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Abstract

The dumping of coal gangue poses significant risks to human health and ecosystems,
necessitating ecological restoration in coal gangue mining areas. This study investigates
the physical properties and water-retention characteristics of coal gangue–fly ash (CG-FA)
substrates under varying coal gangue volume ratios and particle-size distributions, and
evaluates their effects on alfalfa (Medicago sativa L.) growth. Six CG-FA volume ratios (5:5,
6:4, 7:3, 8:2, 9:1, 10:0) and seven particle-size distributions (1:1:1, 2:1:1, 3:1:1, 1:2:1, 1:3:1,
1:1:2, 1:1:3) were tested in 3 L pot experiments. Results showed that reducing coal gangue
content significantly improved substrate structure, decreasing bulk density by 3.8–28.9%
and increasing porosity by 9.8–64.4%, accompanied by enhanced water-retention capacity.
The 5:5 volume ratio combined with a 1:2:1 particle-size distribution resulted in the highest
alfalfa biomass, providing the best balance of substrate structure and water availability.
From a resource-oriented perspective, the optimized CG–FA substrate enables the in situ
utilization of coal-based solid wastes, reducing dependence on external soil resources while
improving water retention and plant growth. These findings suggest potential advantages
in resource utilization, economic feasibility, and environmental performance, providing a
sustainable alternative for mine land restoration.

Keywords: ecological restoration; coal gangue; particle-size distribution; alfalfa growth;
water-retention characteristics

1. Introduction
The proportion of coal in China’s total energy consumption decreased from 56.9%

in 2020 to 55.3% in 2023, reflecting steady progress in reducing coal reliance amid the
global energy transition and the advancement of carbon peaking and neutrality goals [1].
Nevertheless, coal continues to play an irreplaceable role in ensuring national energy secu-
rity as a fundamental energy source. According to the Annual Report on Coal Industry
Development (2024) [2], China’s raw coal production reached 4.78 billion tonnes in 2024,
representing a year-on-year increase of 1.2%, and is expected to maintain a stable growth
trend in 2025. Coal gangue, the primary solid waste generated during coal mining and
washing processes, has an annual output of approximately 0.7–0.8 billion tonnes, account-
ing for 15–20% of total coal production, with cumulative stockpiles exceeding 7 billion
tonnes [3]. The long-term accumulation of these solid wastes not only occupies large areas
of land but also induces a series of ecological and environmental problems, including
deterioration of soil physicochemical properties, degradation of water and atmospheric
environments, and significant losses in biodiversity [4–6].
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In response to these challenges, increasing attention has been directed toward the
resource utilization of coal gangue, particularly its research and application as a reclamation
substrate for ecological restoration of mine-degraded lands [7–9]. According to relevant
theories, mining wastelands, due to intense anthropogenic disturbance, have developed
into a novel type of ecosystem characterized by altered substrate properties, reorganized
ecological processes, and the inability to be easily restored to their historical state [10,11].
This concept suggests that highly heterogeneous substrate physical structures can gen-
erate diverse microhabitats with contrasting moisture, aeration, and nutrient conditions,
thereby naturally filtering species and driving spontaneous colonization processes [12,13].
This mechanism has been widely observed in the spontaneous vegetation succession of
mine-degraded lands. Studies have shown that drought-tolerant grasses (e.g., Festuca
arundinacea Schreb., Bothriochloa caucasia L.) and some deep-rooted legumes (e.g., Med-
icago sativa L.) often become dominant pioneer species on coarse-textured substrates [14],
whereas more diverse herbaceous assemblages, including species from the Asteraceae (e.g.,
Artemisia ordosica Krasch.) and Chenopodiaceae (e.g., Salsola collina Pall.) families, tend
to establish in areas with a higher proportion of fine particles and greater water-holding
capacity [15]. In addition, substrate physical structure influences microbial colonization and
diversity by regulating water–air distribution and habitat availability [16]. Furthermore,
post-mining substrates are typically characterized by nutrient-poor mineral materials and
strong environmental filtering. Although such oligotrophic conditions may constrain the
establishment of many species, they can also provide refuge habitats for stress-tolerant and
specialized organisms that are adapted to resource-limited environments [13]. Therefore,
in novel ecosystems developed on mine-degraded lands, substrate physical structure con-
stitutes a fundamental driver of spontaneous ecological succession, ecosystem functional
development, vegetation establishment, and the long-term conservation of biodiversity,
highlighting the importance of understanding how substrate texture regulates habitat
conditions [17].

