ITZ. These findings suggest that TRCA processed through TMT from laboratory waste
is a promising, eco-friendly alternative material —particularly effective at replacement levels up to
50%.

Keywords: recycled concrete aggregate (RCA); thermal-mechanical treatment; physical properties;
mechanical properties

1. Introduction

Global demand for construction aggregates is forecast to grow steadily by approximately 2.3%
per year, reaching around 47.5 billion tons by 2023, which implies a demand of approximately 49-50
billion tons by 2025 [1]. This trend poses a serious concern, as natural aggregates are non-renewable
resources. Their large-scale extraction has led to severe environmental impacts, including land
degradation, increased carbon emissions, and ecological disruption [2—4]. Therefore, sustainable
alternatives to natural aggregates in concrete production are urgently needed. One promising eco-
friendly substitute is recycled concrete aggregate (RCA), obtained from processed concrete waste.

Utilizing RCA not only reduces the dependence on natural aggregates but also minimizes the
amount of construction and demolition waste disposed into the environment, including waste
generated from laboratory activities [5,6]. However, research focusing specifically on RCA sourced
from laboratory waste remains limited, despite its significant potential for reuse. RCA is typically
produced by crushing discarded concrete, followed by sorting based on particle size. The fraction
larger than 4.75 mm is classified as coarse recycled concrete aggregate (CRCA), which is commonly
used to replace natural coarse aggregates in structural and non-structural concrete applications [7,8].

Although RCA presents an environmentally friendly solution, the quality of recycled concrete
remains a challenge. Concrete incorporating RCA generally exhibits lower performance compared to
conventional concrete [9-11]. This decline is primarily due to the high porosity of residual mortar
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attached to the natural aggregate particles, resulting in increased water absorption and reduced
specific gravity —factors that negatively affect the mechanical properties of concrete [9,12]. Therefore,
treatments are necessary to improve the physical characteristics of RCA and enhance its performance
[9,13]. One effective and cost-efficient method is thermal-mechanical treatment (TMT), which
combines heating and mechanical processes [14-17].

The TMT process begins with thermal treatment, using conventional ovens or microwave
heating at temperatures ranging from 200 °C to 900 °C [18]. This heating step aims to dry and weaken
the attached mortar through thermal stress [9,13]. The second step involves mechanical grinding
using steel balls to remove the loosened mortar from the aggregate surface [13,19,20]. Previous
studies have demonstrated that TMT can significantly improve RCA quality, including reducing
water absorption by up to 55% and increasing specific gravity by as much as 18% [13,21].

Low-temperature heating in the range of 250 °C to 300 °C has been proven sufficient to remove
adhered mortar from the surface of aggregates, provided that the mechanical treatment is applied
intensively [17,22,23]. Moreover, using lower heating temperatures is more economical compared to
high-temperature heating (500 °C to 900 °C), as it requires significantly less energy [24-27]. One
variation of treatment considered effective involves a combination of heating at 250 °C followed by
250 revolutions of mechanical grinding using 12 steel balls. This combination has been shown to
significantly enhance the physical properties of RCA and yield satisfactory results in impact value
and crushing value tests [28-30]. However, many of the existing mechanical ball milling methods do
not report the ratio between the weight of steel balls and the weight of aggregates used in the grinding
process, making these methods difficult to replicate or optimize at different production scales.

Therefore, this study aims to evaluate the effect of TMT using a heating temperature of 250 °C
and 250 revolutions of grinding on the physical and mechanical properties of RCA derived from
laboratory concrete waste. The RCA processed through TMT (referred to as TRCA) was then
incorporated into recycled concrete mixtures as a partial replacement for natural coarse aggregates.
The resulting concrete was tested for mechanical performance, particularly compressive strength and
elastic modulus, in order to assess the feasibility of TRCA as a sustainable alternative material for
green concrete applications.

2. Materials and Methods

This study was conducted in three main stages. In the first stage, RCA was prepared, with a
portion of it subjected to thermal-mechanical treatment (TMT). In the second stage, both the RCA and
natural aggregates (NA) were examined for their physical and mechanical properties. The third stage
involved the design, casting, and testing of recycled concrete using both untreated RCA and TMT-
processed RCA (TRCA).

