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ABSTRACT:  The widespread application of alkali-activated soil-based artificial aggregates (AAs) is 
limited by their low early strength and high-water absorption, creating an imperative for effective 
enhancement methods. This study investigates the efficacy of thermal treatments (heat curing and 
microwave curing) and surface treatments (alkaline solution immersion, double pelletisation, and 
slurry immersion) in enhancing their performances. The properties of AAs were evaluated through 
crushing strength, water absorption, and apparent density tests, with underlying mechanisms eluci-
dated by microstructural analyses. The results demonstrate that both heat curing and microwave 
curing significantly enhance the early-age strength, improving the 1-day crushing strength by over 
140% and 100%, respectively. This enhancement is attributed to the accelerated formation of C-(A)-
S-H gels and hydrotalcite. However, a slight increase in water absorption and a reduction in 28-day 
crushing strength are observed, primarily due to microcracking induced by the rapid drying process. 
Among the surface treatments, alkaline solution immersion and double pelletisation increase appar-
ent density by ~3.6%, reduce water absorption by ~22.3%, and enhance crushing strength by 
~30.9%, primarily due to the formation of a denser outer shell. In contrast, slurry immersion adversely 
affects the properties owing to its uneven coating and potential aggregate swelling. This study pro-
vides practical strategies and mechanistic insights for optimising the performance of AAs, facilitating 
their industrial production and application.

KEYWORDS:  Alkali-activated soil-based artificial aggregate; heat curing; microwave curing; alkaline 
solution immersion; slurry immersion; double pelletisation

1 Introduction

Aggregates, constituting 60%–70% volume of 
concrete, have an essential impact on the mechan-
ical properties and durability of concrete [1]. 
While traditional aggregates are predominantly 
derived from natural crushed stone, the overex-
ploitation of these non-renewable resources has 
imposed severe strains on the ecological environ-
ment [2]. In response to this pressing sustainabil-
ity challenge, recycled aggregates and artificial 
aggregates (AAs) have emerged as promising 
alternatives in modern concrete production [3]. 
Among them, AAs stand out with distinct advan-
tages due to their low density and porous struc-
ture. This reduces the self-weight of concrete [4] 

and is conducive to improving the thermal and 
sound insulation performances of concrete [5, 6]. 
Most notably, they can be prepared using various 
solid wastes, embodying environmental protec-
tion and resource recycling value [7], which has 
made them a key research hotspot in recent years.

AAs can be primarily classified into ther-
mally processed and cold-bonded types based on 
their production methods [8]. The cold-bonding 
method involves agglomerating raw materials 
with binders at ambient temperature, followed by 
a curing process. This technique is characterised 
by its low energy consumption, minimal pollut-
ant emissions, and cost-effectiveness [7]. Several 
formulations for cold-bonded aggregates util-
ising different solid wastes have been proposed 
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in the literature. For instance, Ibrahim et al. 
[9] produced cold-bonded AAs using cement, 
Ground Granulated Blast-furnace Slag (GGBS), 
and quartz, and reported a 28-day strength rang-
ing from 0.27 to 1.04 MPa, densities between 
652.18 and 1114.42 kg/m3, and water absorption 
rates of 15.83~28.52%. Similarly, Tian et al. [10] 
employed fly ash and red mud to fabricate AAs 
via cold-bonding technology, resulting in a water 
absorption of 9.8%~12.1% and a 28-day strength 
of 1.46~6.18 MPa. Incinerator bottom ash (IBA) 
derived from municipal sewage sludge was also 
adopted as the raw material for cold-bonded 
aggregate production under an alkaline activation 
system, with a water absorption of 4.74~7.08% 
and a cylindrical compressive strength of 
0.62~1.86 MPa [11]. Furthermore, Zhou et al. 
[12] prepared alkali-activated AAs using lithium 
slag and GGBS, achieving a cylindrical compres-
sive strength of 6.9 MPa. It is worth noting that 
most existing studies have focused on aggregates 
produced from reactive solid wastes (e.g., GGBS, 
fly ash, IBA, etc.). In contrast, the authors of this 
paper [13] developed AAs using inert waste soil 
with the alkali-activation method. The primary 
rationale is that large volumes of waste soil are 
generated during construction activities; how-
ever, its lack of reactivity presents substantial 
challenges to high-value resource utilisation. The 
authors’ previous work has provided a viable 
pathway for the efficient utilisation of the waste 
soil. With the soil content ranging from 60% to 
90%, the developed AAs achieve a 28-day crush-
ing strength of 1.71~8.98 MPa, water absorption 
of 9.5%~15.9%, and density of 1604~1863 kg/m3.  
Notably, while a significant progress has been 
made in the preparation and performance char-
acterisation of AAs, their widespread practi-
cal application still faces key challenges such as 
insufficient early-age strength development and 
high-water absorption.

