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Abstract
Water availability seriously affects vegetation restoration in arid mining areas, and mulching is an
effective way to improve soil water conditions. Coal gangue occupies large swathes of land resources,
resulting in ecological fragility and various environmental problems. Despite coal gangue having mineral
elements similar to those in soil, its potential function as a mulch for soil water conservation has been
unclear. Herein, mulching on the surfaces of soil columns was conducted using four particle size ranges
and four thicknesses under laboratory conditions to investigate water in�ltration and evaporation under
different conditions. Apart from the treatments with particle size of 0–0.5 cm, the remaining mulch
treatments with 16 cm thickness involved greater in�ltration and lower evaporation. Therefore, we
recommend a 16 cm-thick mulch treatment as the preferred mulching style. Treatments with a particle
size of 0–0.5 cm and those with 4-cm thickness are not suggested due to their lower in�ltration and
higher evaporation characteristics. Overall, to enhance the soil water storage capacity in mining areas, the
results suggest that mulching coal gangue with particle size exceeding 0.5 cm and a thickness exceeding
8 cm is suitable. 

1. Introduction
Natural rainfall is the primary water source for rain-fed agriculture. However, natural rainfall is scarce in
semi-arid and arid regions and rainwater evaporation occurs more intensely, which are problems that
require a prompt solution to ensure maintenance of agricultural productivity [1-2]. Suppressing
evaporation and increasing water availability is critical for natural vegetation restoration [3]. In this
regard, mulching can prohibit the loss of soil water by wind, decrease soil evaporation, and improve the
soil hydrothermal status and ecological activity; moreover, it is an important technique for sustaining soil
water storage [4-5]. Based on the mulching effect and cost, the materials generally involve plastic �lm
synthesis, organic materials derived from agricultural and wood waste, and some speci�c materials,
mainly gravel, sand, rock fragments, and zeolites [6-9].

Gravel mulching is an indigenous approach employed in agricultural production, and it has been used in
the arid regions of many countries [10-11]. Gravel mulching has also been conducted for at least 300
years in the arid region of northwestern China [12]. Several �eld trials have shown that gravel mulching
can intercept and store rainfall [13-15], increase evaporation resistance and reduce evaporation from the
soil surface [16-17], improve the soil water retention capacity [18], decrease the accumulation of surface
salt [19], in�uence the microbial community composition and function [20-21], increase dry matter
production [22-23], and improve energy-use e�ciency and economic bene�ts [24]. However, the mulching
e�ciency varies widely, depending on the characteristics of the mulch, including particle size [25], gravel
texture [10], percent mulch coverage [26], and gravel mulch color [27]. Yuan et al. [17] found that the
evaporation inhibition of gravel mulch was inversely related to the grain size, while Ma and Li [10] found
that greater mulch thicknesses had better effects on maintaining soil water. However, determining the
optimal thickness of the gravel mulch requires further testing. In addition, it is well known that
evaporation and in�ltration are the dynamic interaction processes between the surrounding microclimate
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and water at the surface and within the soil [28]. Water in�ltration plays a key role in watershed
hydrology. Cerdà [29] reported variations in in�ltration at different rock fragment cover ratios. In�ltration
and runoff on fallow land slopes with different gravel sizes and coverages were determined by Guo et al.
[30]. Further, Dang et al. [31] studied the in�uence of different thicknesses and positions of coal gangue
on the soil water in�ltration. Studies on water in�ltration under different mulching conditions are few
compared to studies that have investigated evaporation inhibition.

The northwest region is characterized by rich coal, low rainwater, and high evaporation [32]. Coal gangue,
as a type of solid waste discharged during coal mining and coal washing, occupies a large amount of
land resources owing to accumulated gangue, which eventually results in ecological fragility, various
environmental problems, and potential health risks [33]. To date, coal-gangue reclamation has mainly
recovered vegetation on covered soils. The greatest challenges for the ecological reconstruction of mine
lands are derived from scarce fertile soil [34-35]. The reconstructed soil, which mainly comprises raw soil
and is similar to the soil parent material used in the reclamation of coal gangue dump land, was
characterized by a lack of organic matter, weak soil structure, and an elevated salt content [34, 36-37].
Mixing coal gangue with soil to reconstruct degraded soil can in�uence soil in�ltration rates and
saturated hydraulic conductivity [38-39]. Further, a physical crust is present at the soil surface because of
raindrops splashing and the dispersion of aggregates, which hampers water movement and thus the
hydrological cycle [40]. Overall, lower soil quality aggravates low water retention.