2.1. Materials

The RCA used in this study was sourced from laboratory concrete waste generated by the
Department of Civil Engineering and Planning, Universitas Negeri Malang, and subsequently
processed using a stone crusher. The crushed material was then screened to produce coarse recycled
concrete aggregate (CRCA, >4.75 mm) and fine recycled concrete aggregate (FRCA, <4.75 mm), in
accordance with ASTM C136 [31]. This study focused on RCA with particle sizes ranging from 4.75
to 38.1 mm (CRCA), which was used as a replacement for natural coarse aggregate (NCA) in concrete
mixtures. To enhance its physical and mechanical properties, the RCA underwent thermal-
mechanical treatment (TMT) using a drying oven and a Los Angeles abrasion machine containing
steel balls. RCA treated through this method is referred to as TRCA and was also evaluated as a
substitute for NCA in concrete. All three types of aggregates are shown in Figure 1. The NCA and
natural fine aggregate (NFA) were obtained from a local supplier and conformed to ASTM C33
standards [32]. The cement used was Portland Composite Cement (PCC) under the Semen Gresik
brand, which complies with the Indonesian standard SNI 7064:2022 [33].
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Figure 1. Coarse aggregates used for the study: (a) NCA, (b) RCA, (c) TRCA.
2.2. Thermal-Mechanical Treatment (TMT)

2.2.1. Thermal Treatment

In this stage, the RCA was heated using a laboratory drying oven (model UN50) at a temperature
of 250 °C. The heating process was carried out to dry the adhered mortar residue, thereby weakening
its bond with the aggregate particles and making it easier to detach from the surface of the natural
coarse aggregate (NCA) [9,13]. The thermal treatment duration was set at 2 hours. After the heating
and cooling phases, the RCA was subjected to mechanical processing.

2.2.2. Mechanical Treatment

The second treatment stage involved mechanical processing using a ball milling method. This
process utilized a Los Angeles abrasion machine in accordance with ASTM C131 standards [34]. The
primary objective was to detach residual mortar from the surface of the natural fine aggregate (NFA)
[35]. To maximize the removal of adhered mortar without causing excessive degradation of particle
size, a steel ball-to-RCA weight ratio of 1:4 was used, equivalent to approximately 12 steel balls for
every 20 kg of RCA. The machine was operated for a total of 250 revolutions. Following the
mechanical treatment, the aggregates were washed with running water to remove excess dust. A
subsequent screening process was performed to separate particles smaller than 4.75 mm from the
treated recycled coarse aggregate (TRCA).

2.3. Concrete Sample Preparations

The concrete mix design was developed based on the Indonesian Standard (SNI) with a target
compressive strength of 20 MPa. The mix proportions for both normal concrete and recycled concrete
incorporating RCA and TRCA at various substitution levels of natural fine aggregate (NFA) are
presented in Table 1. The cement content was kept constant across all experimental mixtures, while
the water-to-cement (W/C) ratio was adjusted to achieve a slump value of 12 + 2 cm. This adjustment
was necessary due to the higher porosity and water absorption of RCA, which requires a greater
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amount of mixing water. Concrete specimens were cast in cylindrical molds with a diameter of 15 cm
and a height of 30 cm, in accordance with SNI 03-2834 [36].

Table 1. Mix proportion of concrete samples.

*
Sample Rcc‘t/nTt I:ftA wic (Cke;;‘)t Sands RCA/TRCA* NCA (ng‘;:f;)
code Wt% (kg/m3) (kg/m3) (kg/m3)

REF 0 052 3505 770.8 0 11015 1813
RCA25 25 053 3505 770.8 275,4 826,1 1849
RCA50 50 062 3505 770.8 550,8 550,8 217.6
RCA75 75 0.64 3505 770.8 826,1 275,4 2248
RCA100 100 066 3505 7708 11015 0 232.1
TRCA25 25 052 3505 770.8 275,4 826,1 182.0
TRCA50 50 058 3505 770.8 550,8 550,8 203.1
TRCA75 75 059 3505 770.8 826,1 275,4 206.7

