
94 Journal of Green Construction Technology, 2025, 1, 94-108  

 

Received on 13-11-2025 Accepted on 24-12-2025 Published on 29-12-2025 
 

E-ISSN: 2819-828X/25 

Performance of Soil-Based Controlled Low-Strength Material 
Prepared with Alkali-Activated Slag and Coal Bottom Ash 

Teng He1, Jiaqi Wu1, Yuguang Wang1, Shu Liu1,2,* and Bo Li1,* 

1Department of Civil Engineering, University of Nottingham Ningbo China, 199 Taikang East Road, Ningbo 
315100, China  
2Nottingham Ningbo China Beacons of Excellence Research and Innovation Institute, University of 
Nottingham Ningbo China, Ningbo 315100, China  

Abstract: The utilisation of excavated soil with high moisture and high viscosity faces challenges such as complex 
dehydration processes and difficult material dispersion. Controlled Low-Strength Material (CLSM) provides a feasible 
pathway for its dehydration-free resource utilisation. To enhance sustainability, alkali-activated materials can replace 
Portland cement as the binder in CLSM. However, the influences of activator concentration on CLSM performance 
remain unclear, and the dispersibility of high-viscosity soil needs further improvement. Therefore, this study develops a 
novel CLSM using high-viscosity excavated soil and alkali-activated slag, with coal bottom ash (CBA) introduced to 
improve its dispersibility. Through flowability, setting time, and compressive strength tests, the influences of binder 
content, alkaline dosage, silicate modulus, soil-to-aggregate ratio, and wet-dry cycles on CLSM performance are 
systematically investigated, followed by hydration heat and thermogravimetric analyses to reveal the underlying 
mechanisms. The results demonstrate that increasing the binder content promotes hydration and enhances the 
mechanical properties of CLSM. CBA can effectively improve flowability but has limited effects on hydration and strength 
enhancement. Increasing the alkaline dosage accelerates early hydration and increases 7-day compressive strength but 
may retard later-stage strength development. Reducing the silicate modulus is beneficial to early hydration and 
performance, whereas a high modulus presents higher later-stage compressive strength. Wet-dry cycles exert dual 
effects on CLSM through promoting hydration and inducing internal crack propagation, ultimately resulting in strength 
degradation under wet-dry cycles. This paper provides a theoretical basis and technical reference for the efficient and 
low-carbon resource utilisation of high-viscosity excavated soil as filling material. 
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1. INTRODUCTION 

With the acceleration of urbanisation, construction 
activities have become increasingly frequent, leading to 
an explosive growth in the output of construction waste 
soil. It was reported that the annual output of the waste 
soil from construction has exceeded 2.5 billion tons in 
China [1]. If this waste soil is only disposed of through 
traditional landfill methods, it occupies a large amount 
of valuable land resources, posing a severe challenge 
to land resource conservation in densely populated 
urban areas [2]. Meanwhile, the high transportation and 
landfill costs associated with such disposal also bring a 
heavy economic burden to engineering construction 
[2]-[3]. Therefore, exploring sustainable and low-cost 
disposal and resource utilisation paths for waste soil 
has become a key issue urgently needed in the 
construction industry. 

Among various resource utilisation directions, using 
construction waste soil as raw material in pavement 
base filling, block production, and aggregate 
manufacturing is considered a highly promising 
technical route [4]-[7]. However, affected by 
geographical climate and geological conditions, 
construction waste soil in the southeast coastal areas  
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of China (e.g., Ningbo) generally has the 
characteristics of high moisture content and high clay 
particle content [8]. These characteristics bring many 
difficulties to the treatment of waste soil. On the one 
hand, high moisture content makes it extremely difficult 
to dewater the waste soil. Traditional mechanical 
dewatering, such as plate and frame filter press, has 
low efficiency and high energy consumption, which 
makes it difficult to meet the moisture content 
requirements for subsequent processing [9]. On the 
other hand, the high viscosity will cause the waste soil 
to easily agglomerate when mixed with cementitious 
materials, making it difficult to form a uniform mixture 
[10], which seriously restricts its practical application. 

To solve the above-mentioned problems, Controlled 
Low-Strength Material (CLSM) has provided a new 
pathway for the utilisation of construction waste soil 
due to its advantages of good fluidity, self-compacting 
property, and controllable strength [11]-[12]. CLSM is 
usually composed of cementitious materials, 
aggregates (or waste soil), and water mixed in a certain 
proportion [13]. In the preparation of traditional CLSM, 
cement is the most widely used cementitious material, 
which has mature technology and stable strength 
development [14]. However, the cement production 
process consumes a large amount of resources such 
as limestone and coal, and about 0.8 ton of carbon 
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dioxide is emitted for every 1 ton of cement production, 
making it a typical high-carbon emission industry [15]. 
Under the background of the "dual carbon" strategy, 
the high-carbon characteristic of traditional 
cement-based CLSM is contrary to “low-carbon 
development”, so it is necessary to utilise an 
environmentally friendly alternative cementitious 
system for CLSM.  