Heat curing can efficiently enhance the early 
strength of cementitious materials or alkali- 
activated materials by accelerating the hydration 
process [14, 15]. For cold-bonded AAs, most of 
them were cured at ambient temperature (20°C) 
and 95% relative humidity in the literature, though 
some studies have explored heat-curing effects on 
their properties. For example, Shivaprasad et al. 
[16] reported that curing alkali-activated fly ash 
aggregates at 80°C for 24 h increases their 14-day 
strength from 2.4 MPa to 3.1 MPa. Furthermore, 
Shivaprasad et al. [17] found that higher tem-
peratures and longer curing durations enhance 
the crushing strength of fly ash-based AAs by 
up to 40% but significantly increase their water 
absorption by 87.8%. In other words, heat curing 
can improve early strength but exerts a negative 
impact on water absorption. Moreover, the adverse 
effects of heat curing may also extend to long-
term strength. For example, Chen et al. [18] found 
that alkali-activated slag mortars cured at 60°C 
for 3, 6, 12, and 24 h have 1-day compressive 

strengths that are 29.0%, 35.6%, 47.0%, and 
51.1% higher than those of ambient-cured sam-
ples, respectively. However, heat curing has a 
negative impact on their 28-day strengths. This 
could be attributed to the rapid formation of reac-
tion products encapsulating precursor particles, 
hindering their dissolution and further reaction 
[19, 20]. Another reason could be that heat cur-
ing accelerates the evaporation of free water in 
the matrix, disrupting the continuous hydration 
of cementitious materials [21]. Moreover, high- 
temperature curing can also lead to the formation 
of microcracks and a coarser pore structure, which 
may also negatively impact long-term durability 
[22]. Therefore, the positive and negative impacts 
of adopting heat curing for AAs must be consid-
ered comprehensively. In addition, the impact of 
heat curing varies significantly depending on the 
reaction system, product size, and shape [23, 24].  
The AAs developed by the authors previously 
[13], which are characterised by their high inert 
component content (60%~90%), also have a clear 
demand for performance enhancement. However, 
it remains uncertain whether heat curing can 
effectively improve their early strength without 
significantly affecting their long-term strength 
and water absorption adversely, which requires 
further studies.

Beyond conventional heat curing, microwave 
curing has emerged as a promising alternative 
with unique advantages, including shorter irradi-
ation duration, lower heat energy loss, and higher 
energy efficiency. This is because microwave irra-
diation achieves more uniform and effective heat-
ing by penetrating the sample, whereas traditional 
heat curing only warms the surface [19]. For 
example, El-Feky et al. [20] reported that alka-
li-activated slag samples irradiated with 720 W  
microwaves for 2 min reach ~90% of their 
28-day crushing strength at 7 days. Guan et al. 
[25] found that microwave curing can signifi-
cantly reduce the final setting time from 7 h at 
room temperature to 10 min under 119 W micro-
wave curing, while barely affecting their final 
compressive strength after curing. However, some 
researchers have also pointed out potential nega-
tive effects of microwave curing for cementitious 
materials. For example, Lam et al. [26] indicated 
that although microwave curing can significantly 
boost early-stage strength of concrete, the long-
term strength may decline. A similar conclusion 
was also reported in Zhou et al. [27]. Li et al. 
[28] mentioned that higher power and tem-
perature settings can cause an increase in the 
crystallisation of hydration products and the pro-
portion of harmful pores, which fundamentally 
damages the microstructure. Thus, like heat cur-
ing, microwave curing exhibits both merits and 
drawbacks, and its effects on the developed alkali- 
activated excavated soil-based AAs require fur-
ther investigation.

Most AAs are porous and contain air voids, 
resulting in a higher water absorption rate than 
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natural aggregates [29–31]. This high-water 
absorption can be mitigated by applying various 
surface treatment methods. One primary method 
is slurry immersion, which involves immersing 
the aggregates in a cementitious or pozzolanic 
slurry. For instance, Siletani et al. [32] reported 
that after 12–24 h of immersion in different poz-
zolanic slurries, the water absorption of recycled 
aggregate is reduced from 6.5% to a minimum of 
4.7%. Similarly, Dixit et al. [33] treated calcined 
lightweight AAs with silica fume (SF) and fly ash 
(FA) slurries and found that their water absorp-
tion was reduced from 27.6% to 17.5% with SF 
soaking and to 24.9% with FA soaking. The water 
absorption of the AAs can be further reduced to a 
minimum of 9.3% with multiple coatings. Mean-
while, the compressive strength was enhanced by 
27.2% and 24.4% for FA and SF soaking, respec-
tively. Another prominent technique is double 
pelletisation, where fresh aggregates are pelletised 
with a binder for a second time [34, 35]. Ferraro 
et al. [36] reported that double pelletisation with 
cement and marble sludge for fly ash-based AAs 
can reduce water absorption by up to 55% and 
improve crushing strength by up to 5.7 times. 
Colangelo [34] also reported that double pelletisa-
tion could reduce the water absorption of fly-ash 
aggregate by around 20%. A third approach, spe-
cifically for alkali-activated aggregates, is alka-
line activator immersion. This process involves 
immersing the aggregates in an alkaline solution 
for about 30 min to one hour. Gesoǧlu et al. [37] 
reported that this treatment decreases the water 
absorption of fly ash aggregates by about 88% 
(from 27% to 3%) and increases the crushing 
strength by 100%. Similar enhancements have 
also been documented in other studies [38, 39]. 
In summary, these three surface treatment meth-
ods have demonstrated considerable feasibility 
for enhancing various properties of AAs. How-
ever, their effectiveness depends on factors such 
as the aggregate intrinsic composition, the spe-
cific reaction system, the type of treatment mate-
rials used, and processing parameters. Based on 

this knowledge, applying these existing surface 
treatment strategies to alkali-activated soil-based 
aggregates developed by the authors [13] rep-
resents a critical next step and requires further 
systematic investigation.