TRCA100 100 060 3505 7708 11015 0 2103

* Use of aggregate types according to sample code.
2.4. Test Methods

2.4.1. Aggregates Tests

Three types of coarse aggregates were examined in this study: natural coarse aggregate (NCA),
recycled concrete aggregate (RCA), and treated recycled concrete aggregate (TRCA). Both RCA and
TRCA were used as substitutes for NCA in the concrete specimens; therefore, it was necessary to
evaluate and compare their physical and mechanical properties. Aggregate testing also served to
assess the effectiveness of the thermal-mechanical treatment (TMT) in enhancing the quality of RCA.

The physical property tests conducted on coarse aggregates included sieve analysis, bulk
density, specific gravity, and water absorption. Sieve analysis was carried out to determine the
percentage of aggregate particles passing through a series of sieves, which was then plotted in a
particle size distribution curve to calculate the fineness modulus (FM), following ASTM C136 [31].
Bulk density, which represents the mass per unit volume of aggregate—including the individual
particle volume and the voids between particles—was determined in accordance with ASTM C29
[37]. Specific gravity and water absorption tests were conducted according to ASTM C127 [38].

In addition to physical properties, the mechanical strength of the coarse aggregates was
evaluated through the aggregate crushing value and abrasion tests. The crushing value test was
conducted based on BS 812-110 [39] by applying a uniform load up to 400 kN over a 10-minute period.
For the abrasion test, a Los Angeles abrasion machine with grading B was used, incorporating 11
steel balls and 500 revolutions, in accordance with ASTM C131 [34].

2.4.1. Concrete Tests

The mechanical strength of concrete was evaluated through two types of tests: compressive
strength and elastic modulus, conducted at 28 days of curing using cylindrical specimens with a
diameter of 15 cm and a height of 30 cm. The modulus of elasticity test was performed in accordance
with ASTM C469 [40] to determine the stress—strain ratio of concrete within the elastic range. The
specimens were tested using a universal testing machine (UTM) equipped with a compressometer
and load cell. These accessories were connected to a data logger to capture real-time data of the
applied load and the resulting deformation. The test setup for determining the modulus of elasticity
is illustrated in Figure 2. The compressive strength was obtained by loading the specimen until
failure, and the maximum load was recorded to calculate the compressive strength. The elastic
modulus of concrete was determined based on 40% of the maximum stress and the corresponding
strain.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Elastic modulus and compressive strength testing scheme.

In this study, the bulk density of concrete was measured prior to mechanical testing. The
dimensions and mass of each specimen were recorded to determine the bulk density. This parameter
is critical, as the density of concrete directly influences its mechanical performance. Moreover, the
type and substitution percentage of coarse aggregates in the mix can significantly affect the bulk
density, as each type of coarse aggregate has different specific gravity and bulk density values.

The microstructure of the concrete was also analyzed using a scanning electron microscope
(SEM). SEM images provided detailed information on the pore distribution within the concrete
matrix. Additionally, the interfacial transition zones (ITZ) between the new mortar and the coarse
aggregates, as well as between the new and old mortar, were observed and analyzed.

3. Results and Discussion

3.1. RCA Properties

The mechanical properties of concrete incorporating RCA are influenced by various factors,
including cement type, water-to-cement (w/c) ratio, production process, and the characteristics of the
constituent aggregates [41]. Among these, the most significant distinction between recycled and
conventional concrete lies in the type of coarse aggregate used. Recycled concrete aggregate (RCA)
exhibits different properties compared to natural coarse aggregate (NCA). Likewise, treated recycled
concrete aggregate (TRCA) possesses distinct characteristics from RCA due to the treatment method
applied—in this study, thermal-mechanical treatment (TMT). The comparative properties of these
three types of coarse aggregates are presented in Table 2.

Table 2. Coarse aggregates properties.