The alkali-activated cementitious system developed 
with solid wastes has attracted increasing attention 
from the academic and engineering circles in recent 
years due to its dual advantages of “solid waste 
resource utilisation” and “low-carbon emission 
reduction” [16]. This system uses industrial solid 
wastes such as Ground Granulated Blast-furnace Slag 
(GGBS), copper slag, steel slag, red mud, recycled 
concrete powder, fly ash as the main raw materials, 
and activates the active components in the solid 
wastes by alkali activators (e.g., sodium hydroxide, 
water glass), making them undergo hydration reactions 
to form hydration products with cementitious properties 
[17]-[18]. Compared with ordinary Portland cement (OPC), 
the alkali-activated cementitious system can not only 
facilitate the efficient consumption of industrial solid 
wastes but also reduce carbon emissions by 
approximately 60%‒80% for binders and around 20% for 
concrete products [19]. The environmental benefits of 
alkali-activated slag can be further enhanced by using 
appropriate activators. For instance, alkali-activated 
slag with Ca(OH)2 activator demonstrates 
approximately 2.4 times lower CO2 emissions than 
conventional OPC concrete. Meanwhile, it shows 
prominent characteristics in terms of high early-age 
strength and excellent corrosion resistance [20], 
showing great potential in replacing traditional Portland 
cement for the preparation of green CLSM.  

Preliminary studies have been undertaken on the 
application of alkali-activated cementitious systems in 
CLSM. For example, Lee et al. [21] investigated the 
characteristics of alkali-activated CLSM utilising 
industrial by-products, including fly ash, slag, and 
bottom ash and revealed the optimal NaOH content of 
1.5-2.5% by weight for future re-excavation. However, 
in alkali-activated materials, the silicate modulus and 
alkaline concentration of the activator are key factors 
affecting the hydration reaction process as well as the 
morphology and amount of hydration products [22]. For 
instance, Fang et al. [22] indicated that increasing the 
alkaline dosage and silicate modulus are beneficial to 
enhancing the compressive strength of alkali-activated 
slag. In addition, Lang et al. [23] emphasised that the 
impact of the alkaline activator changes significantly 
with the change of the system moisture content, and 

the optimal alkali activator parameters in the 
low-moisture content system may no longer be 
applicable in the high-moisture content system. It is 
noted that, unlike traditional alkali-activated 
cementitious materials featuring low moisture content, 
CLSM, a typical high-moisture content material, 
possesses inherently different characteristics. At 
present, there is no systematic study on the influence 
of alkali dosage and silicate modulus on the workability 
and mechanical properties of high-moisture content 
waste soil-based CLSM, which greatly limits its 
engineering application. 

Furthermore, while CLSM, owing to its relatively 
high moisture content, can partially alleviate the 
uneven mixing issue caused by the high moisture and 
viscosity of the soil, the uniformity of the CLSM mixture 
is closely tied to its water content [24]. To achieve 
acceptable mixing uniformity for construction needs, a 
certain increase in water content (compared to the 
original soil) is often required. However, higher water 
content directly impairs the mechanical strength of 
CLSM. For instance, Khadka et al., [25] indicated that 
even minor adjustments to water content can 
significantly undermine the mechanical performance of 
CLSM. To mitigate uneven mixing without excessive 
water addition, existing studies have proposed that 
incorporating large aggregates into high-viscosity 
waste soil is an effective solution [26]. Large 
aggregates can optimise the mixture gradation, break 
up soil agglomerates to reduce system viscosity, and 
enhance both mixing uniformity and fluidity [27]. 
Therefore, incorporating a suitable solid waste material 
as fine aggregate has become a possible pathway for 
resolving the mixing uniformity issue of high-viscosity 
waste soil-based CLSM. Coal bottom ash (CBA) is an 
industrial by-product derived from coal combustion 
processes in thermal power plants. It exhibits a particle 
size distribution analogous to natural sand, where 90% 
of the particles retained a size smaller than 4.75 mm 
[28]. It has been considered as a viable alternative to 
sand aggregate in concrete. Therefore, the 
incorporation of a specific dosage of CBA into CLSM 
may yield positive impacts on both its strength and 
flowability. However, the feasibility of this approach 
remains to be further verified through systematic 
experimentation [28]-[29].  

Therefore, this study employs typical high-moisture 
and high-viscosity construction waste soil from Ningbo 
as the research object, using GGBS as the precursor 
and sodium hydroxide (NaOH)-water glass (Na2SiO3) 
as the compound alkaline activator to prepare 
alkali-activated waste soil-based CLSM. CBA is 
introduced as large particles to improve its dispersibility 
and flowability. The influences of alkaline dosage and 
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silicate modulus on the setting time, flowability, and 
unconfined compressive strength of CLSM are first 
investigated, followed by a mechanism study based on 
Thermogravimetric Analysis (TGA) and hydration heat 
analysis. Finally, the durability of CLSM against 
wet-to-dry cycles is also examined. This study could 
provide engineering guidance for the green and 
efficient utilisation of high-moisture and high-viscosity 
waste soil. 