However, due to the coarse particle size and limited capillary pore development
of coal gangue, its water-retention capacity is generally insufficient when used alone as
a planting substrate, making it difficult to maintain an adequate water supply for plant
growth [18–20]. Therefore, the incorporation of additional materials is necessary to improve
its water-retention characteristics.

Existing studies have primarily focused on the co-utilization of coal gangue with soil,
organic materials, or other industrial solid wastes for land reclamation and vegetation
reconstruction. For instance, Jin et al. (2023) demonstrated that, in high-altitude mining
areas, a soil cover thickness of approximately 10 cm markedly improved surface organic
matter content and optimized the soil hydrothermal environment, thereby promoting the
stability and diversity of microbial communities; this thickness represented an optimal
balance between ecological restoration effectiveness and engineering cost under harsh
alpine conditions [21]. Using indoor soil column experiments, Zhang et al. (2025) reported
that decreasing coal gangue particle size significantly reduced water infiltration rates, while
total porosity, saturated water retention, field capacity, and cumulative evaporation in-
creased accordingly; under constant particle-size conditions, increasing coal gangue content
accelerated infiltration and reduced evaporation [19]. Du et al. (2019) further identified
optimal water-retention formulations by incorporating maize straw, fly ash, and water-
retention agents into coal gangue–soil mixtures, showing that the addition of 50 g maize
straw per kilogram of substrate significantly improved physical structure and enhanced
natural water retention, saturated water retention, and field capacity, thereby exhibiting
considerable potential for ecological restoration and vegetation growth in mining areas [22].
The synergistic utilization of coal gangue with other solid wastes has been shown to not
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only enhance the overall resource utilization efficiency of bulk industrial residues and
reduce vegetation restoration costs [23], but also compensate for inherent limitations of coal
gangue substrates, such as loose structure and poor capillary water-holding capacity [24].
Among various auxiliary materials, fly ash has attracted particular interest due to its fine
particle size and porous structure, which confer strong modification potential [25,26]. Han
et al. (2023) found that fly ash incorporation effectively optimized particle composition
and pore structure in coal gangue substrates, with increasing fly ash proportions lead-
ing to significant improvements in field capacity and available water retention, thereby
enhancing overall water-retention performance [18]. Fly ash is characterized by its low
cost and wide availability. The incorporation of fly ash into coal gangue can modify the
hydraulic properties of the substrate, thereby influencing plant growth performance [27].
Therefore, identifying the optimal coal gangue particle size and coal gangue–fly ash mixing
ratio is essential for improving substrate quality and vegetation establishment. However,
systematic investigations on the optimization of component composition in coal gangue–fly
ash mixed substrates remain scarce.

Alfalfa (Medicago sativa L.) is a common leguminous plant widely used as a pioneer
species in mine ecological restoration due to its strong tolerance to drought, cold, and high
temperatures [24]. Although it has been extensively applied in the ecological restoration
of mining areas, its growth response in coal gangue–fly ash mixed substrates still require
further investigation.

Six coal gangue volume ratios (5:5 to 10:0) and seven particle-size configurations
were designed to evaluate how substrate texture regulates physical properties, water-
retention characteristics, and plant growth performance. Substrate physical properties,
water-retention characteristics, and plant growth indicators were quantified to comprehen-
sively evaluate the effects of coal gangue particle-size distribution and coal gangue–fly
ash (CG-FA) volumetric ratio on substrate structure, water retention, and plant perfor-
mance. The objectives of this study were to: (i) analyze the key characteristics (including
physical and water-retention properties) of CG-FA substrates; (ii) evaluate their effects
on alfalfa growth; and (iii) propose an optimized substrate mixture ratio for mine site
ecological restoration.

2. Materials and Methods
2.1. Experimental Materials

The substrates in this study were composed of coal gangue and fly ash. Coal gangue
was collected from the Sihe No. 2 Mine in Jincheng, Shanxi Province, China, and the fly
ash was obtained from the China Coal Huajin Jincheng Thermal Power Co., Ltd. (Putou
Power Plant), Jincheng, Shanxi Province, China. After pretreatment, the coal gangue was
sieved through 4-mesh (4.75 mm), 8-mesh (2.36 mm), and 14-mesh (1.18 mm) screens to
obtain three particle-size fractions: coarse particles (2.36∼4.75 mm), medium particles
(1.18∼2.36 mm), and fine particles (<1.18 mm). The plant material used in this study was
alfalfa (Medicago sativa L.), specifically a small-leaf purple alfalfa type. The seeds were
obtained from a local supplier in Suqian, China. Prior to sowing, seeds were manually
screened to remove shriveled and damaged seeds to ensure seed quality and uniform
germination. The material compositions are presented in Table 1.