Sample NCA RCA TRCA
Type of Parameter Parameter Aggregate Properties

L Category 56 56 56

Grain size FM 8.89 9.77 9.5

, Compacted (gr/cm? 1.46 1.32 1.42

Bulk density Lcise (gr%mS) ! 1.36 1.26 1.36

Sa 2.50 2.33 2.42

Specific Gravity Ss 2.57 2.45 2.53

Sa 2.68 2.65 2.72

Absorption % 2.50 5.24 4.79
Abrasion Index 15 30 26
Crushing value Index 17 27 24

3.1.1. Sieve Analysis
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The test results showed that the fineness modulus (FM) values were 8.89 for NCA, 9.77 for RCA,
and 9.25 for TRCA. These values indicate that RCA had the coarsest gradation among the aggregates,
followed by TRCA, while NCA exhibited the finest gradation. The high FM value of RCA suggests
that the recycled aggregate still contains a significant proportion of large particles, resulting from the
crushing of old concrete that did not fully produce uniformly graded particles [8]. This condition may
reduce the workability of concrete mixtures due to suboptimal particle size distribution. In contrast,
TRCA exhibited a lower FM value compared to RCA, indicating that the TMT process was effective
in improving the particle size distribution of the aggregate. Consistent with previous studies [42,43],
the TMT facilitated the detachment of residual mortar adhered to the aggregate surface, leading to a
more uniform particle size and improved gradation.

The three types of coarse aggregates used in this study —NCA, RCA, and TRCA —were classified
under the same size category, specifically size number 56 according to ASTM C33. This classification
confirms that, in general, the particle size dimensions of all three aggregates are suitable for use as
coarse aggregates in structural concrete mixtures. Being within the same size category allows for a
fair comparison of their physical properties and performance in concrete mixes. The sieve analysis
results for the aggregates are illustrated in Figure 3.

Sieve Analysis of Coarse Aggregates
100
—4#— ASTM upper limit
90
——ASTM lower limit

80
~ NCA
£ 70
a —+—RCA
g 60
e TRCA
z 30
<
E 40
g 30
V]

20

10

0 =
0 5 10 15 20 25 30 35
Sieve Size(mm)

Figure 3. Sieve analysis results.

3.1.2. Bulk Density

The test results showed that the compacted bulk density values were 1.46 g/cm? for NCA, 1.32
g/cm? for RCA, and 1.42 g/cm? for TRCA. Meanwhile, the loose bulk densities were 1.36 g/cm? for
NCA, 1.26 g/cm?® for RCA, and 1.36 g/cm? for TRCA. The lower bulk density of RCA compared to
NCA indicates that RCA has a lower packing density, which is generally attributed to the presence
of residual mortar adhering to the aggregate surface [44]. This residual mortar is lighter and more
porous than natural aggregate, contributing to the reduced bulk density of RCA. Additionally, the
angular and irregular shape of RCA particles, which are less rounded than natural aggregates,
increases the inter-particle voids, further decreasing the overall bulk density [45].

The application of the TMT method to RCA proved effective in increasing the bulk density of
the recycled aggregate, in line with previous research findings [44,45]. This is evidenced by the TRCA,
which exhibited a compacted bulk density approaching that of NCA, with a 7.5% increase compared
to untreated RCA. This improvement is attributed to the successful reduction of adhered mortar on
the aggregate surface during the TMT process, as well as enhancements in particle shape and texture,
resulting in characteristics more similar to those of natural aggregates. With cleaner surfaces and
more regular particle shapes, the inter-particle voids were reduced, leading to a denser aggregate
structure.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The increase in bulk density observed in TRCA has positive implications for recycled concrete
mixtures. Aggregates with higher bulk density contribute to producing concrete with improved
overall density, which in turn enhances compressive strength and durability. Furthermore, better
weight and volume distribution of the aggregates aids in controlling the workability of the concrete
and minimizes the need for mix adjustments due to material variability. Therefore, the improved
bulk density of TRCA serves as a key indicator that the TMT method effectively enhanced the
physical characteristics of the recycled aggregate, making it more suitable for use as a replacement
for natural coarse aggregate in structural concrete applications.