2. EXPERIMENTAL PROGRAMME 

To optimise the mix proportion of CLSM, the overall 
research plan is shown in Figure 1.  

2.1. Materials and Mix Design 

The materials required for CLSM preparation in this 
study include construction waste soil, CBA, GGBS, 
alkaline activator, and water. Among them, the 
construction waste soils are collected from Yuyao, 
Ningbo, China and are generated from the construction 
of bored piles for expressways. The CBA was obtained 
from Ninghai Power Plant, Ningbo, China. Prior to use, 

the CBA was sieved (2.36 mm in mesh) to remove 
oversized particles. Figure 2 depicts the particle size 
distribution of soil and CBA, with an initial moisture 
content over 60%. The mineral composition and 
chemical composition of the soil and CBA are given in 
Figure 3 and Table 1, respectively. It can be found that 
Quartz and Mullite are identified as the main 
components in both materials, while CBA contains a 
rare mineral Omongwaite.  

As the precursor of the alkali-activated binder, 
GGBS used in Wu et al. [30] was adopted in this study. 
The alkali activator was prepared by mixing sodium 
hydroxide (NaOH) pellets, sodium silicate (Na2SiO3) 
solution, and water. sodium silicate solution consists of 
26.8% SiO2, 8.3% Na2O and 64.9% H2O by mass.  

The mix design of the CLSM is presented in Table 2. 
The mixtures were designed by considering four key 
parameters: aggregate-to-GGBS ratio, soil-to- 
aggregate ratio, alkaline dosage, and silicate modulus. 
The aggregate-to-GGBS ratio is the mass ratio of 
aggregate to GGBS, where aggregate mass refers to 
the total mass of soil and CBA. The soil-to-aggregate 

 

Figure 1: Schematic diagram of research plan. 

 

Figure 2: Gradation curves of the excavated soil and CBA. 
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ratio is the mass ratio of soil to the combination of soil 
and CBA. The CBA content is controlled at three levels 
(0, 25%, and 50%) to evaluate its impact on dispersing 
high-moisture and high-viscosity soil through shearing 
cohesive fine particles. Throughout all mix designs, the 
water-to-solid ratio was set to a constant value of 0.55. 

 

Figure 3: XRD patterns of the excavated soil and CBA 

Regarding the naming rule, taking the control group 
(B15S75 (N8M1)) as an example, “B15” corresponds to 
an aggregate-to-binder ratio (A/B) of 5.67 (i.e., A = 
85%; B = 15% and A/B = 5.67; “B” is the mass ratio of 
GGBS, which is defined as “binder content” in the 
following work), “S75” represents a soil-to-aggregate 
ratio (S/A) of 0.75, “N8” denotes an alkaline dosage of 

8.0%, and “M1” indicates a silicate modulus (Ms) of 1.0. 
Parameters not labelled in a sample name (e.g., 
B20S75 lacks N and M labels) remain consistent with 
the control group (i.e., alkaline dosage = 8.0%, Ms = 1). 

2.2. Specimen Preparation  

Prior to CLSM sample preparation, the alkaline 
activator was first prepared based on the alkaline 
dosage and silicate modulus. The preparation method 
can be referred to [31]. Sodium hydroxide pellets were 
dissolved in deionised water under gentle stirring to 
prepare a NaOH solution with the predetermined 
concentration. The solution was then mixed with 
sodium silicate solution and additional deionised water 
at a designed volume ratio. After preparation, the 
alkaline activator was cooled to room temperature and 
stored for subsequent use.  

Meanwhile, the construction waste soil shall be 
dried to a constant weight. Subsequently, a 
predetermined amount of water (i.e., water excluding 
that contained in the alkali activator solution) shall be 
added to the dried soil in accordance with the mix 
design in Table 2. The mixture shall then be stirred 
uniformly using a mixer and sealed for preservation to 
obtain “wet soil”, which is set aside for later use.  

Once both the wet soil and alkaline activator are 
prepared, the wet soil is weighed and mixed with half of 
the alkaline activator. A 5-min low-speed stirring 
process was applied to ensure uniformity of the mixture. 
Afterwards, the pre-mixed blend of GGBS and CBA, 

Table 1: Chemical Composition of CBA and Soil (%)  

Comp. SiO2 Al2O3 Fe2O3 K2O CaO MgO Na2O TiO2 P2O5 SO3 Others 

Soil 62.06 17.81 6.03 5.15 4.29 1.61 0.89 0.79 0.64 / 0.73 

CBA 51.15 25.78 6.12 1.61 8.07 1.08 0.77 0.92 0.96 3.14 0.40 

 

Table 2: Mix Proportions of the CLSM 

Mix ID Aggregate-to-GGBS Ratio Soil-to-Aggregate Ratio Alkaline Dosage Silicate Modulus 

Control group B15S75 
(N8M1) 

5.67 
0.75 

 8.00% 
 

1 

B20S75 4.00 

B10S75 9.00 

B15S50 

5.67 

0.50 

B15S100 1.00 

N6M1 

0.75 

6.00% 

N10M1 10.00% 

N8M0.75 8.00% 0.75 

N8M1.25 8.00% 1.25 
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along with the remaining alkaline activator, was added 
to the wet soil mixture. Stirring is continued at a low 
speed for another 2 mins, after which the mixer speed 
is increased, and mixing is sustained for an additional 5 
mins to complete the CLSM mixture preparation. 