2.2. Experimental Design

The effects of CG-FA ratio regulation on substrate physical properties and water
retention were evaluated using a two-factor experimental design. The volumetric ratio of
coal gangue was set at six levels (5:5, 6:4, 7:3, 8:2, 9:1, and 10:0), while the composition of fine,
medium, and coarse coal gangue particles was arranged into seven volumetric proportions
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(1:1:1, 2:1:1, 3:1:1, 1:2:1, 1:3:1, 1:1:2, and 1:1:3). Bulk density, total porosity, capillary water-
holding capacity, and field capacity of the amended substrates were measured. The effects
of CG-FA substrate regulation on alfalfa (Medicago sativa L.) growth were investigated
through pot experiments using plastic pots (21.2 cm in diameter and 14.4 cm in height),
with each pot filled with 3 L of substrate prepared by thoroughly mixing coal gangue and
fly ash according to the designated ratios. The pot experiment commenced on 18 June
2025 at the College of Water Resources Science and Engineering, Taiyuan University of
Technology, Taiyuan, Shanxi Province, China. Eighty alfalfa seeds were sown per pot, and
the substrates were irrigated to saturation prior to sowing. Thereafter, 50 mL of water was
applied daily to maintain substrate moisture under natural ambient temperature conditions.
After 65 days of growth, plants were harvested on 22 August 2025, and growth parameters
including root length, plant height, and biomass were recorded. The detailed experimental
scheme is presented in Table 2. The overall experimental procedure adopted in this study
is summarized in Figure 1.

Table 1. Compositions of materials.

Chemical Composition

Coal gangue SiO2 (58.6%), Al2O3 (22.4%), Fe2O3(8.4%), MgO (1.7%), CaO (1.2%),
Na2O (0.9%), other (6.8%)

Fly ash SiO2 (32.5%), Al2O3 (51.4%), CaO (3.1%), Fe2O3 (3.6%), SO3(2.6%),
MgO (3.1%), other (3.7%)

Table 2. Experimental schemes.

Substrate Substrate Mixing Ratio Coal Gangue Particle-Size
Distribution

Coal gangue–Fly ash
(CG-FA)

5:5 (A5)

1:1:1 (B 1), 2:1:1 (B 2), 3:1:1 (B 3)
1:2:1 (B 4), 1:3:1 (B 5)
1:1:2 (B 6), 1:1:3 (B 7)

6:4 (A6)
7:3 (A7)
8:2 (A8)
9:1 (A9)

10:0 (A10)

 
Figure 1. Schematic flowchart of the experimental design and methodology.
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3. Experimental Methods
The chemical compositions of coal gangue and fly ash presented in Table 1 were

determined using X-ray fluorescence spectrometry (XRF). Bulk density, total porosity,
capillary water-holding capacity, and field capacity of the substrates were determined
using the ring cutter method [28], with a ring volume of 100 cm3. Plant growth indicators
included plant height, root length, aboveground biomass, belowground biomass, and
total biomass. Plant height and root length were measured directly with a ruler, while
aboveground and belowground parts were oven-dried at 65 ◦C to constant weight for
determination of dry biomass. All measurements were conducted in triplicate, and mean
values were used as the final results.

4. Statistical Analysis
Experimental data were organized and statistically analyzed using Excel 2021 and

SPSS 26, and are expressed as mean ± standard deviation (Mean ± SD). One-way analysis
of variance (ANOVA) was used to determine significant differences among treatments,
while Pearson correlation analysis was performed to evaluate the relationships between
substrate physical properties and plant growth parameters. Figures were generated using
Origin 2024.

5. Results
5.1. Effects on Physical Properties of Substrate

The CG-FA volumetric ratio significantly affected substrate bulk density and total
porosity (Figure 2). With increasing fly ash content, bulk density gradually decreased from
1.72 to 1.21 g cm−3, whereas total porosity increased from 26.8% to 53.2%. Relative to the
A10 treatment, fly ash incorporation reduced bulk density by 3.8–28.9% and increased total
porosity by 9.8–64.4%.

Figure 2. Effects of CG-FA volumetric ratio on substrate physical properties: (a) Effects of CG–
FA volumetric ratio on substrate bulk density; (b) Effects of CG–FA volumetric ratio on substrate
total porosity.