3.1.3. Specific Gravity

The test results showed that NCA had a dry specific gravity (Sd) of 2.50, a saturated surface-dry
specific gravity (Ss) of 2.57, and an apparent specific gravity (Sa) of 2.68. For RCA, the values were
Sd =2.33, Ss = 2.45, and Sa = 2.65. In contrast, TRCA exhibited improved values compared to RCA,
with Sd =242, Ss = 2.53, and Sa = 2.72. The lower specific gravity values of RCA compared to NCA
confirm that recycled aggregates possess lower material density, primarily due to the presence of
residual old mortar adhering to the aggregate surface [13]. This old mortar is characterized by high
porosity and low density, which contributes to the overall reduction in aggregate specific gravity.
Additionally, the porous surface of RCA allows greater water absorption into the aggregate, thereby
affecting both the saturated surface-dry (S5D) and apparent specific gravity values [46]. The low
specific gravity of RCA is considered one of its main drawbacks, as it can negatively impact the final
strength of concrete and the consistency of mix proportion calculations [44].

The TMT method applied to RCA proved effective in increasing specific gravity, in line with
previous studies [9,13,17]. The heating process helped to dry and weaken the bond of adhered mortar,
while the mechanical grinding effectively removed the residual mortar from the aggregate surface.
As a result, TRCA exhibited a cleaner, denser surface and contained fewer voids or internal pores,
leading to a 3.2% increase in specific gravity compared to RCA. Consequently, the specific gravity of
TRCA improved, and in some cases even surpassed that of NCA in terms of apparent specific gravity
(Sa), indicating that the treated aggregate possesses a denser structure with lower internal porosity.

3.1.4. Water Absorption

Water absorption is a key parameter that reflects the porosity level of coarse aggregates and
significantly influences both the fresh and mechanical properties of the resulting concrete [47]. Test
results showed that the water absorption values were 2.50% for NCA, 5.24% for RCA, and 4.79% for
TRCA. These results indicate that RCA has a substantially higher water absorption capacity
compared to natural aggregates, while TRCA demonstrated a reduction in water absorption after
undergoing the TMT process, although it still did not reach the level of NCA.

The high water absorption observed in RCA is primarily due to the presence of old mortar
residue still adhering to the surface of the recycled aggregate. This residual mortar is highly porous
and contains numerous micro-voids, allowing it to absorb a greater amount of water [46].
Additionally, the crushing process involved in recycling old concrete tends to produce aggregates
with irregular surfaces, sharp edges, and microcracks, all of which further increase the aggregate’s
water absorption capacity. This high absorption rate is one of the main drawbacks of RCA, as it can
affect the water demand of concrete mixtures and reduce workability if not properly compensated
by adjusting the water-to-cement (W/C) ratio.

The application of the TMT method has proven effective in improving the water absorption
characteristics of recycled aggregates. Through heating at 250 °C, the adhered mortar undergoes
dehydration and loses its bonding strength, making it easier to detach during the subsequent
mechanical grinding process. The combination of these two processes effectively reduces the amount
of residual mortar and partially seals open pores on the aggregate surface. This is reflected in the
reduced water absorption value of TRCA to 4.79%, which, although still higher than that of NCA,
shows a positive trend toward the characteristics of natural aggregates.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The lower water absorption of TRCA compared to RCA offers significant advantages in concrete
mix design. Aggregates with reduced water absorption facilitate better control over aggregate
moisture content, leading to more consistent effective water content in the concrete mix and
consequently more stable compressive strength results. Additionally, the use of TRCA helps
minimize the risk of segregation and bleeding caused by excess water in the mixture. Therefore, the
reduction in water absorption observed in TRCA serves as a key indicator of the success of the TMT
method in improving the physical properties of RCA and enhancing the suitability of recycled
aggregates for use as a replacement for natural coarse aggregates in sustainable concrete applications.

3.1.5. Mechanical Properties

The test results revealed that the abrasion index values were 15 for NCA, 30 for RCA, and 26 for
TRCA. These values indicate that RCA has the lowest abrasion resistance, meaning its particles are
more prone to degradation under friction or impact. This weakness is attributed to the presence of
adhered old mortar and numerous internal cracks, which compromise the structural integrity of the
aggregate [48]. In contrast, TRCA exhibited a 13.3% improvement in abrasion resistance compared to
RCA, although it still did not fully match the performance of NCA. This enhancement resulted from
the TMT process, which effectively reduced residual mortar content and improved particle shape and
density, thereby increasing resistance to mechanical wear in concrete environments.