2.3. Testing Methods 

2.3.1. Flowability 

The flow characteristics of CLSM were assessed 
using the method outlined in ASTM D-6103 [32]. A 
plastic plate and a cylindrical mould (inner diameter = 
100 mm; height = 150 mm) were employed for the test. 
The mould was first filled with the fresh CLSM, followed 
by lifting the mould vertically within 2 seconds. The 
spread dimensions of CLSM across the plate were 
recorded along two orthogonal directions, and the 
averaged reading was defined as the flowability of 
CLSM. 

2.3.2. Setting Time 

The setting time of CLSM was measured by a Vicat 
instrument in accordance with GB/T 1346 [33]. After 
placing the fresh CLSM under the test needle and 
recording the initial pointer reading, this measurement 
was then repeated every hour until the reading no 
longer changes. The time taken to reach such a state is 
recorded as the setting time. 

2.3.3. Unconfined Compressive Strength 

For unconfined compressive strength (UCS) tests, 
freshly prepared CLSM was poured into plastic 
cylindrical moulds featuring a diameter of 50 mm and a 
height of 100 mm. The prepared samples were then 
sealed and cured at 20 °C and 95% relative humidity 
until the targeted curing age (e.g., 7 or 28 days). UCS 
tests were conducted following the specifications 
outlined in ASTM D4832 [34] with a universal testing 
machine featuring a 50 kN loading capacity, at a 
constant loading rate (1 mm/min). Three duplicate 
samples were tested to confirm the reliability of 
compressive strength test data. 

2.3.4. Durability Under Wet-Dry Cycles 

Wet-dry cycle tests were conducted with reference 
to ASTM D559 [35], with appropriate modifications to 
align with the practical service environment of CLSM. 
The specific test protocol was defined as follows: one 
complete wet-dry cycle consisted of two stages: (1) 
wetting stage: the cured CLSM samples were fully 
submerged in tap water (20 ± 2 °C) for 5 h to simulate 
water immersion conditions in engineering scenarios 
(e.g., subgrade rainfall infiltration); (2) drying stage: 
after wetting, samples were moved into a 
constant-temperature/humidity chamber at 20 ± 2 °C 
and 70% relative humidity for 43 h. The CLSM samples 
under wetting and drying stages are shown in Figure 4. 
The UCS were measured after 4, 8 and 12 wet-dry 
cycles to evaluate the damage status. 

2.3.5. Microstructure Analysis 

(1) Hydration heat 

The fresh CLSM mixture was used for hydration 
heat tests. The heat release history during the 
hydration reaction of CLSM was monitored using a 
calorimeter (I-Cal 8000 HPC, Calmetrix). The detection 
process was conducted in a constant-temperature 
environment of 20 ± 0.01 ºC, with continuous recording 
of heat release signals over a 28-day period to capture 
the full hydration process. Afterwards, the hydration 
heat flow rate, as well as the cumulative heat, was 
normalised by the solid mass of the CLSM. 

(2) TGA 

The CLSM specimens were first crushed and 
sieved, then submerged in isopropanol for more than 
24 hours to halt ongoing chemical reactions. Following 
this, the specimens underwent vacuum drying at 40 ºC 
for 5 hours. The dried samples were further ground into 
fine powders, which were then sieved using a 40 µm 
mesh to achieve particle uniformity [31]. The reaction 
products of CLSM subjected to 28-day curing and 
those further subjected to 12 wet-dry cycles were 

 
Figure 4: Durability test for CLSM subjected to wet-dry cycles. 
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determined using a synchronous thermal analyser 
(EXSTAR 6000 TG/DTA 6300, Seiko). During the test, 
a nitrogen atmosphere (flow rate = 50 mL/min) was 
used to avoid oxidative interference. The temperature 
range was controlled at 30~800 ºC. The heating rate 
was 10 ºC/min, ensuring consistent thermal conditions 
for accurate characterisation of reaction products 
across different samples. 

