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Abstract: Recently, controlled low-strength material (CLSM) has been considered an easy-to-mix
material, and the raw material is usually derived from solid waste, suggesting lower production
costs. Moreover, the resource utilization of waste fosters the sustainable advancement of both society
and the environment. In the present work, a CLSM with excellent performance was developed by
adopting fly ash, bottom ash, desulfuration gypsum, and cement as the main cementitious materials,
as well as gasification coarse slag and coal gangue as aggregates. An orthogonal experiment with
three factors and three levels was designed according to the ratio of cement to binder, the contents
of water, and the water-reducing agent. Further, the macroscopic properties of flowability, dry
density, bleeding, compressive strength, fresh density, porosity, and absorption rate of the CLSM
mixtures were tested. To optimize the CLSM proportion, the ranges of three indicators of CLSM
were calculated. Experimental results manifested that the fresh and dry densities of the mixtures
were within the range recommended by ACI 229. The optimal levels of cement–binder ratio (i.e., the
ratio of cement to binder), water content, and water-reducing agent content are 0.24, 248 kg·m−3,
and 0.80 kg·m−3, respectively. Under this condition, the flowability was 251 mm, the bleeding was
3.96%, and the compressive strength for 3 d, 7 d, and 28 d was 1.50 MPa, 3.06 MPa, and 7.79 MPa,
respectively. Furthermore, the leaching values of eight heavy metals in CLSM and raw materials
were less than the standard requirements, indicative of no leaching risk.

Keywords: controlled low-strength material; coal industry by-product; orthogonal experiment; range
analysis; heavy metal leaching

1. Introduction

The American Concrete Institute (ACI) 229 Committee has defined controlled low-
strength material (CLSM) as a self-compacting cementing material that originally served
as a structural fill or backfill [1,2]. The CLSM is fluid and easy to mix and can penetrate
confined spaces that are difficult for compact devices to reach. In addition, CLSM cures
quickly, thus avoiding the need for long construction cycles [3]. Therefore, CLSM is a
multifunctional backfilling material and can be useful for groove backfilling [4], ground
heat exchangers [5], urban pipeline buffering [6], underground space backfilling [7] (such
as goaf and abandoned underground tunnels), roadbed [8], abutment back [9], and erosion
prevention slope filling [10]. CLSM is eco-friendly, low-budget, and low labor intensive. At
the initial stage of pouring, CLSM has high ductility and shows similar characteristics to the
soil. But with age, CLSM will emerge with high strength and low ductility like concrete [9].
Most of the knowledge and literature on the application of CLSM has been associated
with the application of concrete material engineering and geotechnical engineering, but
neither of these fields has caused extensive concern. Besides, in the application of CLSM,
its applicability ought to be strictly estimated according to the engineering application; the
capability of CLSM can be boosted by regulating the material composition of CLSM.
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In the past few decades, China has produced a mass of coal-based solid waste in the process
of coal production and utilization, and the resultant waste includes coal gangue, fly ash, bottom
ash, gasification slag, and desulfurization gypsum [11]. Their stacking occupies large amounts
of land, leading to serious pollution of the surrounding environment, such as the atmosphere,
water, soil, etc., and then contributing harm to humans and animals [12,13]. Comprehensive
utilization of resources is an important part of China’s sustainable development strategy.
Promoting the utilization of solid waste is of great significance for improving environmental
quality and promoting sustainable social development [14]. Based on its requirement
of achieving lower strength, CLSM can be produced by solid waste as its cementitious
material or aggregate [15,16]. As a consequence, coal-based solid waste can be utilized to
substitute the cementitious materials and aggregates of CLSM, reducing the stacking of
coal-based solid waste and reducing the pollution to the surrounding environment [17,18].
For instance, Cheng et al. used bottom ash instead of fly ash to study the effect of the ratio of
fly ash to bottom ash on the filling material. Experimental results showed that magnifying
the ratio of fly ash to bottom ash enhanced the performance of the material, like slump,
setting time, and mechanical strength [19]. Additionally, Wang et al. conducted a filling
experiment using coal gangue as aggregate and verified the filling effect using a dynamic
filling simulation device. The results showed that the prepared CLSM could meet the
requirements of filling design and application [7]. Consequently, the development of CLSM
using coal-based solid waste has significant economic and environmental benefits. Besides,
other solid waste has also been used to make CLSM. Kuo et al. replaced cement with 20%
fly ash and used broken oyster shells as aggregate (particle size close to that of natural
fine aggregate). The results showed that the compressive strength was not significantly
reduced when 20% oyster shells were added instead of sand, indicating that the reasonable
application of oyster shells was feasible in CLSM [20]. Zhen et al. prepared CLSM using
dewatered sludge and refuse incineration (MSWI) bottom ash. The mechanical properties,
microstructure, and leaching of harmful substances (organic substances) of CLSM were
studied. Among them, the portion larger than 40 mm was removed after MSWI screening
and then heat treated at 900 ◦C. The results showed that the addition of MSWI bottom
ash improved the compressive strength of the CLSM sample, and the leachable substances
exerted no harm on health and the environment [21]. Other solid waste for the preparation
of CLSM includes soft shale from coal mine overburden [22], dimension stone sludge [23],
cement kiln dust [24], waterworks sludge [25], waste glass powder [26], etc.