Given this background, a method to utilize this material can effectively solve the problem of coal gangue
accumulation [41-42]. Previous research has demonstrated that coal gangue is a material that can be
used in fertilizer production. Furthermore, as the concentration levels of trace elements are below
permissible limits, coal gangue can also be used as a substitute for soil replacement because of its low
transportation cost [36, 43-44]. More critically, granular coal gangue has a morphology similar to that of
the gravel currently used and contains mineral elements similar to those in soil. As a result, coal gangue
has been considered as a mulching material for increasing water e�ciency in arid regions. However, the
in�uence of mulching on water in�ltration and evaporation characteristics has not been signi�cantly
investigated. In this study, we designed an indoor simulated soil column experiment. Our objective was to
test the in�uence of different thicknesses and particle sizes of coal gangue mulch on soil water
in�ltration and evaporation and to determine an optimized design for coal gangue mulch.

2. Materials And Methods

2.1 Experimental materials
The research materials were collected from the gangue dump located in Yangchangwan in Lingwu City,
Ningxia Hui Autonomous Region. The region has a dry climate with windy and sandy weather in spring
and winter. According to records obtained from the China Meteorological Data Service Center, the mean
annual temperature in this area is 9°C, average annual rainfall is 192.9 mm, and average annual
evaporation is 1762.9 mm. Speci�cally, the land subsidence around the gangue dump was �lled with coal
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gangue. Meanwhile, the soil including the sandy soil at the top and raw soil classi�ed as soil parent
material were considered as being covered soil for supplying the substrate for vegetation growth. The
coal gangue having undergone no weathering was taken from the gangue dump, and the raw soil was
collected at depths of 100–500 cm under the sandy soil. Before the experiment, the raw soil was air dried
and then crushed using a rubber hammer and passed through a 5-mm sieve. The coal gangue was
crushed by using a steel hammer, after which it was mixed fully; then, four particle size groups were
divided by using stainless steel sieves: 0–0.5 cm (P1), 0.5–1 cm (P2), 1–2 cm (P3), and 2–4 cm (P4).

Soil columns (30-cm height) were established by �lling PVC pipes (50 cm height; 15 cm inner diameter)
with soil. Before the soil columns were �lled, petroleum jelly was smeared evenly on the inner walls of the
PVC pipes to eliminate the in�uence of water-dominant �ow along the walls. When the soil columns were
�lled, the layers of raw soil were roughened individually to connect the soil pores, and bulk density was
limited to 1.4 g/cm3. Six small holes with diameters of 1 cm were evenly drilled at the bottom of the PVC
pipe for soil water drainage and ventilation. To prevent the leaking of raw soil particles, �lter paper and
gauze were placed at the bottom of each PVC pipe.

Four coal gangue mulch thicknesses, such as 4 cm (T1), 8 cm (T2), 12 cm (T3), and 16 cm (T4) were
applied to the top of the soil surface. For each coal gangue thickness treatment, four particle sizes (P1,
P2, P3, and P4) were arranged as a cross-over experiment. In addition, a soil column without mulching
was constructed as a control (CK). A total of 17 treatments were implemented, and each treatment was
repeated three times in the experiment.

2.2 Experimental methods
To determine the soil water in�ltration process, the vertical constant head in�ltration method was used
[45]. A scaled Marriot bottle with an inner diameter of 11.4 cm and a height of 50 cm was used for the
water supply. A water outlet with a valve was attached to the bottom of the Marriot bottle, and a rubber
tube inserted into a right-angled glass tube was connected to the outlet. The water supply head was
controlled at ~ 3 cm using the right-angled glass tube to reduce the in�uence of water head changes on
the in�ltration process. The valve was opened, and the time at which the wet peak passed the soil surface
was recorded. During water in�ltration, the water surface level in the Marriot bottle was recorded every
minute for the �rst 5 min and then every 5 min until the wet peak reached the bottom of the soil column.
The entire in�ltration experiment lasted for 60 min.