3. RESULTS AND DISCUSSION 

3.1. Flowability 

Figure 5 summarises the effect of mix design 
factors on the flowability of the CLSM. The effect of 
binder content on the flowability of the CLSM is first 
investigated, with results presented in Figure 5(a). It is 
readily seen that the variation of binder content exerts 
a slight influence on flowability, demonstrating that 
higher binder content corresponds to larger flowability. 
When the binder content increases from 10% to 20%, 
flowability rises by 10.8%. This can be attributed to the 
reduced total surface area of solid particles (e.g., 
GGBS, soil, and CBA), which requires less water to 
maintain the flowability. Differently, the variation of 
soil-to-aggregate ratio has a more obvious impact on 
flowability than any other factors (Figure 5(b)). As the 
soil-to-aggregate ratio decreases from 50% to 100% 
(i.e., as CBA content increases from 0% to 50%), the 
flowability drops drastically from 320 mm to 180 mm. 
This is likely caused by the coarser particle sizes of 

CBA, which also require less water to maintain the 
flowability. For the concentration of the activator, 
changes in alkaline dosage (Figure 5(c)) or silicate 
modulus (Figure 5(d)) have marginal impacts on 
flowability. 

3.2. Setting Time 

The increase of binder content effectively reduces 
the setting time, as seen in Figure 6(a). Specifically, a 
rise of the binder content from 10% to 15% decreases 
the final setting time by 35.1% (from 115.5 to 75.0 
hours). This could be directly caused by the enhanced 
reaction with more binder, which will be further 
evidenced in the section on reaction heat analyses. 
However, the magnitude of this reduction becomes 
negligible as the binder content further increases to 
20%. This could be caused by that the available alkali 
is not enough to fully dissolve and activate all the 
GGBS particles [36]. The change of soil-to-aggregate 
ratio also exerts a significant influence on the final 
setting time (Figure 6(b)). As the soil-to-aggregate ratio 
increases from 50% to 100% (i.e., as CBA content 
decreases from 50% to 0%), the setting time decreases 
significantly from 110 hours to 60 hours. This could be 
caused by the acceleration effect of the fine powder in 
CBA on the hydration process [37]. The underlying 
mechanism will be further discussed below, in 
combination with the characterisation results. 
Regarding the alkaline dosage, increasing the alkaline 
dosage reduces the final settling of the CLSM (Figure 

 

 
Figure 5: Flowability of the CLSM. 



100  Journal of Green Construction Technology, 2025, Vol. 1 He et al. 

 

6(c)). The final setting time drops from 125 hours to 
around 75 hours as the alkaline dosage increases from 
6% to 8%, which could be attributed to the enhanced 
reaction process and the formation of more hydration 
products [38]. However, further elevating the alkaline 
dosage from 8% to 10% results in a marginal change in 
the final setting time. The reason could be that the 
system reaches a state where the available reactive 
sites are fully utilised, and additional activator does not 
contribute to further acceleration of the setting process 
[39]. Moreover, the final setting time first decreases 
and then increases with the gradual increase of the 
silicate modulus (Figure 6(d)). A decrease in the 
silicate modulus from 1 to 0.75 may lead to insufficient 
reactive silicate species for the rapid formation of 
binding gels, thereby delaying the setting time [40]-[41]. 

3.3. Unconfined Compressive Strength 

The effect of binder content (i.e., mass ratio of 
GGBS to solid) on the UCS is given in Figure 7(a). It 
can be observed that with the increase in binder 
content from 10% to 15%, the 7-day compressive 
strength is significantly improved from 0.04 MPa to 
1.14 MPa. A more significant improvement to 4.05 MPa 
is observed when the binder content changes from 
15% to 20%. Similarly, the 28-day UCS of the CLSM 
increases from 2.10 MPa to 9.24 MPa as the binder 
content increases from 10% to 20%. This could be 
attributed to the promoted alkaline reaction within the 

CLSM system. The detailed mechanism will be 
discussed by integrating the hydration reaction and the 
TGA results. Comparatively, the 28-day compressive 
strength of the developed CLSM is much higher than 
that prepared with OPC and pozzolanic materials (< 
1.0 MPa) in the literature [11]. Notably, the 
compressive strength of the CLSM is comparable to 
that of CBA stabilised by alkali-activated slag [21]. It 
indicates the excavated soil can be utilised for 
producing CLSM in conjunction with CBA. Moreover, 
increasing the soil-to-aggregate ratio could slightly 
reduce the compressive strength, as seen in Figure 
7(b). In contrast to soil particles, the fine fraction of 
CBA is capable of undergoing weak pozzolanic 
reactions [37], which in turn exerts a moderate positive 
effect on the strength development of CLSM. 

The effect of alkaline dosage on the UCS of the 
CLSM is illustrated in Figure 7(c). It can be seen that 
an increase in alkaline dosage exerts an obvious 
enhancing effect on the 7-day UCS of CLSM, which is 
improved by 356% owing to the improved dissolution 
efficiency of GGBS and the accelerated formation of 
binding gels [42]-[43]. Compared to its effect on 7-day 
compressive strength, its impact on 28-day strength is 
less significant. However, a notable improvement is still 
observed when the alkaline dosage increases from 6% 
or 8% to 10%, ultimately reaching a value of 7.90 MPa. 
Similarly, (Figure 7(d)) shows that the effect of silicate 
modulus on compressive strength is more pronounced 

 
Figure 6: Setting time of the CLSM. 
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for 7-day compressive strength. A higher silicate 
modulus reduces the compressive strength, causing 
CLSM to have almost no strength after 7 days of curing. 
This could be primarily because an excess of silicate 
ions reduces the pH of the alkaline solution, inhibiting 
the dissolution of GGBS and therefore the reaction rate 
of binder at early age [44]-[45]. In addition, although an 
increased silicate modulus results in low 7-day UCS, it 
significantly improves 28-day compressive strength, 
yielding the highest value among all tested groups. The 
underlying reason will be further analysed in 
subsequent sections, in combination with 
microstructure characterisation results. 