The components in CLSM interact with each other, and changes in component content
can affect the final properties of CLSM, such as flowability, bleeding, and compressive
strength [27]. The dosage of a certain material cannot be adjusted independently without
affecting the mixing ratio, so its mixing ratio is generally obtained by changing the ratio
recommended in ACI 229R by trial and error [1]. The experimental design of this trial-and-
error method has contingency and limitations, while the orthogonal experimental design
can explain the influence of different experimental factors alone or synergistically through
fewer experiments, which greatly reduces the experimental workload and improves the
work efficiency [23]. For instance, Wang and colleagues explored the optimum ratio
of the filler material with fly ash, desulfurization gypsum, and coal gangue as the main
components through orthogonal experiments and found that the content of the cementitious
material mainly composed of fly ash was the primary factor affecting the strength [7].
Furthermore, Lan et al. prepared CLSM with copper slag produced by copper smelting
as the main raw material and used orthogonal experiments to determine the effects of
three chemical activators (lime, NaOH, and triethanolamine) and grinding time on the
properties and structure of copper slag-based CLSM. The optimum ratio of CLSM to satisfy
the filling performance was obtained [28]. Chen et al. selected four controllable factors,
used the Taguchi method, and adopted the L9(34) orthogonal arrangement to optimize the
conditions for CLSM production using dimension stone sludge. The results indicated that
the amount of stone sludge had the most important impact on the compressive strength,
and the best mix ratio of using stone sludge to produce CLSM was obtained [23]. Therefore,
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previous studies have shown the feasibility of orthogonal experimental design and the
superiority of determining the best CLSM ratio.

Currently, the utilization of multicomponent coal-based solid waste to prepare CLSM
has been rarely studied, especially on the impact of heavy metal ion leaching of CLSM on
the environment. Inspired by the above literature results, we adopted five kinds of coal
industrial solid waste, including fly ash, desulfurization gypsum, bottom ash, gasification
slag as well as coal gangue, and a handful of cement as raw materials for developing a
CLSM. By using the orthogonal experiment to optimize the experimental plan, nine kinds
of mixtures were prepared. The effects of three factors (cement–binder ratio (i.e., the ratio
of cement to binder), water content, and water-reducing agent content) on the flowability,
bleeding, and compressive strength of CLSM were studied. Through the range analysis
method, the sensitivity of each factor to the performance was compared and analyzed,
and the best CLSM mix ratio was finally obtained. Additionally, the fresh density, dry
density, porosity, and absorption rate of the nine mixtures were investigated. Furthermore,
scanning electron microscopy (SEM) and heavy metal ion leaching analysis were carried
out on the CLSM products to evaluate the microstructures and environmental effects.

2. Experimental Programs
2.1. Materials and Methods

P. I 42.5 Portland cement was used in this work. The water-reducing agent was a
powdered polycarboxylate superplasticizer (Sika 540P) produced by Shanghai Chenqi
Chemical Technology Co., Ltd. In addition, bottom ash, fly ash, and desulfuration gypsum
were from Yuanyang Lake Power Plant in Ningxia, China, where the bottom ash was ball
milled by a ball mill for 20 min. The coal gangue, crushed by a two-stage jaw crusher, was
from the Renjiazhuang coal mine in Ningxia. The gasification coarse slag was also from
the Ningxia coal mine. Their compositions are tabulated in Table 1, and the particle size
distributions are shown in Figure 1.

Table 1. Chemical compositions of cement and coal-based solid wastes (wt%).

Raw Materials

Composition
(%) SiO2 Al2O3 CaO Fe2O3 MgO Na2O K2O TiO2 SO3 f-CaO Cl− Loss

Cement 20.72 4.62 62.18 3.26 3.15 0.52 0.34 – 2.72 0.72 0.012 1.84
Fly ash 52.95 27.55 4.94 6.31 1.92 1.52 1.85 1.28 1.03 – – 0.19

Bottom ash 56.37 26.71 3.41 6.62 1.2 1.08 1.58 1.04 0.47 – – 1.09
Desulfuration gypsum 2.62 0.58 28.77 0.43 2.46 0.25 0.12 0.03 40.17 – – 24.5

Coal gangue 48.46 24.13 0.1 9.44 0.47 0.25 1.99 0.86 0.09 – – 14.03
Gasification slag 48.07 16.37 8.95 8.84 1.91 1.77 1.48 0.9 0.61 – – 10.3Sustainability 2024, 16, x FOR PEER REVIEW 4 of 16 