In the crushing value test, aggregates were subjected to a compressive load of 400 kN for 10
minutes. The results showed that NCA had a crushing value of 17, RCA of 27, and TRCA of 24. These
values suggest that RCA exhibits the lowest resistance to compressive loads due to its fragile internal
structure, high porosity, and susceptibility to cracking [49]. TRCA showed improvement, with an
11% reduction in crushing value compared to RCA, indicating that the TMT process effectively
enhanced the mechanical strength of the recycled aggregate by removing weak mortar and
densifying the aggregate surface.

In general, the higher abrasion and crushing values observed in RCA compared to NCA reflect
the quality degradation caused by the crushing of old concrete and the high content of residual
mortar. However, the significant reduction in these values following the TMT process demonstrates
the effectiveness of this method in enhancing the mechanical performance of recycled aggregates.
Accordingly, the improved mechanical properties of TRCA make it more suitable for partial or even
full replacement of NCA in recycled concrete. The application of TMT presents a promising approach
to optimizing the use of recycled aggregates, thereby promoting sustainability in the construction
industry without compromising the structural performance of concrete.

3.2. Concrete Properties

3.2.1. Bulk Density of Concrete

The reference concrete sample (REF), which contained neither RCA nor TRCA, exhibited the
highest bulk density, reaching approximately 2.39 g/cm?3. This reflects the optimal density achieved
in concrete composed entirely of natural aggregates. When NCA was progressively replaced with
RCA, a gradual decrease in concrete bulk density was observed with increasing substitution levels,
as shown in Figure 4. The bulk density of RCA25 concrete was 2.35 g/cm? and continued to decline,
reaching the lowest value of 2.29 g/cm? at RCA100, this trend is consistent with findings reported in
various previous studies [50,51].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Bulk Density of Concrete
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Figure 4. Bulk density of concrete.

In contrast, concrete incorporating TRCA exhibited a higher bulk density than those made with
RCA. TRCA25 and TRCA50 achieved bulk densities of approximately 2.36 g/cm? and 2.37 g/cm3,
respectively, with TRCA50 closely approaching the value of the reference concrete. This indicates
that at a 50% replacement level, TRCA can substitute NCA without significantly compromising the
bulk density of the concrete. However, for TRCA75 and TRCA100, the bulk densities decreased again
to 2.35 g/cm? and 2.32 g/cm?, respectively, although these values remained higher than those of RCA
concrete at the same substitution levels.

The increase in bulk density observed in TRCA compared to RCA confirms the effectiveness of
the TMT method in improving the structure of recycled aggregates. The partial removal of old
mortar, combined with enhanced particle compaction through heating and mechanical grinding,
resulted in denser aggregates with improved particle size distribution. Consequently, these
aggregates contributed to higher-density concrete. Overall, the use of TRCA in concrete mixtures
provided better bulk density performance than RCA, particularly at low to moderate replacement
levels (25-50%).

3.2.2. Compressive Strength

Compressive strength testing was conducted to evaluate the mechanical performance of
recycled concrete incorporating RCA and TRCA as replacements for natural coarse aggregate (NCA).
The test results are presented in Figure 5. The reference concrete (REF), which contained no recycled
aggregate, achieved the highest compressive strength at 21.9 MPa, reflecting the optimal performance
of conventional concrete made with natural aggregates.

Compressive Strength of Concrete
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2
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%
=
§° 18
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a
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25% 50% 75% 100%

Substitution Percentage

Figure 5. Compressive strength of concrete.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202508.1409.v1


https://doi.org/10.20944/preprints202508.1409.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2025 d0i:10.20944/preprints202508.1409.v1

10 of 15

In contrast, concrete containing RCA exhibited a decreasing trend in compressive strength with
increasing substitution levels [41,48]. The compressive strength values were 16.2 MPa for RCA25,
16.4 MPa for RCA50, 15.3 MPa for RCA75, and only 11.0 MPa for RCA100. This decline is attributed
to the high porosity and residual old mortar content of RCA, which contribute to the formation of
weak interfacial transition zones (ITZ) and a fragile internal aggregate structure prone to cracking
[52]. These characteristics highlight the significant limitations of RCA as a coarse aggregate,
particularly at high replacement levels.