3.4. Stability of CLSM under Wet-Dry Cycles 

The impact of wet-dry cycles on UCS of the CLSM 
with various binder contents is discussed in this section. 
The wet-dry cycles reflect the actual field conditions, 
such as backfill or subgrade exposed to underground 
water circulation. A lower reduction in UCS indicates 
better resistance to these wet-dry cycles. Figure 8(a) 
indicates that as the binder content increases, the 
variation in UCS after exposure to wet-dry cycles 
becomes more pronounced. After 4 wet-dry cycles, the 
UCS values of both mixes B10S75 and B15S17 
change slightly. In contrast, a significant increase in 
UCS is observed for mix B20S75. This could be 
caused by that the wetting exposure stage promoted 
subsequent hydration processes, leading to more 
hydration products [46]. When the number of wet-dry 

cycles increases to 8 or 12, slight decreases in UCS 
were observed for both mixes B10S75 and B15S17. 
However, mix B20S75 exhibits a significant strength 
drop. This behaviour could be attributed to the high 
strength of B20S75, which is associated with increased 
shrinkage caused by its denser microstructure. 
Consistent with findings from prior studies on 
alkali-activated pastes [47]-[48], this 
densification-induced shrinkage makes mix B20S75 
more vulnerable to wet-dry cycles.  

The influence of the soil-to-aggregate ratio on UCS 
of the CLSM subjected to wet-dry cycles is summarised 
in Figure 8(b). A slight improvement on UCS is 
observed for the mixes B15S50 and B15S100 after 4 
wet-dry cycles. In contrast, a slight decrease is 
observed for mix B15S75 under the same conditions. 
With an increasing number of wet-dry cycles, no 
significant changes in UCS are detected for mixes 
B15S50 and B15S75 after 8 wet-dry cycles. However, 
a significant decrease is observed for mix B15S100. 
These results indicate that the incorporation of CBA 
into the CLSM system enhances the material 
resistance against wet-dry cycles. On one hand, this 
could be attributed to the finer particle size and 
stronger hydrophilicity of soil compared with CBA, 
which causes more significant shrinkage under wet-dry 
cycles [49], which leads to extensive crack propagation 
and thus greater strength reduction in soil. On the other 
hand, previous studies have identified CBA as an 
internal curing material in cementitious materials, as its 

 

 
Figure 7: UCS of the CLSM. 
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porous structure is leveraged to effectively mitigate 
shrinkage [50]. In the CLSM developed herein, the 
enhanced resistance to wet-dry cycles could benefit 
from the improved shrinkage resistance. 

Regarding the effect of alkaline dosage, there exists 
an optimal dosage (8%) at which the impact of wet-dry 
cycles is minimised (Figure 8(c)). The reason may be 
that a lower activator concentration leads to incomplete 
dissolution of aluminosilicate precursors and fewer 
binding gels [42], while a high alkaline dosage 
accelerates the reaction but also promotes cracking, 
making the material more sensitive to wet-dry cycles. 
Moreover, as shown in Figure 8(d), the effect of silicate 
modulus on wet-dry resistance after 12 cycles is not 
very obvious. Nevertheless, a higher silicate modulus 
can improve strength under a lower number of wet-dry 
cycles (e.g., 4 or 8 cycles). 

3.5. Hydration Heat Characteristics  

The hydration heat results of the CLSM are given in 
Figure 9. The impacts of binder content on the heat 
release rate and cumulative hydration heat are 
illustrated in Figure 9(a) and 9(b), respectively. Mix 
B20S75 exhibits the highest and earliest peak heat 
release rate compared to the other two CLSM with 
fewer binders. This behaviour could arise from the 
abundant reactive aluminosilicate components in 
high-dosage GGBS, which accelerate the dissolution 
and thus promote rapid early-stage reaction [51]. In 
contrast, mixes B10S75 and B15S75 display muted 

peak heat release rates and delayed reaction onsets, 
as the limited reactive components restrict the reaction 
process. Correspondingly, the cumulative hydration 
heat curve (Figure 9(b)) reveals that B20S75 
accumulates more hydration heat than mixes B15S75 
and B10S75 over 28 days. This reflects a higher extent 
of reaction and more amorphous gels (e.g., C-(A)-S-H), 
which agrees with the TGA results given in the 
subsequent section. These hydration heat results are 
in line with the mechanical and setting properties of the 
CLSM. Specifically, mix B10S75 demonstrates the 
lowest 7-day and 28-day UCSs, alongside the longest 
final setting time, across all three formulations. In 
contrast, mix B20S75 achieves superior 7-day and 
28-day compressive strengths and exhibits the shortest 
final setting time.  