 

 
Figure 1. (a) XRD patterns of fly ash, bottom ash, desulfuration gypsum, coal gangue, and gasifica-
tion slag. Components: a-SiO2, b-3Al2O3·2SiO2, c-Al2[SiO4]O, d-Fe2O3, e-CaO, f-CaSO4(H2O)2, g-
Al2Si2O5(OH)4, h-FeS2. (b) Particle size distributions of cement, fly ash, bottom ash, desulfuration 
gypsum, gasification slag, and coal gangue. 
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2016 [30]), fresh density (GB/T 50080-2016 [30]), dry density (ASTM D6023-2016 [31]), 
porosity (ASTM D6023-2016 [31]), absorption (ASTM D6023-2016 [31]), compressive 
strength (GB/T 50081-2019 [32]), and metal leaching test procedures (HJ 557-2010 [33]) 
were tested according to their respective standards. The details are shown in 
Supplementary Materials (Pages S2−S4). In addition, SEM and laser particle size analysis 
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Factor Cement−Binder Ratio (A) Water Content (kg·m–3) (B) Water-Reducing Agent Content (kg·m–3) (C) 
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Level 2 0.24 272 0.80 
Level 3 0.32 296 0.96 

Table 3. Orthogonal experimental arrangement of L9(33). 

No. Cement−Binder Ratio (A) Water Content (kg·m–3) (B) Water-Reducing Agent Content (kg·m–3) (C) 
1 1 (0.16) 1 (248) 1 (0.64) 
2 1 (0.16) 2 (272) 2 (0.80) 
3 1 (0.16) 3 (296) 3 (0.96) 
4 2 (0.24) 1 (248) 2 (0.80) 
5 2 (0.24) 2 (272) 3 (0.96) 

Figure 1. (a) XRD patterns of fly ash, bottom ash, desulfuration gypsum, coal gangue, and gasifi-
cation slag. Components: a-SiO2, b-3Al2O3·2SiO2, c-Al2[SiO4]O, d-Fe2O3, e-CaO, f-CaSO4(H2O)2,
g-Al2Si2O5(OH)4, h-FeS2. (b) Particle size distributions of cement, fly ash, bottom ash, desulfuration
gypsum, gasification slag, and coal gangue.
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All raw materials were adopted after natural drying at room temperature, and CLSM
was prepared according to the experimental scheme and mixing procedure. A mold of
70.7 mm × 70.7 mm × 70.7 mm was used. After 36 h, the samples were demolded and put
into a curing box for curing (SHBY-40B, Cangzhou Huaxi, humidity above 95%, temperature
20 ± 1 ◦C) for 3 d, 7 d, and 28 d, and then the performance test was carried out. CLSM mixing
procedures, flowability (ASTM D6103-17 [29]), bleeding (GB/T 50080-2016 [30]), fresh density
(GB/T 50080-2016 [30]), dry density (ASTM D6023-2016 [31]), porosity (ASTM D6023-2016 [31]),
absorption (ASTM D6023-2016 [31]), compressive strength (GB/T 50081-2019 [32]), and metal
leaching test procedures (HJ 557-2010 [33]) were tested according to their respective standards.
The details are shown in Supplementary Materials (Pages S2–S4). In addition, SEM and laser
particle size analysis test details are also available in Supplementary Materials (Page S2).

2.2. Experimental Design and Data Analysis

Three factors [23,27] (cement–binder ratio, water content, and water-reducing agent
content) that have the greatest impact on the three indicators of CLSM flowability, bleeding,
and compressive strength were selected, and three levels were set for each factor, as
displayed in Table 2. In order to reduce the workload, the Taguchi method was employed
to optimize the test plan [23,34], and the L9 (33) orthogonal arrangement was used (Table 3).

Table 2. Factors and levels of orthogonal experiments of CLSM preparation.

Factor Cement–Binder Ratio (A) Water Content (kg·m−3) (B) Water-Reducing Agent Content (kg·m−3) (C)

Level 1 0.16 248 0.64
Level 2 0.24 272 0.80
Level 3 0.32 296 0.96

Table 3. Orthogonal experimental arrangement of L9(33).

No. Cement–Binder Ratio (A) Water Content (kg·m−3) (B) Water-Reducing Agent Content (kg·m−3) (C)

1 1 (0.16) 1 (248) 1 (0.64)
2 1 (0.16) 2 (272) 2 (0.80)
3 1 (0.16) 3 (296) 3 (0.96)
4 2 (0.24) 1 (248) 2 (0.80)
5 2 (0.24) 2 (272) 3 (0.96)
6 2 (0.24) 3 (296) 1 (0.64)
7 3 (0.32) 1 (248) 3 (0.96)
8 3 (0.32) 2 (272) 1 (0.64)
9 3 (0.32) 3 (296) 2 (0.80)

The range analysis method possesses the merits of simple calculation, easy under-
standing, and intuitive results. It is the most common method of analysis in orthogonal
experiments. The maximum value minus the minimum value of the data represents the
range, which is on behalf of the amount of variation in the data [35]. The degree of influence
of different experimental factors on the indicators under investigation can be quantitatively
described by the results of range analysis. This experiment discusses the connection be-
tween CLSM and various influencing factors. Specifically, it includes calculating the range
of all factors, obtaining the optimal combination of the importance ranking and matching
the ratio of different influencing factors, and drawing the trend graph of each influencing
factor and indicator.