In contrast, the use of TRCA demonstrated better performance than RCA, particularly at low to
moderate replacement levels. The compressive strengths recorded were 17.4 MPa for TRCA25, 19.2
MPa for TRCA50, 15.7 MPa for TRCA75, and 14.6 MPa for TRCA100. The highest compressive
strength among the TRCA group was observed in TRCA50, which closely approached the
performance of the reference concrete, with a difference of only about 2.7 MPa. This indicates that at
a 50% replacement level, TRCA is capable of maintaining concrete strength nearly equivalent to
conventional concrete.

Nevertheless, despite the improved performance of TRCA, compressive strength still declined
at higher replacement levels (75% and 100%). This suggests that the quality of TRCA does not yet
fully match that of natural aggregates under full substitution conditions. Therefore, TRCA is most
effective when used at replacement levels between 25% and 50%, where the compressive strength
remains within acceptable limits for mid-grade structural applications.

3.2.3. Modulus of Elasticity

According to the data presented in Figure 6, the reference concrete (REF) with natural coarse
aggregate exhibited the highest elastic modulus, reaching 28,646 MPa, reflecting a dense and robust
concrete structure. When NCA was replaced with RCA, the elastic modulus consistently declined
with increasing substitution levels. RCA25 showed a modulus of 19,583 MPa, RCA50 of 20,859 MPa,
RCAY75 of 18,641 MPa, and RCA100 dropped to only 16,123 MPa. This reduction is attributed to the
higher porosity and presence of weak residual mortar in RCA, which result in a fragile interfacial
transition zone (ITZ) that lacks proper integration with the cement paste [52].

Modulus of Elasticity of Concrete
29000 REF

28000

27000

26000

25000

24000

23000 RCA50

22000
21000
20000
19000
18000
17000
16000
15000 RCA100

25% 50% 75% 100%
Substitution Percentage

Modulus of Elasticity (MPa)

Figure 6. Modulus of Elasticity of Concrete.

In contrast, concrete incorporating TRCA showed better results than that made with RCA. The
elastic modulus was 20,002 MPa for TRCAZ25, increased to 22,199 MPa for TRCA50, and then declined
to 18,688 MPa and 17,587 MPa for TRCA75 and TRCA100, respectively. This pattern mirrors the trend
observed in compressive strength, where a 50% TRCA replacement yielded optimal performance,
closely approaching that of the reference concrete. These findings demonstrate that the TMT method
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effectively enhanced the structure of recycled aggregates, resulting in improved stiffness in the
resulting concrete.

TRCAS50 recorded an elastic modulus approximately 22% lower than that of the reference
concrete, whereas RCA50 was about 27% lower. This indicates that TRCA is more effective in
maintaining the structural integrity of concrete compared to untreated RCA. The effectiveness of
TMT in improving the aggregate surface and reducing internal porosity contributes to the formation
of a denser and stronger interfacial transition zone (ITZ), resulting in improved elastic response
under load for TRCA concrete.

Overall, these findings suggest that TRCA is most effective when used at a substitution level of
25-50%, where the concrete’s elastic modulus remains within an acceptable range for medium-grade
structural applications. The use of untreated RCA at high replacement levels (275%) is strongly
discouraged without additional treatment, as the significant reduction in modulus can lead to
excessive deformation and reduced long-term durability of the concrete.

3.2.4. ITZ Between Mortar and Aggregate

Figure 7a shows the ITZ in the reference concrete incorporating NCA. The interface between the
NCA and mortar appears to be very tight, with minimal visible pores. The NCA surface is relatively
smooth and clean, and the contact between the aggregate and cement paste demonstrates a well-
integrated microstructure. This condition results in a dense and strong ITZ, contributing to the high
compressive strength and elastic modulus observed in the reference concrete.