Particle-size distribution also significantly influenced substrate physical properties
(Figures 3 and 4). Across all CG-FA volumetric ratios, increasing the proportion of fine
particles resulted in lower bulk density and higher total porosity. The B3 treatments
consistently exhibited the lowest bulk density and highest porosity, whereas coarse-particle
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treatments (B7) showed the opposite trend. On average, bulk density decreased from
1.53 g cm−3 in B1 to 1.42 g cm−3 in B3, while total porosity increased from 37.7% to 42.8%.
The mean bulk density of the medium- and coarse-sized particle groups increased by
2.0% and 0.8%, respectively, while total porosity decreased by 4.3% and 33.8%. Significant
differences among particle-size treatments were observed under most CG-FA volumetric
ratios (p < 0.05). However, when medium- and coarse-sized particles dominated the
substrate composition, differences among treatments became less pronounced (p > 0.05). In
addition, the influence of particle-size distribution on bulk density gradually weakened
with increasing coal gangue proportion.

Figure 3. Effects of particle-size distribution on substrate bulk density: (a) CG–FA volumetric ratio of
5:5; (b) CG–FA volumetric ratio of 6:4; (c) CG–FA volumetric ratio of 7:3; (d) CG–FA volumetric ratio
of 8:2; (e) CG–FA volumetric ratio of 9:1; (f) CG–FA volumetric ratio of 10:0. Note: Different letters
indicate significant differences among treatments (p < 0.05).

5.2. Effects on Water-Retention Characteristics

The CG-FA volumetric ratio markedly affected substrate capillary water-holding
capacity and field capacity (Figure 5). With increasing fly ash content, both capil-
lary water-holding capacity and field capacity gradually increased, following the or-
der of A5 > A6 > A7 > A8 > A9 > A10. Relative to the A10 treatment, capillary water-
holding capacity and field capacity in treatments A5–A9 increased by 4.8–88.1% and
9.0–173.5%, respectively.
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Figure 4. Effects of particle-size distribution on substrate total porosity: (a) CG–FA volumetric ratio
of 5:5; (b) CG–FA volumetric ratio of 6:4; (c) CG–FA volumetric ratio of 7:3; (d) CG–FA volumetric
ratio of 8:2; (e) CG–FA volumetric ratio of 9:1; (f) CG–FA volumetric ratio of 10:0. Note: Different
letters indicate significant differences among treatments (p < 0.05).

Figure 5. Effects of CG-FA volumetric ratio on substrate water retention: (a) Effects of CG–FA
volumetric ratio on substrat capillary water-holding capacity; (b) Effects of CG–FA volumetric ratio
on substrate field capacity.
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Particle-size distribution also significantly influenced substrate water-retention char-
acteristics (Figures 6 and 7). Substrate water-retention characteristics were also strongly
dependent on particle-size distribution. Treatments dominated by fine particles (B3) gen-
erally exhibited the highest capillary water-holding capacity and field capacity, while
coarse-particle treatments (B7) showed the lowest values. Compared with B1, treatments
B2 and B3 increased capillary water-holding capacity and field capacity by 16.9–24.0% and
31.4–48.5%, respectively. Conversely, in the medium (B4, B5) and coarse-particle groups
(B6, B7), the two indicators decreased on average by 10.6–11.7% and 7.7–12.2%, respectively.
Significant differences among particle-size treatments were observed under most CG-FA
volumetric ratios (p < 0.05). However, when medium- and coarse-sized particles dominated
the substrate composition, differences among treatments became less pronounced (p > 0.05).
In addition, the influence of particle-size distribution on substrate water retention gradually
weakened with increasing coal gangue proportion.

Figure 6. Effects of CG-FA volumetric ratio on substrate capillary water-holding capacity: (a) CG–
FA volumetric ratio of 5:5; (b) CG–FA volumetric ratio of 6:4; (c) CG–FA volumetric ratio of 7:3;
(d) CG–FA volumetric ratio of 8:2; (e) CG–FA volumetric ratio of 9:1; (f) CG–FA volumetric ratio of
10:0. Note: Different letters indicate significant differences among treatments (p < 0.05).

5.3. Effects on Alfalfa Growth

Based on soil properties and field experiment studies, the substrate bulk density
suitable for alfalfa growth generally ranges from 1.2 to 1.4 g cm−3, with an optimal total
porosity of approximately 50% [29]. However, coal gangue is characterized by high bulk
density, low porosity, poor structure, and weak water retention [30], making it challenging
for amended substrates to reach these ideal soil ranges. Therefore, in order to ensure
successful establishment of alfalfa in ecological restoration of coal gangue mounds, the
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bulk density of the planting layer was set below 1.5 g/cm3 and total porosity above 40% as
minimum improvement targets. Further considering the water-retention characteristics of
the prepared substrates, combinations with a field capacity greater than 25% were selected
as recommended proportions for the alfalfa growth experiment.