2.3. Mixture Proportions

In the experiment, fly ash, desulfuration gypsum, bottom ash, coal gangue, gasification
slag, and cement were used as raw materials to obtain CLSM. The specific ratio is given
according to the preliminary work of the experiment. The ratio of cementitious material to
aggregate was fixed at 0.33. The amounts of coal gangue, gasification slag, desulfuration
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gypsum, and bottom ash remained unchanged, accounting for 60%, 15%, 3%, and 5% of
the solid material, respectively. Fly ash was used to substitute cement when the ratio of
cement to binder was changed. The details are provided in Table 4.

Table 4. The specific experimental scheme of CLSM orthogonal test.

No.
Aggregate (kg·m−3) Cementitious Materials (kg·m−3)

Water
(kg·m−3)

Water-Reducing
Agent

(kg·m−3)Coal Gangue Gasification
Slag Cement Fly Ash Bottom Ash Desulfurized

Gypsum

1 960 240 64 208 80 48 248 0.64
2 960 240 64 208 80 48 272 0.80
3 960 240 64 208 80 48 296 0.96
4 960 240 96 176 80 48 248 0.80
5 960 240 96 176 80 48 272 0.96
6 960 240 96 176 80 48 296 0.64
7 960 240 128 144 80 48 248 0.96
8 960 240 128 144 80 48 272 0.64
9 960 240 128 144 80 48 296 0.80

3. Results and Discussion

The flowability, bleeding, fresh density, dry density, compressive strength (3 d, 7 d, and
28 d), porosity, and absorption rate of nine CLSM were investigated in this work, as shown
in Table 5. Figure 2 also gives an intuitive plot of porosity, absorption rate, fresh density,
and dry density. Notably, both fresh and dry densities are within the normal CLSM range
reported by ACI Committee 229 (i.e., fresh density between 1842 kg·m−3 and 2323 kg·m−3

and dry density between 1762 kg·m−3 and 1890 kg·m−3) [1].

Table 5. Various test result data for nine CLSM mixtures.

No. Flowability
(mm)

Bleeding (%)
Compressive Strength (MPa)

Porosity (%) Absorption
(%)

Fresh Density
(kg·m−3)

Dry Density
(kg·m−3)3 d 7 d 28 d

1 150 2.49 1.02 2.42 3.63 13.78 15.98 1985 1778
2 320 5.67 0.84 2.31 3.14 14.12 16.44 2015 1782
3 350 5.25 0.74 1.86 2.46 13.26 15.29 2093 1859
4 251 3.96 1.50 3.06 7.79 13.27 15.30 2023 1810
5 350 11.00 1.33 2.87 7.29 13.75 15.94 2047 1812
6 260 9.43 0.99 2.36 6.24 14.41 16.83 2019 1778
7 270 2.13 2.15 3.49 13.95 12.69 14.53 2075 1849
8 255 4.76 1.73 2.98 11.97 13.15 15.14 2084 1847
9 315 13.73 1.49 2.71 11.12 13.99 16.26 2031 1786
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3.1. Flowability

Flowability indicates the workability performance of CLSM [1]. In general, CLSM
blends with high moisture content have good flow properties. However, adding a large
amount of water to CLSM may lead to increased bleeding, decreased strength, and even
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aggregate segregation. Therefore, to obtain the best engineering performance of CLSM, it is
necessary to carry out a reasonable optimization design of the mix ratio.

The flowability test results for all CLSM mixtures are displayed in Figure 3. The
flowability varies in the range of 150–300 mm, all conforming to the high flowability grade
with the exception of group 1 [1].
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3.1.1. Single Factor Analysis

Figure 4 summarizes the influence laws of the designed influencing factors on flowa-
bility. Figure 4a exhibits the effect of the cement–binder ratio on the flowability of CLSM.
As shown in the figure, the flowability of the CLSM mixtures fluctuates in the range of
273–287 mm. When increasing the cement–binder ratio, the overall trend of the flowability
of the CLSM increases first and then decreases.

Sustainability 2024, 16, x FOR PEER REVIEW 7 of 16 
 

3.1.1. Single Factor Analysis 
Figure 4 summarizes the influence laws of the designed influencing factors on 

flowability. Figure 4a exhibits the effect of the cement−binder ratio on the flowability of 
CLSM. As shown in the figure, the flowability of the CLSM mixtures fluctuates in the 
range of 273–287 mm. When increasing the cement−binder ratio, the overall trend of the 
flowability of the CLSM increases first and then decreases.  