Mortar

1d mortar;

Bt X

New mortar

B
N

New mortar

500 ym ———
versity of Malang

Figure 7. Surface microstructure of: (a) REF, (b) RCA 1, (c) RCA 2, (d) TRCA.

In contrast, Figure 7b clearly reveals the presence of a residual old mortar layer adhered to the
RCA. This old mortar introduces two distinct ITZ layers: one between the original NCA and the old
mortar, and another between the old mortar and the new mortar. As illustrated in Figure 7c, the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1409.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2025 d0i:10.20944/preprints202508.1409.v1

12 of 15

microstructure surrounding the ITZ appears non-homogeneous, with numerous pores and
microcracks. These features indicate poor microstructural integrity at the ITZ, which negatively
impacts the mechanical strength of RCA concrete. Furthermore, the presence of old mortar hinders
optimal bonding with the new mortar, creating weak points that accelerate deterioration when the
concrete is subjected to loading.

The surface of TRCA appears noticeably cleaner than that of RCA, with significantly less residual
old mortar, as shown in Figure 7d. The TMT method proved effective in removing the majority of the
adhered mortar from the RCA surface. The resulting ITZ is denser and more compact, with a more
homogeneous particle distribution and smaller pore sizes. The contact between TRCA and the new
mortar also appears to be more structurally integrated at the micro level, enhancing the bonding
between components within the concrete matrix.

Across the four SEM images in Figure 7, it is evident that ITZ quality is highly dependent on the
cleanliness and density of the aggregate surface [52,53]. The reference concrete containing NCA
exhibited the best ITZ quality, followed by TRCA, while the ITZ in RCA concrete was the weakest.
These differences in ITZ quality align with the compressive strength and elastic modulus results
discussed previously, where TRCA consistently outperformed RCA. This confirms that ITZ
enhancement through the TMT method is a key factor in improving the overall performance of
recycled aggregate concrete.

4. Conclusions

This study evaluated the influence of thermal-mechanical treatment (TMT) on the physical
properties of recycled concrete aggregate (RCA) and the performance of recycled concrete
incorporating RCA as a substitute for natural coarse aggregate. The TMT method involved a heating
process at 250 °C followed by mechanical grinding using a Los Angeles machine for 500 revolutions.
Based on the experimental results and analysis, the following conclusions can be drawn:

1. Untreated RCA exhibits inferior physical properties compared to NCA, such as lower specific
gravity and higher water absorption. Its mechanical properties, including abrasion and crushing
values, are also significantly worse than those of NCA. These deficiencies directly result in
reduced bulk density, compressive strength, and elastic modulus of the concrete, especially at
high substitution levels (>50%).

2. The TMT method proved effective in enhancing the quality of RCA. The combined heating and
grinding processes successfully removed a substantial portion of the adhered old mortar,
reduced aggregate porosity, increased specific gravity, and lowered both abrasion and crushing
values.

3. Concrete incorporating TRCA demonstrated superior mechanical performance compared to
RCA concrete, particularly at substitution levels of 25-50%. The compressive strength and elastic
modulus of TRCAS50 were only slightly lower than those of the reference concrete, making it a
viable alternative for mid-grade structural applications.

4. SEM observations revealed that the quality of the ITZ in TRCA concrete was significantly better
than in RCA concrete. The cleaner surface of TRCA led to a denser, more homogeneous
transition zone with stronger integration into the new mortar, contributing to the enhanced
mechanical strength of the concrete.

There is substantial potential in utilizing laboratory concrete waste as a source of recycled
aggregates. Moreover, this study highlights the importance of determining the optimal ratio between
steel ball weight and aggregate mass during the ball milling process to achieve more precise and
efficient results. Overall, the TMT method has proven effective in enhancing the viability of RCA as
a substitute for natural coarse aggregate. TRCA can thus be recommended as an alternative material
for environmentally friendly concrete, particularly at substitution levels of <50%.
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The following abbreviations are used in this manuscript:

RCA Recycled Concrete Aggregate

TRCA Treated Recycled Concrete Aggregate
T™MT Thermal-Mechanical Treatment

Sa Relative specific gravity (Oven Dry)
Ss Relative specific gravity (SSD)

Sa Apparent specific gravity
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