A preliminary test revealed that the shift in the soil column mass was irregular due to the weather, and
soil water evaporation was slow due to the thick mulch. The soil columns were shipped to a room with
relatively stable conditions at 25 ± 2°C to alleviate disturbances caused by the variations in the
environment. To keep the amount of lamp energy at the same level, an aluminum sheet cylinder (30 cm
height; 15 cm inner diameter) was inserted into each PVC pipe until it gets contacted with the surface of
the soil column. A 275-W infrared lamp was then placed above the soil columns at the upper part of
aluminum sheet cylinder. There was a 35 cm distance from the bottom of the lamp to the surface of the
soil columns. The evaporation experiment was started after 48 h of water leaching due to soil saturation,
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as indicated by water leakage from the bottom of the soil column [46]. Soil water evaporation was
determined using the weighing method. The soil column mass was weighed at 18:00 every day of the
evaporation experiment using an electronic scale until the 30th day. Then, the daily weight loss of the soil
column was converted to evaporation in mm according to the area and inner radius of the PVC column
[47]. Finally, cumulative soil evaporation was summarized over 30 days.

For comparison with evaporation, the in�ltration amount at different observation times was determined
according to the water layer depth in the soil column. The value was obtained by converting the reading
from the Markov bottle scale. The initial in�ltration rate (mm/min) is equal to the initial in�ltration
amount divided by the initial in�ltration period; the initial in�ltration period of this test was uni�ed to 5
min. The stable in�ltration rate (cm/min) is the in�ltration amount that did not change in a unit time. The
average in�ltration rate (cm/min) = the total in�ltration amount after reaching stability / the time to reach
stable in�ltration [48].

2.3 Data processing
One-way analysis of variance (ANOVA) was used to analyze the differences between the soil water
in�ltration characteristics among the different treatments. The mean values were compared using the
Least-Signi�cant Difference test at 5% probability. Because four particle size ranges and four mulch
thicknesses were used, the impact of coal gangue mulching on the in�ltration and evaporation was
analyzed via two-way ANOVA (general linear model). A hierarchical cluster analysis (HCA) was used to
standardize the water in�ltration and evaporation parameters of each treatment and then classify the
most similar treatments into the same category according to the between-groups linkage method. The
measurement interval was the Euclidean distance. The results of the HCA were expressed using a
dendrogram. The HCA and all statistical analyses were performed using SPSS version 23.0 (IBM, Armonk,
NY, USA). The results of the cumulative in�ltration and evaporation were plotted using the Origin 2018
software package (Origin Lab, Northampton, MA, USA).

3. Results

3.1 Variations in in�ltration
For different particle sizes, the differences in water in�ltration characteristics among the different mulch
thickness treatments were inconsistent (Table 1). The initial in�ltration rate of all treatments was
signi�cantly higher than that of the CK and showed a tendency to increase with the increase in mulch
thickness. Particularly, under the P4 particle size treatments, the difference in the initial in�ltration rate
among different thicknesses was signi�cant. The stable in�ltration rate of the CK was signi�cantly higher
than that of all the mulch treatments. The average in�ltration rate of the P1 particle size treatments was
not signi�cantly different from that of the CK. For the other particle size treatments, the thicker the layer
of mulch, the greater the average in�ltration rate.
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Table 1
Water in�ltration characteristics of the different treatments

Particle
size

Thickness Treatment Initial in�ltration
rate (mm/min)

Stable in�ltration
rate (mm/min)

Average in�ltration
rate (mm/min)