In summary, the widespread use of AAs is 
restricted by their low early strength and high- 
water absorption, requiring effective enhancement 
methods, whereas the effects of heat/microwave  
curing and surface modification strategies remain 
unclear. Therefore, the present work extends 
the previous study [13], which established the 
baseline formulation for alkali-activated soil-
based AAs incorporating 70% inert solid wastes. 
The current research aims to enhance the early 
strength and reduce the water absorption of alka-
li-activated soil-based AAs. The effectiveness of 
two curing regimes (heat curing and microwave 
curing) and three surface treatment methods 
(alkaline activator immersion, alkali-activated 
GGBS slurry immersion, and double pelletisa-
tion) is evaluated by testing the apparent density, 
water absorption, and crushing strength of AAs at 
various ages. Additionally, the underlying mecha-
nisms are investigated in combination with Ther-
mogravimetric Analysis (TGA), Scanning Electron 
Microscopy (SEM), and microhardness tests. The 
findings of this research are expected to provide 
valuable insights into optimising the performance 
of alkali-activated soil-based AAs and offer prac-
tical solutions for their production.

2 Experimental programme

To evaluate the effects of curing enhancement and 
surface treatment on the properties of the AAs, 
the overall research plan is illustrated in Figure 1.

In this study, the mix proportion specified in 
Liu et al. [13] is selected as the control group. 
Specifically, Excavated Soil (ES) and GGBS are 
mixed at a mass ratio of 70:30, and the alkali 
dosage and silicate modulus are 6% (weight of 
the solid) and 1.0, respectively. The water-to-solid 
mass ratio is fixed at 0.18. The control group is 
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cured at 20°C and 95% relative humidity (RH) 
until the targeted curing age.

Regarding the curing enhancement methods, 
heating curing and microwave curing regimes 
are considered in the current work. Details of 
the methods are given in Section 2.3. The sur-
face treatment methods comprise alkaline solu-
tion immersion, slurry immersion, and double 
pelletisation. Detailed descriptions of these tech-
niques are provided in Section 2.4. To evaluate 
the effectiveness of these methods, the crushing 
strength, apparent density, and water absorption 
of the AAs are measured and compared. In addi-
tion, microstructural analyses, including SEM, 
microhardness testing, and TGA, are conducted 
to elucidate the underlying mechanisms of the 
enhancement methods.

2.1 Raw materials
The raw materials involved in this study primar-
ily include ES, GGBS, and an alkaline activator 
prepared with water glass, sodium hydroxide, 
and water. The ES was obtained from a construc-
tion site in Ningbo, China, specifically as waste 
soil generated during the drilling and pouring of 
bored piles for highway construction. Its particle 
size distribution, as shown in Figure 2, classifies 
it as clay in accordance with BS ISO EN 14688–2 

is calcium oxide, with its chemical composition  
provided in Table 1.

The alkaline activator was developed by inte-
grating three core components, including water 
glass, sodium hydroxide pellets, and deionised 
water. The water glass has a mass-based chemical 
composition of 26.8% silicon dioxide (SiO2), 8.3% 
sodium oxide (Na2O), and 64.9% water (H2O), 
and the sodium hydroxide has a purity exceeding 
98%.

2.2 Artificial aggregate preparation
The alkali-activated AAs were prepared according 
to the procedure illustrated in Figure 3. Initially, 
dried ES and GGBS (mass ratio = 70:30) were 
mixed in a low-speed blender for 5 min. Subse-
quently, the alkaline activator was prepared by 
mixing Na2O, water glass, and water. The solution 
was manually stirred until complete dissolution 
was achieved, followed by sealing and cooling. 
For the pelletisation process, both the solid pow-
ders (i.e., ES and GGBS) and the alkaline acti-
vator were divided into two equal batches. The 
first batch of solid powder was loaded into the 
pelletiser, and the first batch of activator was 
gradually sprayed onto it over a period of 3 min. 
The second batch of powder was then introduced, 
and the spraying process (3 min) was repeated 
with the remaining solution to produce the green 
aggregates. The AAs in the control group were 
cured by sealing them in plastic bags and storing 
them at 20°C and 95% relative humidity for the 
target days. For the other groups considering dif-
ferent curing enhancement or surface treatment 
methods, the details of these methods are pro-
vided in Sections 2.3 and 2.4.

2.3 Curing enhancement regime
In the present work, two curing enhancement 
regimes were considered. The first regime involves 
subjecting fresh aggregates to short-term heat 
curing to enhance their early-age strength before 
transferring them to a temperature-controlled 
chamber at 20°C for subsequent curing. Specifi-
cally, an in-bath heating method was adopted in 
this study: the fresh aggregates were sealed with 
plastic film and placed into a water bath maintained 

[40]. The waste soil exhibits a high initial mois-
ture content, but it is dried in this study prior 
to being used for AA preparation. The specific 
gravity of ES is 2.11. Previous X-ray Diffraction 
(XRD)/TGA analyses [13] indicate that ES mainly 
consists of the crystalline phases illite, quartz, 
albite, and calcite, with its chemical compositions 
detailed in Table 1.