Figure 7. Effects of CG-FA volumetric ratio on substrate field capacity: (a) CG–FA volumetric ratio of
5:5; (b) CG–FA volumetric ratio of 6:4; (c) CG–FA volumetric ratio of 7:3; (d) CG–FA volumetric ratio
of 8:2; (e) CG–FA volumetric ratio of 9:1; (f) CG–FA volumetric ratio of 10:0. Note: Different letters
indicate significant differences among treatments (p < 0.05).

5.3.1. Root Length

Root length varied significantly among treatments (p < 0.05) (Table 3). Treatments
A5B1 and A5B2 exhibited the greatest root elongation, with root lengths of 9.5 and 9.4 cm,
respectively, and no significant difference between the two treatments (p > 0.05). In contrast,
treatment A5B3 showed the shortest root length (3.9 cm), significantly lower than all other
treatments. Root lengths in the remaining treatments ranged from 5.5 to 8.0 cm. Overall,
moderate particle-size combinations under the A5 CG-FA volumetric ratio were more
favorable for root development, whereas treatments containing high proportions of fine
particles exhibited shorter root lengths.

5.3.2. Plant Height

Plant height differed significantly among treatments (p < 0.05) (Table 3). Treatment
A6B3 exhibited the greatest plant height (8.5 cm), significantly exceeding all other treatments.
Relatively greater plant heights were also observed in treatments A5B4, A5B5, A5B6, and
A6B2, ranging from 6.9 to 7.2 cm, with no significant differences among these treatments
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(p > 0.05). In contrast, treatments A7B2 and A5B1 showed comparatively lower plant heights
(<5 cm). The remaining treatments displayed intermediate values.

Table 3. Effects of particle-size distribution on alfalfa growth characteristics under different CG-FA
volumetric ratios.

Experimental
Treatments

Root Length
(cm)

Plant Height
(cm)

Belowground
Biomass (mg)

Aboveground
Biomass (mg)

Total Biomass
(mg)

A5B1 9.5 ± 1.2 a 4.7 ± 0.3 ef 2.7 ± 0.4 d 5.7 ± 0.2 g 8.3 ± 0.2 gh
A5B2 9.4 ± 0.8 a 5.6 ± 0.5 cde 3.7 ± 0.2 c 8.7 ± 0.8 e 12.3 ± 0.7 d
A5B3 3.9 ± 0.3 f 5.6 ± 0.3 cde 1.3 ± 0.3 f 7.0 ± 0.3 f 8.3 ± 0.6 gh
A5B4 6.0 ± 0.5 de 7.2 ± 0.7 b 4.0 ± 0.2 c 14.3 ± 1.0 a 18.3 ± 1.1 a
A5B5 8.0 ± 0.5 b 6.9 ± 0.5 b 4.7 ± 0.4 b 12.3 ± 0.7 b 17.0 ± 1.0 ab
A5B6 7.2 ± 0.6 bc 7.1 ± 0.8 b 6.0 ± 0.7 a 10.0 ± 0.3 cd 16.0 ± 1.0 b
A5B7 7.5 ± 0.7 bc 5.9 ± 0.3 cd 3.5 ± 0.2 c 7.0 ± 0.7 f 10.5 ± 0.6 ef
A6B1 7.3 ± 0.5 bc 6.6 ± 0.6 bc 2.3 ± 0.4 d 7.0 ± 0.3 f 9.3 ± 0.7 fg
A6B2 6.7 ± 0.2 cd 7.1 ± 0.7 b 3.7 ± 0.5 c 10.7 ± 0.6 c 14.3 ± 0.1 c
A6B3 5.8 ± 0.5 de 8.5 ± 0.6 a 2.0 ± 0.5 d 9.0 ± 1.0 de 11.0 ± 1.3 de
A7B2 5.5 ± 0.3 e 4.6 ± 0.4 f 2.0 ± 0.2 d 5.0 ± 0.7 g 7.0 ± 0.9 h
A7B3 6.5 ± 0.1 cde 5.6 ± 0.5 de 1.3 ± 0.2 f 8.3 ± 0.6 e 9.6 ± 0.7 efg

Note: Different letters indicate significant differences among treatments (p < 0.05).