  0 CK 15.3 ± 0.3d 1.7 ± 0.0a 3.3 ± 0.2a

P1 T1 T1P1 20.2 ± 0.4c 1.5 ± 0.2b 3.7 ± 0.2a

T2 T2P1 23.7 ± 0.5b 1.0 ± 0.0d 3.6 ± 0.5a

T3 T3P1 24.3 ± 0.5b 1.1 ± 0.2c 3.9 ± 0.2a

T4 T4P1 27.9 ± 0.4a 0.9 ± 0.1e 4.1 ± 0.2a

  0 CK 15.3 ± 0.3d 1.7 ± 0.0a 3.3 ± 0.2c

P2 T1 T1P2 21.4 ± 0.6c 1.5 ± 0.2b 3.9 ± 0.2bc

T2 T2P2 25.4 ± 0.2b 1.2 ± 0.1c 4.2 ± 0.1b

T3 T3P2 26.7 ± 0.5ab 1.1 ± 0.1c 4.4 ± 0.3ab

T4 T4P2 27.8 ± 0.5a 1.1 ± 0.0c 4.9 ± 0.2a

  0 CK 15.3 ± 0.3d 1.7 ± 0.0a 3.3 ± 0.2c

P3 T1 T1P3 19.9 ± 0.3c 1.3 ± 0.0b 3.8 ± 0.2bc

T2 T2P3 24.8 ± 0.3b 1.2 ± 0.1b 4.2 ± 0.1b

T3 T3P3 25.7 ± 0.2a 1.2 ± 0.3b 4.4 ± 0.3ab

T4 T4P3 26.2 ± 0.1a 1. 3 ± 0.2b 4.9 ± 0.2a

  0 CK 15.3 ± 0.3e 1.7 ± 0.0a 3.3 ± 0.2c

P4 T1 T1P4 21.2 ± 0.8d 1.1 ± 0.1bc 3.7 ± 0.3bc

T2 T2P4 24.8 ± 0.2c 1.2 ± 0.1b 4.1 ± 0.2ab

T3 T3P4 26.8 ± 0.4b 1.1 ± 0.2c 4.2 ± 0.2ab

T4 T4P4 31.8 ± 0.3a 1.1 ± 0.1c 4.7 ± 0.2a

Note: Values are means ± standard error. Different lowercase letters in the same column indicate
signi�cant differences among treatments at certain particle sizes (P < 0.05) (a > b > c > d > e).

The mulch treatments signi�cantly changed the soil in�ltration process in each of the four particle size
treatments (Fig. 1). In the initial 0–5 min, cumulative in�ltration increased rapidly. After 5 min, cumulative
in�ltration increased slowly and gradually stabilized. The cumulative in�ltration of all mulch treatments
was signi�cantly higher than that of the CK. Under the four different particle sizes, cumulative in�ltration
was greater in the thicker mulch treatments than the thinner mulch treatments. For instance, when the
particle size was P4, cumulative in�ltration of T4P4 was the largest, following by T3P4, T2P4, and T1P4.
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A two-way ANOVA indicated that both mulch thickness (T) and particle size (P) had signi�cant effects on
all water in�ltration characteristics and cumulative in�ltration, and the interaction of mulch thickness and
particle size (T × P) had signi�cant effects on the initial in�ltration rate and stable in�ltration rate
(Table 2). In particular, the initial in�ltration rate increased signi�cantly with the increase in mulch
thickness. The effect of mulch thickness on in�ltration was more evident than the effects of particle size
due to the changes in the F-values. Under the four different mulch thickness treatments, cumulative
in�ltration was 171.0 mm for T1, 180.0 mm for T2, 189.3 mm for T3, and 208.6 mm for T4. The
cumulative in�ltration of T1, T2, T3, and T4 was 16.1%, 22.9%, 28.6%, and 41.6% greater than that of the
CK, respectively.

Table 2
Two-way ANOVA analysis of the effects of mulch thickness and particle size on water in�ltration

Factor Initial in�ltration
rate

(mm/min)

Stable in�ltration
rate

(mm/min)

Average in�ltration
rate

(mm/min)

Cumulative
in�ltration

(mm)

Thickness (T) 226.49** 51.88** 9.63** 19.43**

T (sig) d, c, b, a a, b, bc, c c, bc, b, a c, bc, b, a

Particle size
(P)

22.10** 20.26** 4.34* 4.41*

P (sig) c, b, b, a b, a, a, b b, a, a, a b, a, a, a

Interaction
(T×P)

7.03** 17.47** 0.34* 0.33*

Note: Data are expressed as F-values with the level of signi�cance (*, p < 0.05; **, p < 0.01). Different
lowercase letters indicate signi�cant (p < 0.05) differences (a > b > c > d). T (sig) indicates signi�cant
differences among the different mulch layer thicknesses (T1, T2, T3, and T4). P (sig) indicates
signi�cant differences among the different particle sizes (P1, P2, P3, and P4).