The GGBS utilised in this work was sourced 
from Lingshou Yanxing Mineral Products Pro-
cessing Factory. It has a specific gravity of 2.92, 
and its particle size distribution is presented in 
Figure 2. Compared to ES, GGBS displays a finer 
particle size distribution. According to previ-
ous XRD/TGA results [13], its main component 
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Table 1  Chemical constituents of the ES and GGBS [13]

Compound Composition (%)

ES GGBS

Na2O 0.588 0.155

MgO 2.528 7.415

Al2O3 16.316 13.795

SiO2 63.341 26.963

SO3 0.085 3.748

K2O 3.226 0.325

CaO 4.868 44.867

TiO2 1.062 1.465

Fe2O3 7.035 0.369

Figure 2  Particle size distribution of the ES and GGBS [13] 



at 60°C for 2, 4, or 6 h. This temperature (60°C) is 
generally regarded as the optimal temperature for 
the alkali-activated slag system [41]. Upon com-
pletion of the pre-set heat curing duration, the 
aggregates were transferred to a temperature- 
controlled chamber at 20°C for curing. Notably, pre-
vious studies have mentioned that heat curing may 
accelerate the evaporation of internal free water in 
aggregates, which could adversely affect the devel-
opment of aggregate strength. To mitigate this 
adverse effect, a supplementary re-moisturisation 
process was also applied for the heat-cured AAs. Spe-
cifically, the AAs were re-moisturised by immers-
ing them in water for a few seconds. They were 
then wiped with a dry towel until no excess water 
remained on the aggregates. The re-moisturised  
aggregates were stored under sealed conditions at 
20°C until testing.

Similarly, microwave curing was adopted as an 
alternative enhancement method in this study. 
The procedure was largely consistent with the 
heat-curing method, but a 231 W microwave 
oven was used to replace the water bath, with 
irradiation durations set at 30, 45, and 60 s to 
investigate their effects on the properties of the 
AAs. The effect of re-moisturisation is also con-
sidered for microwave-cured AAs.

The detailed research plan considering different 
curing enhancement regimes is listed in Table 2.

2.4 Surface treatment methods
Three surface treatment methods were adopted 
for enhancing the properties of AAs, as shown 
in Figure 4. For the alkaline solution immersion 
and slurry immersion processes, the fresh aggre-
gates were submerged in an alkaline solution or 
an alkali-activated slag slurry for 10 min [7, 42]. 
Here, the alkaline activator has an alkali dosage 
of 10% and a silicate modulus of 1.0. The slurry 
was prepared with slag activated with an alkali 
dosage of 6%, a silicate modulus of 1.0, and a 
water-to-powder ratio of 0.5. Subsequently, the 
treated aggregates were transferred to a sieving 
machine equipped with a 2.36 mm sieve for 1 h 
to remove the excess alkaline solution or slurry 
on the aggregate surface. Afterwards, the treated 
aggregate was sealed and cured at 20°C and 95% 
relative humidity for 28 days.

For double palletisation method, the second 
pelletisation was carried out immediately after 
the initial pelletisation. An additional 10 wt% of 
GGBS powder (relative to the original mixed pow-
der) was added to the pelletising disc at the start of 
the second pelletisation stage, which lasts 3 min.
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artificial 
aggregate 
preparation 

Table 2  Details of curing regimes used for AAs

Group ID Curing Regimes Curing Duration Curing Temp./Microwave Power Additional Method

Control group Standard curing (SC) 28 day 20°C –

HC-60-4 Heat curing (HC) + SC 1 d, 3 d, 28 d (incl. 4 h HC) 60°C –

HC-60-2-re 1 d, 3 d, 28 d (incl. 2 h HC) Re-moisturisation

HC-60-4-re 1 d, 3 d, 28 d (incl. 4 h HC) Re-moisturisation

HC-60-6-re 1 d, 3 d, 28 d (incl. 6 h HC) Re-moisturisation

MW-231-45 Microwave curing (MC) 
+ SC

1 d, 3 d, 28 d (incl. 45 s MC) 231 W –

MW-231-30-re 1 d, 3 d, 28 d (incl. 30 s MC) Re-moisturisation

MW-231-45-re 1 d, 3 d, 28 d (incl. 45 s MC) Re-moisturisation

MW-231-60-re 1 d, 3 d, 28 d (incl. 60 s MC) Re-moisturisation



2.5 Testing methods
2.5.1 Apparent density
The oven-dried apparent density of the hardened 
AAs was determined following GB/T 17431.2–
2010 [43]. A 300 g sample (m), after being 
oven-dried to a constant mass, was re-saturated, 
surface-dried with a towel, and placed into a 
measuring cylinder with 500 mL of water for vol-
ume measurement (V). The apparent density (Do) 
can be calculated as Equation (1). More details 
about this measurement method can be found in 
Liu et al. [13]. Each test was repeated twice until 
the deviation was less than 2%.