5.3.3. Biomass Accumulation

Biomass accumulation was significantly influenced by CG-FA volumetric ratio and
particle-size distribution (p < 0.05) (Table 3). Belowground biomass was greatest in treat-
ment A5B6 (6.0 mg), whereas treatments A5B3 and A7B3 showed the lowest values (<2 mg).
Aboveground biomass and total biomass generally exhibited similar variation patterns.
Treatment A5B4 produced the highest aboveground biomass (14.3 mg) and total biomass
(18.3 mg), significantly exceeding all other treatments. Relatively high total biomass
values were also observed in treatments A5B5 and A5B6, whereas lower biomass accumu-
lation occurred in treatments A7B2, A5B1, and A5B3. Overall, substrates dominated by
medium and coarse particles under the A5 CG-FA volumetric ratio were more favorable
for biomass accumulation.

5.3.4. Correlation Analysis Between Substrate Physical Properties and Alfalfa Growth

Pearson correlation analysis was performed to further evaluate the relationships
between substrate physical properties and alfalfa growth parameters under different
CG-FA volume ratios.

Pearson correlation analysis was performed to further evaluate the relationships be-
tween substrate physical properties and alfalfa growth parameters under different CG–FA
volume ratios (Table 4). Bulk density was significantly negatively correlated with plant
height (r = −0.447, p < 0.01) and belowground biomass (r = −0.410, p < 0.01), whereas
total porosity showed significant positive correlations with these parameters (r = 0.439,
p < 0.01 and r = 0.402, p < 0.05, respectively). In contrast, capillary water-holding capacity
and field capacity exhibited no significant correlations with any growth parameters. Root
length, aboveground biomass, and total biomass were also weakly correlated with sub-
strate physical properties. These results indicate that substrate structural characteristics,
particularly bulk density and total porosity, exerted stronger influences on alfalfa growth
than water-retention properties.

https://doi.org/10.3390/resources15070083

https://doi.org/10.3390/resources15070083


Resources 2026, 15, 83 11 of 17

Table 4. Pearson correlation coefficients between substrate physical properties and plant
growth parameters.

Root Length
(cm)

Plant Height
(cm)

Belowground
Biomass (mg)

Aboveground
Biomass (mg)

Total
Biomass (mg)

bulk density (g/cm3) 0.010 −0.447 ** −0.410 ** −0.188 −0.269
total porosity −0.043 0.439 ** 0.402 * 0.148 0.236

capillary water-holding capacity 0.015 0.293 0.232 0.056 0.112
field capacity −0.002 0.312 0.196 0.035 0.085

* Significant at p < 0.05. ** Significant at p < 0.01.

6. Discussion
6.1. Impacts of Substrate Structure on Water Retention and Plant Growth

This response can be primarily attributed to the fine particle size and highly porous
structure of fly ash [25], whose saturated water content is significantly higher than that of
coal gangue [31]. The reduction in bulk density observed with fly ash incorporation was
mainly associated with the porous structure and low particle density of fly ash. Similar
trends have been reported by Y. Liu et al. [32], Shu et al. [33], Qiu et al. [31], and Fan
et al. [27]. This pattern is primarily attributable to the increased proportion of fly ash,
which optimized the pore structure and enhanced substrate porosity, thereby increasing
capillary pathways and surface tension, enabling more effective water retention [18,26,34].
Consequently, with decreasing coal gangue content, field capacity and other water-retention
indicators of the substrate increased significantly, which is consistent with the findings of J.
He et al. [35], Nan et al. [36], Zhang et al. [37], and Y. He et al. [38].

In coal gangue–fly ash substrates, increasing coal gangue particle size increased
substrate compactness and structural coarseness, resulting in pore spaces dominated by
macropores, decreased total porosity, and increased bulk density [39–41]. In contrast, a
higher proportion of fine coal gangue optimized capillary pore distribution, promoted a
more compact pore structure, and increased the proportion of small pores [20]. Meanwhile,
fine particles, with their larger specific surface area, retained more film water on the particle
surface, thereby enhancing water adsorption capacity [36]. Although larger particles
improved drainage performance, they reduced capillary water-holding capacity and field
capacity. These results are consistent with the findings of Zhang et al. [19], Zhu et al. [20], Li
et al. [42], and Sun et al. [43], indicating that decreasing coal gangue particle size effectively
enhances substrate water-retention capacity. The improvement in substrate structure and
water-retention properties directly promoted plant growth, as evidenced by enhanced root
development and increased aboveground biomass. A well-optimized pore structure can not
only provide favorable aeration conditions but also maintain a stable water supply, thereby
creating a conducive environment for root expansion and nutrient uptake [18,22,36,43,44].