3.2 Variations in evaporation
During the evaporation process, variations in cumulative evaporation were presented according to a
logarithmic curve with time (Fig. 2). At the beginning of the evaporation process, all treatments were
undergoing massive water loss. As time progressed, the increase in evaporation gradually decreased. At
the end of the evaporation process, the cumulative evaporation of all mulch treatments was signi�cantly
lower than that of the CK. When the particle size was P1, cumulative evaporation of T1P1 was the lowest.
Furthermore, the cumulative evaporation of T2P1, T3P1, and T4P1 were larger than that of the CK until
the 4th, 6th, and 10th day, respectively. When the particle size was P2 to P4, cumulative evaporation was
lower in the thicker mulch treatments than the thinner mulch treatments. For instance, when the particle
size was P2, the cumulative evaporation of T4P2 was the lowest, following by T3P2, T2P2, and T1P2.

A two-way ANOVA indicated that T, P, and their combined effects (T × P) had signi�cant effects on
cumulative evaporation, whereas particle size had the greatest effects on cumulative evaporation due to
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the changes in the F-values (Additional Table). Cumulative evaporation decreased signi�cantly with the
increase in mulch thickness. In terms of particle size, the cumulative evaporation of the P1 treatment was
the largest, and cumulative evaporation increased signi�cantly with the increase in particle size from P2
to P4. Cumulative evaporation was 44.9 mm for P1, 34.2 mm for P2, 37.0 mm for P3, and 39.2 mm for
P4. The cumulative evaporation of P1, P2, P3, and P4 was 6.5%, 28.6%, 22.9%, and 18.6% lower than the
CK, respectively.

3.3 HCA for soil water characteristics
All treatments were divided into four categories based on a Euclidean distance of 10 (Fig. 3). Category I
included six treatments, involving those with mulch thicknesses T2 and T3 but excluding particle size P1.
Category II included seven treatments, involving the treatments with both mulch thickness T1 and particle
size P1. Category III only included the CK. Category  included three treatments, namely T2P2, T2P3, and
T2P4.

The soil water in�ltration and evaporation parameters of each category were averaged (Table 3). The
initial in�ltration rate and average in�ltration rate of category  and category  were signi�cantly higher
than that of the other two categories. There were no signi�cant differences in the stable in�ltration rates
among categories I, II, and IV. Furthermore, cumulative in�ltration and cumulative evaporation of category
 were signi�cantly higher than that of the other categories. Therefore, the water retention capacity of

category  treatments was the optimal level among the four categories, followed by category I, II, and III.

Table 3
Statistical averages of the water in�ltration characteristics of the different categories

Category Initial
in�ltration rate
(mm/min)

Stable
in�ltration rate
(mm/min)

Average
in�ltration rate
(mm/min)

Cumulative
in�ltration
(mm)

Cumulative
evaporation
(mm)

I 25.7a 1.2b 4.3b 190.0b 37.4c

II 22.7b 1.2b 3.8c 171.9c 42.4b

15.3c 1.7a 3.3d 147.3d 48.0a

28.6a 1.2b 4.8a 217.3a 33.4d

Note: Different lowercase letters in the same column indicate signi�cant differences among the
different categories (P < 0.05) (a > b > c > d).

4 Discussion

4.1 Effect of coal gangue mulching on water in�ltration
In�ltration refers to the water penetrating the soil, and soil surface conditions (such as soil surface
roughness, soil structure, and stone cover) can regulate soil water in�ltration and runoff generation [30].
Previous studies have shown that the water in�ltration for gravel mulching at the soil surface was more
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pronounced than when the gravel was buried in the surface layer or embedded in the top layer [49–50],
and water in�ltration on these rough surfaces was approximately 1.5–2 times greater than that on
smooth surfaces [51]. In addition, coal gangue located in the top soil position was more bene�cial for
water in�ltration than that at the intermediate layer [31]. For the mulching of the total surface, the initial
in�ltration rate, stable in�ltration rate, and average in�ltration rate, as well as cumulative in�ltration,
increased simultaneously with increasing mulch thickness [52]. Our �ndings revealed that the initial
in�ltration rate under coal gangue mulching were evidently higher than those under no mulching (CK). In
addition, we found that the average in�ltration rate increased with the increase in the mulch thickness,
whereas the stable in�ltration rate decreased (Table 1). This result was partly corroborated by Cerdà [29],
who found that the steady-state in�ltration rate diminished, and the runoff coe�cient increased when
rock fragments were removed. Thus, the soil mulching style has a complex in�uence on water in�ltration.