	 Do = (m/V − 500) × 1000	 (1)

2.5.2 Water absorption
Water absorption of the AAs was measured in 
accordance with GB/T 17431.2–2010 [43]. Both 
1-h and 24-h water absorption values (denoted 
as Wa-1h and Wa-24h) were determined. The hard-
ened AAs were first oven-dried at 105°C until 
a constant mass was achieved. For each test, 
approximately 300 g of oven-dried aggregate was 
weighed, and the mass was recorded as m1. The 
sample was then immersed in water for either 
1 h or 24 h. After the specified immersion time, 
the aggregate was removed, surface-dried with a 
towel, and weighed again; the mass was recorded 
as m2 (for 1 h) and m3 (for 24 h). Wa-1h and Wa-24h 
were then calculated using Equations (2) and (3), 
respectively. Each test was repeated three times, 
and the average value was reported.

	 Wa-1h = ((m2 − m1)/m2) × 100%	 (2)

	 Wa-24h = ((m3 − m1)/m3) × 100%	 (3)

2.5.3 Crushing strength
Referring to previous studies [13], the crushing 
strength of AAs was measured by a universal 
testing machine with a loading capacity of 50 
kN and ±0.5% relative error range. The loading 
rate was 0.6 mm/min [7, 18]. The peak load (P) 

and the vertical distance (H) between the upper 
plate and the bottom plate at the initial state were 
recorded. The crushing strength (Sc) can be calcu-
lated with Equation (4) [44].

	 Sc = (2.8 × P)/(3.14 × H2)	 (4)

For each group of tests, 12 aggregate particles 
with sizes between 10~12 mm were tested, and 
the average value was calculated.

2.5.4 Thermogravimetric analyses
TGA was conducted to characterise the thermal 
decomposition of the AA samples in the present 
work. The cured samples were treated by immer-
sion in isopropanol for over 24 h to remove free 
water and terminate hydration, followed by vac-
uum drying at 20°C for three days to remove the 
solvent. The dried AAs were then ground and 
sieved through a 75 μm mesh to obtain the pow-
der [45]. For each test, approximately 50 mg of 
this powder was heated from 30°C to 1000°C at 
10°C/min under a 50 mL/min nitrogen flow [46].

2.5.5 Scanning electron microscopy
The microstructural morphology of the AA sam-
ples was examined using SEM. The hardened 
aggregate was immersed in isopropanol for over 
24 h to stop hydration and then vacuum-dried at 
20°C for three days. Half of an aggregate was then 
impregnated and mounted in epoxy resin within 
a rubber mould measuring 25 mm in diameter 
and 20 mm in height. The mounted samples were 
polished using a Buehler AutoMet 250 polisher 
with a sequential series of diamond and silica 
suspensions: 9 μm, 3 μm, 0.5 μm, 0.05 μm and 
0.025 μm [47]. A photograph of the impregnated 
aggregates is presented in Figure 5. Prior to SEM 
observation, the prepared samples were fixed onto 
a specimen stub and coated with a 5 nm thick 
gold layer using a sputter coater. Microstructural 
analysis was subsequently performed by acquir-
ing backscattered electron images.
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2.5.6 Microhardness
The microhardness distribution from the outer 
shell to the inner core of the surface-treated 
aggregates was characterised using a digital Vick-
ers microhardness tester (HVX-1000A). Tests were 
performed on the cross-sections of the polished 
aggregate samples prepared in Section 2.5.5. 
Indentations were made at a total of 13 points, as 
illustrated in Figure 6. A load of 10 g and a dwell 
time of 10 s were applied for each measurement. 

This procedure was repeated three times for each 
sample to ensure statistical reliability, and the 
average values were calculated.

3 Results and discussion

3.1 Effect of curing methods on aggregate prop-
erties
3.1.1 Apparent density

Figure 7 presents the apparent density of AAs with 
various heat and microwave curing regimes. Nei-
ther heat nor microwave curing has a noticeable 
impact on the 28-day apparent density of treated 
AAs, which remained at around 1700 kg/m3. The 
differences between the maximum and the min-
imum value of heat-cured and microwave-cured 
AAs are 1.5% and 2.1%, respectively. This fluc-
tuation can be considered as experimental error. 
Overall, the developed AAs can be classified as 
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Figure 5  Aggregate 
samples for SEM 
observation 

Figure 6  Microhardness indentation pattern for AAs 
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lightweight aggregates, as their apparent densities 
are lower than 2000 kg/m3 [48].

3.1.2 Water absorption
Figure 8 presents the 1-h and 24-h water absorp-
tions of AAs cured under different heating and 
microwave curing regimes. Heat and microwave 
curing both increase the 1-h and 24-h water 
absorptions of AAs slightly. The reason could be 
that thermal curing could result in the formation 
of pores and micro-cracks inside the aggregates 
[1, 2]. The variation of heat curing duration has a 
marginal impact on the water absorption of AAs,  
while extending the microwave curing increases 
their water absorption. This indicates that 
using the microwave curing method tends to 
increase the porosity of AAs through water evap-
oration. It should be noted that even with re- 
moisturization, the increase in water absorption is 
not effectively mitigated compared to the control 
group. This could be due to the irreversible nature 
of the micro-damage induced by heat or micro-
wave curing [49]. Compared to the AAs prepared 
with alkali-activated recycled concrete powder 
in Shen et al. [50], the 24-h water absorption of 
their samples (around 13%–18%) is moderately 
higher than that of the present work. Shen et al. 
[50] further noted that thermal curing effectively 
reduces the 24-h water absorption, with the min-
imum value (up to 5% lower than ambient-cured 
samples) achieved at 60°C curing for 12 h. In 
contrast, thermal curing exerts a slight negative 
impact on water absorption in this study. This 
discrepancy could stem from the high content of 
inert components (i.e., ES). Thermal curing fails to 
promote hydration reactions but accelerates water 
evaporation, potentially inducing internal micro-
cracks and thus causing a marginal increase in 
24-h water absorption.