The effects of replacing soil with CBA on the 
reaction heat results of the CLSM are given in Figure 
9(c) and 9(d). As seen in Figure 9(c), mix B15S50 
exhibits a higher and earlier heat release rate peak 
compared to mix B15S100. This indicates that the use 
of CBA in CLSM can accelerate the hydration reaction 
[52]. The reason could be that the reactive 
aluminosilicate components in CBA can dissolute in an 
alkaline environment, releasing aluminium (Al) and 
silicon (Si) ions for the formation of more hydration 
products in the early stage [53]. In contrast, mix 
B15S100 shows the weakest and most delayed peak, 
as inert soil cannot contribute to the reaction. The 
cumulative hydration heat curve (Figure 9(d)) 

 
Figure 8: Unconfined compressive strength of the CLSM subjected to wet-dry cycles. 
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demonstrates that mix B15S50 accumulates 
significantly more hydration heat than mix B15S100 
over 28 days. This indicates that CBA incorporation 
promotes the formation of additional hydration products, 
consistent with the TGA results, though this is not the 
sole factor governing the strength development of 
CLSM. However, comparing with Figure 9(a) and 9(c), 
even though CBA can increase the system reaction, its 
effect is still very limited. At the final stage, the 

cumulative hydration heat of mix B15S50 is slightly 
higher than that of mix B15S100, which aligns with the 
UCS results, where the 28-day UCS of mix B15S50 is 
slightly higher than that of mix B15S100. 

The effects of alkaline dosage on the hydration heat 
release of CLSM are shown in Figure 9(e) and 9(f). As 
the alkaline dosage increases from 6% (N6M1) to 10% 
(N10M1), the early-stage heat release rate peak 

 

 
Figure 9: Hydration heat release of the CLSM. 
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becomes higher and appears earlier. For example, mix 
N10M1 exhibits the most intense peak, while mix N6M1 
shows a weaker and delayed peak. This indicates that 
higher alkaline dosage accelerates the early reaction, 
as the alkalis promote the dissolution of reactive 
aluminosilicate components from GGBS via increased 
solution pH [44]-[45]. Based on the cumulative 
hydration heat in Figure 9(f), mix N10M1 accumulates 
the most heat over 28 days. However, even though mix 
N8M1 exhibits higher heat release efficiency and 
cumulative heat than mix N6M1 in the early stage, after 
336 hours, the cumulative heat of mix N6M1 surpasses 
that of mix N8M1. These results align with the 
compressive strength data: that mix N10M1 yields the 
highest 7-day and 28-day UCS, while mix N8M1 shows 
a higher 7-day compressive strength than mix N6M1, 
but a lower 28-day compressive strength. The reason 
could be that while a high alkaline dosage accelerates 
the reaction process, it also tends to form more porous 
structures and cause the precipitation of free alkalis, 
which will ultimately result in slow growth of long-term 
strength [54]. 

Finally, the influence of silicate modulus on 
hydration heat release is demonstrated in Figure 9(g) 
and 9(h). At the early stage, mix N8M0.75 exhibits the 
highest and earliest heat release rate peak, while mix 
N8M1.25 shows a highly delayed and weaker peak. 
This is because a lower silicate modulus can increase 
solution alkalinity, accelerating the dissolution of GGBS 
reactive components and thus intensifying early 
reaction [55]. The results agree with the UCS results 
that mix N8M1.25 shows almost negligible UCS after 

7-day curing due to the high silicate modulus. The heat 
release peak occurs after around 350 hours, where the 
reaction of mixes N8M0.75 and N8M1 stagnates. This 
could be caused by that a higher silicate modulus 
provides additional reactive silicate ions, which support 
late-stage reaction [41]. Finally, mix N8M1.25 
accumulates the most hydration heat, followed by 
mixes N8M1 and N8M0.75. This agrees well with the 
compressive strength results as well as the setting time 
results.  

3.6. Thermo-Gravimetry Analysis (TGA) 

The TGA results were derived by quantifying the 
characteristic peak area (30 oC-220 oC) corresponding 
to C-(A)-S-H gel, which acts as the primary 
strength-contributing hydration product in the 
investigated CLSM system. The C-A-S-H contents in 
various CLSM are shown in Figure 10. These TGA 
results align with the 28-day cumulative hydration heat 
as well as the 28-day compressive strength. The CLSM 
with higher cumulative hydration heat exhibits more 
C-(A)-S-H. Specifically, increasing the binder dosage, 
replacing soil with coal bottom ash (CBA), elevating the 
alkaline dosage, and increasing the alkali modulus all 
enhance C-(A)-S-H formation.  