With the cement−binder ratio of 0.16, the flowability is 273 mm, indicating that the 
slurry possesses good flowability. When the cement−binder ratio changes from 0.16 to 
0.24, the flowability increases by 14 mm and the flowability of the CLSM increases to a 
maximum value of 287 mm. This is because when the cement−binder ratio is 0.16 to 0.24, 
the water content can meet the wetting of the cementing material, and the flowability 
increases. When amplifying the cement−binder ratio, the flowability of the mixed slurry 
decreases. This is due to the further increase in cement content; the small cement particles 
require more water to moisten, and the lack of water content leads to reduced flowability. 
In addition, when the cement−binder ratio is 0.32, the flowability of the mixed slurry 
reaches 280 mm.  

Figure 4b presents the relationship between water content and CLSM flowability. 
When increasing in water content, the flowability first increases and then remains 
unchanged. The water content increases from 248 kg·m–3 to 272 kg·m–3, and the flowability 
increases significantly from 224 mm to 308 mm. This is because when water content 
increases, the packing density of solid particles in the slurry decreases, the distance 
between adjacent particles widens, the number of direct contacts between particles 
decreases, and thus, the flow performance increases. When the water content increases to 
296 kg·m–3, the flowability does not climb with the water content. Under this condition, 
the flowability has reached the maximum value, and increasing the amount of water will 
not enhance the flowability, but will lead to segregation and serious bleeding of the CLSM 
mixtures. 

Figure 4c presents the relationship between the content of water-reducing agent 
content and the flowability of CLSM. As presented in the figure, the flowability of CLSM 
is positively correlated with the amount of water-reducing agent added, and the 
flowability of the CLSM mixture fluctuates in the range of 222–323 mm. When increasing 
the amount of water-reducing agents, the flowability shows a gradual upward trend. This 
is due to the disintegration of the flocculated particles in the presence of the water-
reducing agent, and the encapsulated water is released, thereby effectively enhancing the 
flowability of the CLSM mixtures [36]. 

 
Figure 4. Effects of single factor analysis on flowability properties of CLSM: (a) cement−binder ratio; 
(b) water content; (c) water-reducing agent content. 

3.1.2. Range Analysis 
Table 6 displays the experimental range analysis results of the flowability experiment 

of the CLSM mixtures. From the table, the content of the water-reducing agent is the most 
critical factor affecting the change of flowability, followed by the content of the water, and 
the ratio of cement to binder has the least effect. 

  

Figure 4. Effects of single factor analysis on flowability properties of CLSM: (a) cement–binder ratio;
(b) water content; (c) water-reducing agent content.

With the cement–binder ratio of 0.16, the flowability is 273 mm, indicating that the
slurry possesses good flowability. When the cement–binder ratio changes from 0.16 to 0.24,
the flowability increases by 14 mm and the flowability of the CLSM increases to a maximum
value of 287 mm. This is because when the cement–binder ratio is 0.16 to 0.24, the water
content can meet the wetting of the cementing material, and the flowability increases. When
amplifying the cement–binder ratio, the flowability of the mixed slurry decreases. This
is due to the further increase in cement content; the small cement particles require more
water to moisten, and the lack of water content leads to reduced flowability. In addition,
when the cement–binder ratio is 0.32, the flowability of the mixed slurry reaches 280 mm.

Figure 4b presents the relationship between water content and CLSM flowability.
When increasing in water content, the flowability first increases and then remains un-
changed. The water content increases from 248 kg·m−3 to 272 kg·m−3, and the flowability
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increases significantly from 224 mm to 308 mm. This is because when water content in-
creases, the packing density of solid particles in the slurry decreases, the distance between
adjacent particles widens, the number of direct contacts between particles decreases, and
thus, the flow performance increases. When the water content increases to 296 kg·m−3, the
flowability does not climb with the water content. Under this condition, the flowability
has reached the maximum value, and increasing the amount of water will not enhance the
flowability, but will lead to segregation and serious bleeding of the CLSM mixtures.

Figure 4c presents the relationship between the content of water-reducing agent content
and the flowability of CLSM. As presented in the figure, the flowability of CLSM is positively
correlated with the amount of water-reducing agent added, and the flowability of the CLSM
mixture fluctuates in the range of 222–323 mm. When increasing the amount of water-reducing
agents, the flowability shows a gradual upward trend. This is due to the disintegration of the
flocculated particles in the presence of the water-reducing agent, and the encapsulated water is
released, thereby effectively enhancing the flowability of the CLSM mixtures [36].

3.1.2. Range Analysis

Table 6 displays the experimental range analysis results of the flowability experiment
of the CLSM mixtures. From the table, the content of the water-reducing agent is the most
critical factor affecting the change of flowability, followed by the content of the water, and
the ratio of cement to binder has the least effect.