3.1.3 Crushing strength
Figure 9 presents the 1-, 3-, 7-, and 28-day crush-
ing strengths of the AAs. Compared to the control 
group, both heat and microwave curing signifi-
cantly enhance the early-age crushing strength, 
improving the 1-day crushing strength by more 
than 100% and 70%, and the 3-day crushing 
strength by more than 30% and 20%, respec-
tively. Moreover, extending the heat or micro-
wave curing duration increases the early-age 
crushing strength. This can be attributed to the 
effective promotion of reaction product formation 
by these thermal curing methods at an early stage 
[20, 51], which will be further discussed in con-
junction with microstructural characterisation in 
the following sections.

However, both heating and microwave curing 
methods exhibit a negative effect on the 28-day 
crushing strength of AAs without re-moisturisation.  
The application of re-moisturisation can mitigate  
this negative impact to some extent. Specifically, 
when the heat duration is 4 h or the microwave 
irradiation duration is 45 s, the application of re- 
moisturisation enables the 28-day crushing strength 
comparable to AAs in the control groups. In contrast, 
either shortening or extending this optimal curing 
duration would result in lower 28-day crushing 
strength. The underlying reason is potentially that 
an insufficient curing duration fails to completely 
facilitate the reaction, while an excessive duration 
causes microstructural damage, thereby limiting 
the strength development [52, 53]. Moreover, the 
crushing strength of AAs in the current study is 
also similar to that of AAs prepared with alkali- 
activated recycled concrete powder [50]. Differ-
ently, Shen et al. [50] reported that thermal curing 
can enhance the 28-day crushing strength, with a 
maximum improvement exceeding 20% observed 
at an optimal curing temperature of 60°C. This 
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discrepancy could be attributed to the high dosage 
of inert materials incorporated in preparing AAs 
in the present study.

3.1.4 Thermogravimetric analyses
The thermogravimetric results of AAs cured 
by heat and microwave radiation after 3 or 28 
days are shown in Figure 10. Types of thermal 
decomposed product can be mainly categorised 
as C-(A)-S-H gels between 50°C and 220°C and 
hydrotalcite-like phases between 275°C and 
425°C, respectively [16, 54]. The endothermic 
peaks of calcium carbonates are around 700°C, 

and the range of calcium carbonate decomposition 
is between 600 and 750°C [55].

As seen in Figure 10a, 10b, moderate heat and 
microwave curing can facilitate the reaction with 
higher amounts of C-(A)-S-H gels and hydrotalcite- 
like products generated in AAs cured for 3 days 
compared with the control group. The results 
agree with the crushing strength result that either 
heat curing or microwave curing can enhance the 
3-day crushing strength. Specifically, prolong-
ing the curing time of heat or microwave curing 
generally decreases the mass loss corresponding 
to C-(A)-S-H after 3-day curing, while the val-
ues for all heat-cured samples remain higher than 
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those of the control group. This could be caused 
by the decomposition of the C-(A)-S-H gel under 
prolonged curing at 60°C [56]. It may contrib-
ute to the densification of C-(A)-S-H and thus 
enhances the material strength to some extent. 
However, prolonged curing also induces higher 
shrinkage and consequently leads to coarser pores 
and microcracks. This offset the positive effects of 
the densified C-(A)-S-H matrix and finally exerts 
an adverse impact on strength [57]. This would 
be the reason that Heat 60-6-re and MW231-
60-re exhibit slightly lower 28-day compressive 
strengths than Heat 60-4-re and MW231-45-re 
(Figure 9). In terms of hydrotalcite-like phases, an 
increase in curing time marginally affects the for-
mation of hydrotalcite-like phases for heat curing, 
while some suspension effect could be observed 
for microwave curing. This is because heat cur-
ing enhances the dissolution of supplementary 
cementitious materials and subsequently enhances 
the formation of hydrotalcite-like phases [58]. 
For microwave curing, although it has a heating 
effect, the rapid heating may lead to rapid mois-
ture loss, which challenges prolonged hydration 
and the formation of stable crystalline phases 
[59]. In general, the strength of the material could 
be synergistically influenced by multiple hydra-
tion products [60]. Additionally, it is observed that 
re-moisturisation slightly promotes the formation 
of C-(A)-S-H in AAs at 3 days of age. This can be 
attributed to the fact that the replenished water 
can compensate for water evaporation for the 
ongoing hydration reaction at early stages [61].