The increase ratio of C-(A)-S-H content in CLSM 
samples after 12 wet-dry cycles was also investigated, 
as illustrated in Figure 11. The results indicate that the 
amount of C-(A)-S-H increases following 12 wet-dry 
cycles, which can be attributed to the continuous 
hydration of unreacted GGBS particles driven by 

 
Figure 10: C-(A)-S-H contents in the CLSM at 28 days. 
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alternating water ingress and thermal activation. The 
supplementary formation of cementitious products 
facilitates the enhancement of mechanical properties. 
For instance, the UCS of mixes B20S75, B15S100, and 
B15S50 increase after four wet-dry cycles. However, 
while wet-dry cycles enhance hydration product 
formation to some extent, it also introduces more 
defects into the material. The wet-dry cycles lead to 
repeated cycles of dehydration shrinkage and 
rehydration expansion within the material. These 
processes generate cracks that propagate and 
interconnect under sustained wet-dry exposure (see 
Figure 12), ultimately forming a dense crack network 

and severely compromising the overall mechanical 
performance. A comparison of the appearance of 
mixes B15S100 and B15S50 in Figure 12 reveals that 
mix B15S100 exhibits significantly faster crack 
propagation and wider crack widths than mix B15S50. 
Consequently, mix B15S100 shows a more 
pronounced UCS reduction under wet-dry cycles. This 
may be ascribed to the finer particle size and stronger 
hydrophilicity compared to CBA. The cyclic swelling 
and shrinkage of hydrophilic clay minerals with finer 
particles would be more easily to induce expansion and 
matrix potentials [56].  

 

Figure 11: Increase of the C-(A)-S-H ratio in the CLSM at 28 days after wet-dry cycles. 

 

Figure 12: Appearance of CLSM samples before and after wet-dry cycles. 
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4. CONCLUSIONS 

This research proposes and develops a novel 
alkali-activated CLSM synergising high-viscosity 
excavated soil, GGBS, and CBA. Experiments were 
carried out to evaluate the impacts of mix design 
parameters (e.g., binder content, soil-to-aggregate 
ratio, alkaline dosage, silicate modulus) and wet-dry 
cycles on the mechanical properties, while hydration 
heat and TG analysis could provide further mechanistic 
insights. This work can provide valuable insights into 
the composition-property relationships of the novel 
CLSM and provide practical guidance for its 
engineering design. The key conclusions are 
summarised below: 

1) CBA exerts the most pronounced effect on the 
flowability of CLSM. Replacing 50% of the soil 
with CBA improves the flowability by 
approximately 77.8%, whereas the influence of 
GGBS content, alkaline dosage, and silicate 
modulus is negligible. 

2) A greater CBA content leads to an accelerated 
reaction rate, an increased cumulative heat 
release, and enhanced formation of C-(A)-S-H 
gel. These improvements are ultimately reflected 
in the shortened setting time, enhanced 7-day 
and 28-day compressive strengths, and 
improved durability under wet-dry cycles, albeit 
the effect of CBA content on these properties is 
relatively limited. 

3) A higher GGBS content accelerates hydration, 
increases cumulative heat release, and thereby 
enhances the compressive strength of CLSM. 
However, higher GGBS content makes the 
CLSM more sensitive to wet-dry cycles, which 
could be ascribed to the resulting increase in 
shrinkage under the drying process.  

4) A higher alkaline dosage accelerates early 
hydration, leading to shortened setting time and 
enhanced 7‑day compressive strength. 
However, higher alkaline dosage may inhibit 
later‑stage reactions, but CLSM with higher 
alkaline dosage still shows higher 28‑day 
compressive strength. Additionally, the 
increased alkaline dosage raises the sensitivity 
of CLSM to wet‑dry cycles, which is likely 
attributable to enhanced shrinkage susceptibility. 

5) A lower silicate modulus leads to an earlier and 
higher heat release peak, contributing to higher 
7-day strength of CLSM. In contrast, a higher 
modulus significantly delays and weakens early 
reactions, resulting in nearly negligible 7-day 

compressive strength. However, after 
approximately 350 hours, the CLSM with a 
higher silicate modulus begins to release heat, 
accumulates greater total hydration heat by 28 
days, and ultimately achieves higher 
compressive strength. Therefore, a lower silicate 
modulus helps reduce setting time and improve 
early strength, while a higher modulus supports 
greater later strength. 

6) Wet-dry cycles have a dual impact on the 
long-term strength of CLSM. The wetting phase 
promotes further hydration, while the drying 
phase induces and propagates internal 
microcracks. As the cycles continue, the 
damaging effect of crack propagation outweighs 
the strengthening effect of hydration, therefore, 
resulting in a strength degradation ultimately. 

The developed CLSM can be used for backfill 
applications without mechanical compaction, 
particularly for trenches, irregular basements, and 
pipelines. However, it is essential to regulate the 
mechanical properties of CLSM based on design and 
excavation requirements. Moreover, the volumetric 
stability of the CLSM needs to be further investigated, 
as AAS generally exhibits higher shrinkage than OPC.  
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