Table 6. Range analysis results of flowability in the orthogonal test of CLSM.

Performance
Parameter

Experimental
Control Factor

Cement–Binder
Ratio (A)

Water Content
(kg·m−3) (B)

Water-Reducing Agent
Content (kg·m−3) (C) Rank

Flowability
(mm)

Level 1 273 224 222

C > B > A
Level 2 287 308 295
Level 3 280 308 323

Range analysis 14 84 101

3.2. Bleeding

The bleeding of CLSM represents its degree of settlement. It is defined as the volume
of exuded water as a percentage of the initial mixing water volume of the fresh CLSM
mixture. Usually, CLSM with high water content is more likely to secrete more water, and
water-reducing agents can reduce the amount of water used in CLSM so that CLSM can
secrete less water; this meets the standard requirements. Therefore, the influence of various
factors must be comprehensively considered in order to obtain good CLSM products. From
Figure 5, for CLSM mixtures, the bleeding fluctuated greatly, ranging from 2.03% to 13.3%.
A lower bleeding value prevents volumetric expansion, which can form gaps. Therefore,
CLSM must have a low bleeding value, and the acceptable limit for bleeding is 5% [1].
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3.2.1. Single Factor Analysis

The influence of these three influencing factors on bleeding is presented in Figure 6.
Figure 6a illustrates the regularity of the influence of the cement–binder ratio on the
bleeding of CLSM. The average bleeding of CLSM materials fluctuates in the range of
4.47–8.10%. When the ratio of cement to binder in the CLSM mixture is increased, the
bleeding displays a trend of first growing and then declining. When the cement–binder
ratio is 0.16, the bleeding is 4.47%, which meets the requirement of less than 5% bleeding.
When the cement–binder ratio increases from 0.16 to 0.24, the bleeding increases. Then,
increasing the cement–binder ratio from 0.24 to 0.32 decreases the bleeding, which may
be attributed to the high consumption of water during cement hydration, resulting in less
free water available for bleeding [37]. Figure 6b expresses the relationship curve between
the amount of water added and the bleeding rate of CLSM. From Figure 6b, the water
content increases from 248 kg·m−3 to 272 kg·m−3, and the bleeding of the CLSM increases
from 2.2% to 9.47%, manifesting a significant increase. The bleeding of CLSM increases
linearly with the addition of water. This is because a higher water–cement ratio can lead
to more free water in the CLSM slurry, which will be easy to bleed. Figure 6c presents
the relationship between the content of the water-reducing agent and CLSM bleeding. As
exhibited in Figure 6c, the average bleeding of CLSM fluctuates in the range of 5.56–7.78%,
and the fluctuation range is small. However, due to its small dosage, it has no significant
effect on the overall bleeding of CLSM.
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3.2.2. Range Analysis

The range analysis was conducted on the results of the CLSM bleeding experiment,
and the analysis results are listed in Table 7. As shown in the table, the content of water can
significantly affect the change of CLSM bleeding, followed by the ratio of cement to binder,
and the content of the water-reducing agent is the least influencing factor.

Table 7. Range analysis results of bleeding in the orthogonal test of CLSM.

Performance
Parameter

Experimental
Control Factor

Cement–Binder
Ratio (A)

Water Content
(kg·m−3) (B)

Water-Reducing Agent
Content (kg·m−3) (C) Rank

Bleeding

Level 1 4.47 2.86 5.56

B > A > C
Level 2 8.10 7.14 7.78
Level 3 6.87 9.47 6.13

Range analysis 3.63 6.61 2.22

3.3. Compressive Strength

Compressive strength is a measure of the load-carrying capacity of a CLSM. The
amount of cement and water are the most important factors determining the strength of
CLSM. The greater the ratio of water content to cement content, the greater the number of
pores in CLSM, the smaller the bonding force with aggregate, and the lower the strength of
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CLSM. On the contrary, the CLSM compressive strength will be higher when the cement
content increases or the water content decreases.

The compressive strength test results of the CLSM mixtures at 3 d, 7 d, and 28 d ages
are displayed in Figure 7a–c. The compressive strength of all CLSM increases with curing
age. The compressive strength ranges from 0.84 to 2.15 MPa at 3 d age, 1.84–3.49 MPa at
7 d age, and 2.49–13.95 MPa at 28 d age, respectively. Applications such as structural filling
require the CLSM to have sufficient load capacity. As time passes, the compressive strength
of CLSM becomes higher, making future excavation difficult. Removability modulus (RE)
can be used to evaluate the excavability of CLSM based on their compressive strength and
dry density [37,38].