In addition to regulating pore structure and water retention, particle-size distribution
may also influence nutrient availability within the substrate system. Previous studies have
shown that smaller coal gangue particles possess larger specific surface areas, which en-
hance the contact between water and mineral surfaces, thereby promoting nutrient release
and nutrient migration processes [45,46]. Fine particles may facilitate the accumulation
of organic matter and increase the availability of phosphorus and other nutrients, while
excessively coarse particles often exhibit lower nutrient retention capacity due to reduced
surface area and weaker water–substrate interactions [37,46]. Moreover, particle-size com-
position could influence microbial activity by altering substrate aeration and moisture
conditions, further influencing nutrient cycling and plant nutrient uptake [45]. Therefore,
the improved plant growth observed under optimized particle-size configurations in this
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study may not only be associated with enhanced water retention, but also with potential
improvements in nutrient availability and microbial habitat conditions.

Beyond their effects on water retention and nutrient availability, the observed re-
sponses also highlight the ecological significance of substrate heterogeneity in mine restora-
tion systems [47]. The optimized particle-size configurations generated substrate environ-
ments with improved moisture retention, aeration conditions, and pore connectivity, which
are key factors governing habitat suitability for both plants and microorganisms [48]. Such
structural heterogeneity may facilitate the establishment of diverse biological communities
during the early stages of ecological restoration. In the context of post-mining novel ecosys-
tems, these conditions can promote spontaneous colonization processes and accelerate
ecosystem functional development by providing a wider range of ecological niches [13,49].
Therefore, the benefits of optimized particle-size composition may extend beyond individ-
ual plant growth and contribute to the long-term development of self-sustaining restoration
systems [50].

The correlation analysis revealed that bulk density was significantly negatively corre-
lated with plant height and belowground biomass, which is consistent with the findings
reported by Du et al. [24] and Nan et al. [36]. This relationship may be attributed to in-
creased substrate compaction and reduced aeration conditions. Excessive bulk density can
restrict root penetration, reduce oxygen diffusion efficiency, and impair nutrient uptake,
thereby ultimately inhibiting plant growth. In contrast, higher total porosity improves
substrate aeration and provides a more favorable environment for root activity, thereby
promoting biomass accumulation and shoot growth [36]. The weak relationship between
root growth and substrate structure may be explained by the fact that root elongation is
influenced not only by macroscopic structural indicators, such as total porosity and field
capacity, but also by pore-network characteristics, including pore connectivity, tortuosity,
and particle-size distribution [51].

Although capillary water-holding capacity and field capacity were positively cor-
related with root length and plant height, consistent with the results reported by Nan
et al. [36] and Fan et al. [27], these relationships were not statistically significant. This
discrepancy may be attributed to the incorporation of different proportions of soil in the
substrates used by Nan et al. and Fan et al. Moreover, plant growth is also affected by
substrate chemical properties (e.g., pH and electrical conductivity), nutrient availability (N,
P, and K), microbial functions, and heavy metal toxicity [51,52].

6.2. Comprehensive Assessment of Substrate Performance

From a resource-oriented perspective, conventional mine ecological restoration strate-
gies often rely heavily on ex situ topsoil replacement. However, large-scale topsoil stripping
not only consumes valuable land resources but may also induce secondary ecological dis-
turbances and vegetation degradation in surrounding areas [33,50,53]. In addition, suitable
topsoil resources are frequently limited and unevenly distributed in mining regions. Similar
limitations also apply to organic amendments (e.g., composted manure and crop straw)
and sewage sludge, whose large-scale application is often constrained by unstable supply,
transportation requirements, and the uneven distribution of treatment facilities [54]. In con-
trast, coal gangue and fly ash, as co-generated by-products of coal mining and combustion
processes [55], are widely available within mining areas and can be directly utilized for
substrate reconstruction with relatively limited pretreatment requirements. Their granular
and powdery physical characteristics are also compatible with existing mining engineering
operations, thereby reducing engineering complexity and transportation dependence [56].

From an economic perspective, conventional topsoil replacement usually involves
multiple engineering stages, including soil stripping, loading, transportation, and site
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redistribution, resulting in relatively high restoration costs [57,58]. Organic amendments
and sewage sludge also require substantial investment for collection, pretreatment, and
transportation, while unstable supply chains may further increase implementation uncer-
tainty [59]. By contrast, the optimized CG–FA substrate proposed in this study may reduce
dependence on externally sourced restoration materials and simplify substrate preparation
procedures, thereby suggesting potential for improved cost-effectiveness in large-scale mine
ecological restoration [60,61]. Future research incorporating a full cost–benefit analysis is
needed to confirm this potential.