Figure 10c, 10d shows the TGA results for the 
AA samples cured for 28 days. Overall, the mass 
loss of the C-A-S-H gels reaction products of AAs 
cured by heat or microwave curing remains at a 
level comparable to that of the control group. Sim-
ilar to the results for 3-day curing, insufficient or 
excessive curing times for heat/microwave treat-
ment, as well as the absence of the re-moisturi-
sation method, could result in a reduced quantity 
of the C-(A)-S-H gels and therefore weaken the 
28-day crushing strength of AAs. Compared with 
the heat curing, excess microwave curing shows a 
more obvious negative impact on C-(A)-S-H gen-
eration. It corresponds to the slight rise of 24-h 
water absorption and decline of 28-day crushing 
strength, since insufficient C-(A)-S-H gels could 
weaken the compactness of the AA structure. Mass 
losses of hydrotalcite-like phases for the heat-cured 
AAs are lower than those of the control group. The 
reason could be that the heat and microwave cur-
ing prevent the further generation of the hydrotal-
cites. Nevertheless, the heat and microwave curing 
do not have an obvious influence on the mass loss 
of calcium carbonates for all the groups.

3.2 Effect of surface treatments on aggregate 
properties
3.2.1 Apparent density
Figure 11 presents the apparent density of the 
AAs subjected to various surface treatment 

methods, including alkaline solution immersion, 
slurry immersion, and double pelletisation. Com-
pared with the control group (apparent density = 
1705 kg/m³), the apparent density of the alkaline 
solution-treated and double pelletisation-treated 
AAs increased by 3.83% and 6.22%, respectively. 
This could be attributed to the densification of the 
outer layer of AAs. In contrast, slurry immersion 
had a marginal impact on the apparent density 
of AAs, with a value of 1706 kg/m³. This reason 
will be further analysed in conjunction with the 
results of microstructural characterisation in the 
following section. Nevertheless, the treated AAs 
can still be regarded as lightweight aggregates, 
as their apparent densities are still lower than 
2000 kg/m3 [48].

3.2.2 Water absorption
Figure 12 shows the 1-h and 24-h water absorp-
tions of AAs treated with different surface modi-
fication methods. Both alkaline solution treatment 
and double pelletisation reduce the 1-h and 24-h 
water absorptions of AAs. Specifically, the alka-
line solution-treated AAs exhibit reductions of 
22.3% and 15.0% in 1-h and 24-h water absorp-
tions, respectively. For the double pelletisation 
treatment, it decreases the 1-h and 24-h water 
absorptions by 21.5% and 23.8%, respectively. 
Consistent with the apparent density results in 
Figure 11, the increase in density is attributed 
to the formation of a denser outer shell, which 
results in lower permeability. Similar findings 
have been reported in previous studies [4, 62]. In 
contrast, the slurry-treated AAs show an increase 
in water absorption by 1.79% (1-h) and 6.65% 
(24-h) compared to the control group, indicating 
a negative effect of the slurry treatment method. 
On the one hand, this could be because the addi-
tional slurry does not uniformly cover the AAs, 
and protruding particles increase the surface 
area, thereby promoting higher water absorption. 
On the other hand, the higher water content of 
the slurry tends to cause swelling of the materi-
als [63], leading to increased porosity and thus 
higher water absorption.
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3.2.3 Crushing strength
Figure 13 presents the 7-day and 28-day crush-
ing strengths of AAs considering various sur-
face treatment methods. Compared to the control 
group, the 28-day crushing strengths of the alka-
line solution-treated and double pelletisation- 
treated AAs increase by 6.2% and 5.9%, respec-
tively. This is because the two surface treatments 
enhance the outer shell with higher compact-
ness than the internal core. It should be noted 
that the 28-day crushing strength of slurry- 
treated AAs decreases by 4.51% compared with 
the control group. This phenomenon can be 
attributed to the weakened slurry shell and the 
protrusions on its surface, which may cause 
stress concentration and decrease the aggregate 
load-bearing capacity [64]. This will be further 
discussed in the following section in conjunction 
with microstructural characterisation.

3.2.4 Scanning electron microscopy
Figure 14 presents the micrograph of the cross- 
section of the AAs after different treatments. 

On the cross-section of the double pelletisa-
tion-treated AA (Figure 14a, 14b), a distinct 
boundary is visible between the outer shell and 
the internal core. The outer shell contains a higher 
concentration of GGBS particles, which are finer 
and exhibit a lighter, grey-white colour, making 
the interface easily identifiable. In contrast, no 
obvious difference is observed between the sur-
face and the core in the alkaline solution-treated 
AA (Figure 14e). The reason is that the alkaline 
solution penetrates into the interior of the aggre-
gate rather than forming a distinct new external 
layer on AA. As for the slurry-treated AA (Figure 
14c, 14d), although the interface is less distinct 
than in the double pelletisation-treated sample, 
a concentration of finer particles is still evident 
near the edge of the particle. This is a direct result 
of the slurry coating process.

A comparison of the SEM images of the three 
treatment methods reveals that the outer shell 
formed by double pelletisation exhibits good com-
pactness, despite containing some small voids. 
In contrast, the near-surface region of the alka-
line solution-treated AA is highly compact with 
almost no voids. Therefore, higher density and 
lower water absorption were observed for alka-
line solution-treated AAs. For the slurry-treated 
AA, while its edge region also shows relatively 
high density, the presence of microcracks cre-
ates pathways for water ingress, resulting in the 
increased water absorption shown in Figure 12. 
This extensive cracking is likely primarily caused 
by shrinkage induced by the intense reaction 
between GGBS and the alkali activator, which 
tends to initiate crack formation.