RE =
0.619 × W1.5 × C0.5

106 (1)

where W is the dry density of the CLSM in (kg·m−3) and C is the compressive strength at
28 d in (kPa).
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If the RE is less than 1, the CLSM is considered to be easy to remove. The RE values
for all tested CLSM mixtures are presented in Figure 7d. The RE values of all samples
are higher than 1. Hence, mining these CLSM mixtures by hand is difficult. These CLSM
mixtures can be applied to projects that do not require excavation at a later stage.

3.3.1. Single Factor Analysis

Figure 8 shows the effects of three factors on the compressive strength of CLSM at
different curing ages (3 d, 7 d, and 28 d). According to Figure 8, the compressive strength
of CLSM gradually increases when increasing the cement–binder ratio. This result can
be ascribed to the increase in cement content; the pozzolanic reaction rate between fly
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ash, silicate in bottom ash, and CH (calcium hydroxide) becomes faster, and more C-S-H
(calcium silicate hydrate) is formed [39,40]. Therefore, the CLSM mixture with a cement–
binder ratio of 0.32 has the highest strength. In the next part, the compressive strength of all
CLSM decreases gradually as the water content increases from 248 kg·m−3 to 272 kg·m−3.
This is due to the increase in water content, which increases the free water in the CLSM [41].
The excess water causes the CLSM to form pores after hardening, which greatly reduces
its actual effective cross-section for resisting loads [42]. Hence, the compressive strength
decreases with the water content. Furthermore, the additional amount of water-reducing
agent has little effect on the compressive strength of CLSM at three ages.
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3.3.2. Range Analysis

Table 8 shows the range analysis results of the compressive strength experiments of
CLSM. From the table, the ratio of cement to binder is the most important factor influencing
the change of compressive strength of CLSM, followed by the content of water, and the
content of the water-reducing agent has the least effect. It is illustrated that for the strength
development of the hardened body of the CLSM mixture, the cement contributes the
most, but since the upper limit of the strength of CLSM is 8.3 MPa, the second level is the
most suitable.

Table 8. Range analysis results of compressive strength in the orthogonal test of CLSM.

Performance
Parameter

Experimental
Control Factor

Cement–Binder
Ratio (A)

Water Content
(kg·m−3) (B)

Water-Reducing Agent
Content (kg·m−3) (C) Rank

3 d

Level 1 0.87 1.56 1.25

A > B > C

Level 2 1.27 1.30 1.28
Level 3 1.79 1.07 1.41

Range analysis 0.92 0.49 0.16

7 d

Level 1 2.20 2.99 2.59
Level 2 2.76 2.72 2.69
Level 3 3.06 2.31 2.74

Range analysis 0.86 0.68 0.15

28 d

Level 1 3.08 8.45 7.28
Level 2 7.11 7.47 7.35
Level 3 12.34 6.61 7.90

Range analysis 9.26 1.84 0.62

3.4. Determination of Optimal Sample and Microscopic Analysis

Based on the above analysis, the optimal sample combination is determined. The
first is factor A (cement–binder ratio), whose flowability belongs to the category of high
flowability, and bleeding is at the edge of 5%. A is the main factor affecting the compressive
strength, so level 2 (0.24) should be selected according to the compressive strength level
(the compressive strength of 28 d should be greater than 3 MPa and less than 8.3 MPa) [43].

The second factor is factor B (water content), which belongs to the high flowability
category, and the bleeding is less than 5% when the bleeding level is 1. B is the main factor
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affecting the bleeding level, and the compressive strength (28 d) is at the edge of 8.3 MPa.
Therefore, the optimal level ought to be selected according to the bleeding level, and level 1
(248 kg·m−3) should be selected.

The final factor is the selection of factor C (water-reducing agent content). The flowabil-
ity belongs to the high flowability category, the bleeding is more than 5%, and the strength
meets the standard requirements. The water-reducing agent has the most significant influ-
ence on the flowability. According to the range analysis and experimental results, level 2
and level 3 should be selected. In consideration of the cost, level 2 (0.80) should be chosen.
Therefore, the optimal combination is A (0.24), B (248), and C (0.80), that is A2B1C2.

By means of orthogonal optimization experiments and range analysis, the optimal
levels of cement–binder ratio, water content, and water-reducing agent dosage were ob-
tained as 0.24, 248 kg·m−3, and 0.80 kg·m−3, respectively. In conclusion, this optimal
combination appears in the orthogonal experiment (the fourth group), and its flowability is
251 mm, bleeding is 3.96%, and compressive strength (28 d) is 7.79 MPa, all of which meet
the requirements of filling.