From an environmental perspective, conventional topsoil replacement may cause
soil structure disturbance and vegetation destruction during soil extraction, potentially
leading to additional ecological degradation risks [53,62,63]. Furthermore, large-scale
transportation activities are associated with increased energy consumption and carbon
emissions [64,65]. Although organic amendments and sewage sludge may improve sub-
strate fertility, their long-term application may also introduce risks related to heavy metal
accumulation and organic pollutants [66–68]. In contrast, the utilization of coal gangue and
fly ash contributes to the reutilization of bulk industrial solid wastes and may alleviate
environmental pressures associated with long-term gangue stockpiling, including land
occupation and leaching risks [32]. The optimized particle-size composition and improved
water-retention characteristics of the CG–FA substrate not only facilitate the establishment
of pioneer vegetation but also contribute to the gradual development of stable novel ecosys-
tems under resource-limited restoration conditions. Furthermore, post-mining substrates
are typically characterized by low nutrient availability and strong environmental filter-
ing [47]. Under such conditions, the development of structurally heterogeneous substrates
may increase habitat diversity and provide suitable microsites for different plant and mi-
crobial communities [13,62]. Consequently, optimized CG–FA substrates may not only
support vegetation establishment but also enhance ecological resilience and biodiversity
conservation during the restoration process [13]. The previous studies have suggested
that nutrient-poor and heterogeneous post-mining habitats may also provide refuge envi-
ronments for stress-tolerant and specialized species, highlighting their broader ecological
significance for biodiversity conservation [13].

Nevertheless, previous studies have indicated that coal gangue and fly ash may con-
tain potentially mobile heavy metals and soluble salts, which could pose environmental
risks under long-term weathering or leaching conditions. Guo et al. (2024) reported that
some coal gangue materials contain elevated concentrations of sulfides and heavy metals,
which may lead to acid generation and heavy-metal release during ecological utilization
processes [69]. Similarly, field studies on fly ash application have demonstrated that exces-
sive fly ash incorporation may increase soluble salt and boron concentrations in soils and
leachates, potentially affecting plant and soil quality under certain conditions [70]. There-
fore, although the CG–FA substrate proposed in this study exhibited favorable physical
structure and vegetation-supporting performance, further investigations are still required
to evaluate its long-term chemical stability, heavy-metal mobility, microbial responses, and
environmental safety under field restoration conditions [69].

7. Conclusions
This study systematically investigated the effects of coal gangue–fly ash (CG–FA)

volumetric ratio and coal gangue particle-size distribution on substrate physical structure,
water-retention characteristics, and alfalfa growth performance. The results demonstrated
that both CG–FA ratio and particle-size composition strongly regulated substrate bulk
density, porosity, capillary water-holding capacity, and field capacity, thereby influencing
vegetation establishment through changes in substrate pore structure and water availability.
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Increasing the proportion of fly ash significantly improved substrate physical structure
and water-retention capacity, while increasing the proportion of fine coal gangue particles
further optimized pore-size distribution. Correlation analysis indicated that substrate
structural characteristics played a more important role in regulating alfalfa growth than
water-retention properties under the experimental conditions. Among the tested treatments,
A5B4 exhibited the most favorable comprehensive performance and produced the highest
alfalfa biomass, suggesting that appropriate optimization of substrate structure is essential
for promoting vegetation establishment.

From the perspective of mine ecological restoration, the optimized CG–FA substrate
demonstrated considerable potential as an engineered vegetation growth medium for post-
mining landscapes. The utilization of coal gangue and fly ash not only improved substrate
physical structure and vegetation-supporting capacity, but also promoted the resource
reutilization of bulk industrial solid wastes while reducing dependence on externally
sourced topsoil materials. Moreover, the heterogeneous substrate conditions generated by
different particle-size combinations may facilitate early-stage vegetation establishment and
contribute to the development of stable post-mining novel ecosystems under nutrient-poor
and water-limited conditions.

Nevertheless, this study primarily focused on the physical structure and hydraulic
characteristics of CG–FA substrates under controlled experimental conditions. Further
studies are still required to evaluate long-term chemical stability, heavy-metal mobil-
ity, microbial responses, and field-scale ecological performance to comprehensively as-
sess the environmental safety and practical applicability of CG–FA substrates in mine
ecological restoration.
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