Upon correlating the SEM results with the 
28-day crushing strength results, the slurry- 
treated AA exhibits the lowest crushing strength 
among the AAs with surface modifications. This 
corresponds to its cracked outer shell and surface 
protrusions, which are prone to stress concentra-
tion and consequently lead to reduced crushing 
strength. In contrast, the other two treatment 
methods demonstrate improved crushing strength, 
attributable to the presence of a denser outer shell 
in AA.

3.2.5 Microhardness
Figure 15 shows the microhardness profiles of the 
surface-treated AA samples. In the control group, 
the microhardness remains relatively consis-
tent (50–60 HV) across all measured points from 
10 μm to 250 μm. Differently, double pelletisation 
leads to significantly higher microhardness (60–
75 HV) within the outer 10–150 μm region. This 
increase in microhardness aligns well with the 
previously observed reduction in water absorption 
and enhancement in crushing strength. Beyond 
150 μm, the microhardness drops to 50–60 HV, 
matching the control group level, indicating 
the transition into the unmodified inner core. The 
microhardness profile further confirms that the 
reinforced shell thickness is approximately 150 μm,  
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consistent with the SEM observations in Figure 
14. A similar trend is observed for the alkaline 
solution-treated AA samples, where the micro-
hardness distribution closely resembles that of 
the double pelletisation treatment. In contrast, the 
slurry-treated AA samples exhibit much lower 
microhardness (25–35 HV) in the near-surface 
zone (10–70 μm) than in the core zone. The low 
hardness indicates that the slurry-derived layer 
lacks sufficient density, which is a key factor con-
tributing to the increased water absorption and 
reduced crushing strength. This is probably caused 
by the high water content in the GGBS-based 
slurry. The microhardness gradually stabilises 
towards the centre of the aggregate. It is worth 
noting that the slurry-treated AAs show consider-
able scatter in microhardness values, which could 
be attributed to the surface protrusions as well as 
the microcracks observed near the edge region, as 
shown in Figure 14. Overall, the alkaline solution 
treatment and double pelletisation are effective in 
creating a hard shell for AAs.

4 Conclusions

This paper investigated the effect of various 
enhancement methods, including heat curing, 
microwave curing, alkaline solution treatment, 
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slurry surface treatment, and double pelletisation 
treatment, on the properties of the alkali-activated 
soil-based AAs. Apparent density, water absorption, 
and crushing strength of treated AAs were tested. 
The influencing mechanisms of these enhancement 
methods were revealed through microstructural 
analyses, including TGA, microhardness and SEM. 
The following conclusions can be drawn:

(1)	 Heat curing and microwave curing have a 
marginal impact on the apparent density, 
but increase the water absorption of AAs 
slightly. Re-moisturisation during the sub-
sequent curing process provides a negligible 
mitigating effect, which can be attributed to 
the irreversible micro-damage induced by 
the rapid heating process.

(2)	 Both heat curing and microwave curing sig-
nificantly enhance the early-age crushing 
strength of AAs. The effectiveness could be 
maximised when heating the AAs under 
60°C for 4 h or under 231 W microwave 
heating for 45 s, where the 1-day crushing 
strength could be improved by more than 
140% and 100%, respectively. This 
enhancement is primarily due to the accel-
erated alkali-activated reaction and the 
subsequent increased formation of C-(A)-
S-H gels and hydrotalcite. However, maxi-
mum reaction product formation does not 
invariably yield the highest strength, as 
excessive reaction products under rapid 
heating tend to induce more microcracks 
from restrained shrinkage.

(3)	 Both heat and microwave curing exert neg-
ative effects on the 28-day crushing strength 
of AAs. Although moderate heat or micro-
wave curing enhances the crushing strength 
through promoting the formation of C-(A)-
S-H gels, they may induce microstructural 
defects to compromise the crushing strength. 
However, re-moisturisation is found to 
enhance both early and long-term strengths, 
which is attributed to its role in promoting 
the continued formation of C-(A)-S-H gels.

(4)	 Both alkaline solution treatment and double 
pelletisation slightly lead to the increased 
apparent density, reduced water absorption, 
and enhanced the crushing strength of the 
AAs. The improvement is mainly attributed 
to the formation of a dense and hard thin 
shell covering on the aggregate surface. In 
contrast, slurry immersion has detrimental 
effects, decreasing apparent density, increas-
ing water absorption, and reducing crushing 
strength. This could be primarily attributed to 
the uneven coating and porous slurry layer.

Although the proposed curing and surface 
treatment methods can successfully improve the 
properties of artificial aggregates, their effective-
ness in enhancing aggregates performance under 
complex service environments remains unclear. 
Future research is needed to investigate the per-
formance degradation of treated artificial aggre-
gates subjected to various environments, such 
as freeze-thaw cycles, wet-dry alternations, and 
chemical erosion. Moreover, the deterioration 
mechanisms in these environments also need to 
be revealed based on microstructural analyses.
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