The optimal samples at 3, 7, and 28 d of age were selected for the SEM test (Figure 9).
The results manifest that the unreacted spherical fly ash particles are observed in the
microstructure of all samples. The presence of this result is ascribed to the high silica
content in the system. C-S-H gel, ettringite, microcracks, and micropores can be observed.
In addition, the content of ettringite and C-S-H gel in 28 d samples is much higher than
that in 3d and 7d samples, which is due to the gradual deepening of the hydration reaction
of each raw material with the extension of curing age.
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3.5. Leaching of Heavy Metals

When coal-based solid waste is employed to prepare CLSM for underground fill-
ing, the main environmental problem is that dangerous chemical elements may seep into
groundwater at certain concentrations, thus endangering human health and the natural
environment. For this purpose, the environment under which the samples were leached
by surface water or groundwater was simulated to detect the leaching risk of inorganic
pollutants from solid waste. The optimal CLSM samples and five coal-based solid wastes
were tested for heavy metals leaching. As CLSM is expected to be applied for underground
filling in coal mines, experiments are carried out by referring to China’s national envi-
ronmental protection standard HJ 557-2010 and using experimental methods within the
standard range [33]. GB 5085.3-2007 was adopted to check whether the leaching of CLSM
heavy metals exceeded the permissible range [44]. In this work, eight metallic elements
were selected, namely Cr, Mn, Cu, Zn, As, Cd, Pb, and Hg.
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At the same time, Table 9 lists the metal leaching results. The heavy metal leaching
content of raw materials and CLSM mixture is lower than the value specified in the
standard [44], so it can be determined that raw materials and CLSM mixture have no
leaching toxicity. This is conducive to the application of CLSM products and has a positive
effect on the sustainable development of the environment.

Table 9. Leaching of heavy metal elements from raw materials and optimal CLSM (µg·L−1).

Heavy Metal Cr Mn Cu Zn As Pb Cd Hg

Gasification slag 494.60 5.42 3.88 59.13 3.07 11.56 0.75 5.38
Coal gangue 0.00 635.24 0.55 141.77 0.09 0.07 0.33 0.05

Fly ash 727.81 1.79 1.96 30.64 3.18 11.90 4.33 1.45
Desulfurized gypsum 0.23 138.55 4.66 6.41 5.97 0.04 0.83 0.11

Bottom ash 3.40 0.22 0.02 7.85 3.09 0.02 0.00 0.24
Optimal sample 79.61 1.07 8.61 37.15 0.40 9.87 0.58 2.22
GB 5085.3-2007 5000 - 100,000 100,000 5000 5000 1000 100

There are two possible reasons for the change of metal ion leaching content in CLSM
samples: (1) The material in CLSM forms C-S-H gel due to hydration, and heavy metal ions
are physically adsorbed or wrapped by the gel, which promotes the solidification of heavy
metal ions [45]. (2) Heavy metals are involved in the reaction, and heavy metals such as
Cr, Cu, and Pb replace calcium in C-S-H gel or heavy metal hydroxide may replace CH.
Therefore, the leaching content of heavy metals was reduced [46].

4. Conclusions

This study is primarily concerned with the optimization of the preparation and perfor-
mance of CLSM based on five coal industry by-products (fly ash, desulfurization gypsum,
bottom ash, gasification slag, as well as coal gangue). The macroscopic properties of CLSM
like flowability, bleeding, compressive strength, fresh density, dry density, absorption rate,
and porosity, were studied. The effects of the cement–binder ratio, water content, and
water-reducing agent content on the property indexes (flowability, bleeding as well as
compressive strength) of the prepared CLSM were investigated. The micromorphology of
CLSM products and the leaching risk of heavy metal ions from solid waste were explored. A
usable CLSM product has been obtained, which will promote the utilization of solid waste
and contribute to the goal of sustainable development of society. The main conclusions can
be summarized as follows:

(1) The fresh and dry densities of CLSM are within the range recommended by ACI 229.
(2) For the bleeding and flowability of CLSM, the water content has the greatest influence,

whereas the cement–binder ratio has the most significant effect on the compressive
strength of CLSM.

(3) As the cement–binder ratio increases, the flowability first decreases and then increases,
the bleeding increases first and then decreases, and the compressive strength increases
uniformly. When the water content increases, the flowability and bleeding increase all
the time, but the compressive strength shows an opposite trend. When the content
of the water-reducing agent increases, the flowability increases greatly, the bleeding
increases first and then decreases, the compressive strength increases slightly, and the
effect on the compressive strength is inconspicuous.

(4) By means of orthogonal optimization experiments and range analysis, the optimal
levels of cemen−binder ratio, water content, and water-reducing agent dosage were
obtained as 0.24, 248 kg·m−3, and 0.80 kg·m−3, respectively. Hereon, the flowability
was 251 mm, the bleeding was 3.96%, and the compressive strength for 3 d, 7 d, and
28 d was 1.50 MPa, 3.06 MPa, and 7.79 MPa, respectively.

(5) The leaching values of the prepared CLSM optimal sample and the eight heavy metal
elements (Cr, Mn, Cu, Zn, As, Cd, Pb, and Hg) in the raw materials are far lower
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than the safety limits in the standard, indicating that the CLSM has no heavy metal
leaching risk and has limited influence on the environment.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/su16041513/s1.
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