Water �ow velocities decreased with increasing gravel cover percentages owing to the increase in the
in�ltration rate [30]. This result was supported by Mandal et al. [49], who found that the �nal in�ltration
rates were 26%, 39%, 62%, and 83% of rainfall and increased with stone mulch coverages from 3–65%.

In our study, mulch layer thickness had a greater impact on in�ltration compared with particle size. The
reason for the increase in the initial in�ltration rate with the increase in coal gangue mulch thickness may
be related to the increase the number of pores and water retention space of the mulch (Table 2).

Previous research has demonstrated that small-sized gravel (2–5 mm) is more effective in controlling
surface rainwater runoff than large-sized gravel (40–60 mm), and it can promote increased water entry
into the soil surface [21]. In contrast, the smaller the coal gangue grain size, the weaker the permeability
and the greater the water holding capacity. When the particle size was small, in�ltration decreased [39].
This incompatible result is attributed to the range and relativity of the particle sizes. In this study, the
impact of particle size on in�ltration was also signi�cant. The higher initial in�ltration was present for P4,
whereas the initial, average, and cumulative in�ltration rates were the lowest for P1. This result indicates
that mulching with a smaller particle size reduced the in�ltration capacity. This is because coal gangue
with a �ne particle size is more in contact with air and water and can develop narrower capillary pores,
enhance water holding capacity, and slow down water in�ltration [53]. Conversely, pores in coal gangue
with a coarse particle size mainly develop non-capillary pores, and water migrates downwards under the
effect of gravity. As a mulching material, the particle size of coal gangue should therefore be greater than
P1 to promote water in�ltration.

4.2 Effect of coal gangue mulching on water evaporation
In arid areas, mulching can effectively reduce evaporation and improve water content [54, 17]. Similar to
previous study results, the present results indicate that mulching treatments involve less cumulative
evaporation than that in the case of the CK (Fig. 2). Furthermore, the thickness of the mulch layer has a
signi�cant effect on soil water evaporation. However, regarding the optimal mulch thickness, con�icting
results were obtained. Doolittle [55] suggested that no more than 25 mm-thick mulch can best in�uence
the inhibition of evaporation, whereas others have suggested that mulch up to 25 cm can most
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effectively inhibit evaporation [56]. Contrastingly, some studies have reported that thicker mulch has an
improved effect on inhibiting evaporation, because the thicker the mulch layer, the greater the evaporation
resistance [10, 16, 57]. Similarly, this study showed that cumulative evaporation signi�cantly decreased
with an increase in mulch layer thickness (Table 3).

The particle size of the mulch had a large in�uence on the cumulative evaporation. Previous studies have
suggested that cumulative evaporation increases linearly with particle size [27, 34]. This is because the
capillary pores between the soil and the mulch are discontinuous, thereby blocking upward movement of
liquid water [58]. However, when the mulch particles are extremely �ne, stronger capillary action results in
liquid-phase continuity with the soil [59]. Similar to previous study results, the results of this experiment
indicate that the cumulative evaporation increased with an increase in particle size from P2 to P4,
whereas the cumulative evaporation for P1 was the largest owing to the mulch being extremely �ne to
form an effective barrier that inhibited liquid water from moving upward.

In�ltration and evaporation, as the main hydrological processes, in�uence water distribution. The
regulation of surface in�ltration and evaporation is the main water management method in a rain-fed
farming system. According to our results, the effects of thickness and particle size on in�ltration and
evaporation were distinct, and their interactions were evident. Overall, the capacity to hold and transport
water related to different coal gangue particle sizes plays a vital role due to the variations in pores among
the particle sizes. Furthermore, treatment using a thin layer of �ne-particle coal gangue mulch is not
recommended because the water storage effect is likely to be weaker than that of a thick layer of large
particle mulch. A previous study demonstrated that mulching for water storage should select a
heterogeneous particle size [58]. Furthermore, the mixed pebble and sand mulch was more effective in
conserving soil water than the pebble or sand mulch used alone [10]. Thus, different coal gangue particle
sizes and their applications should be implemented in the future.

5. Conclusions
Owing to the water shortages that seriously limit vegetation restoration in mining areas in northwest
China, we selected coal gangue as a mulch and investigated the variations in in�ltration and evaporation
under different thicknesses and particle sizes. We demonstrated that coal gangue mulching can improve
soil water condition by increasing water in�ltration and decreasing cumulative evaporation. However, the
effects of mulch layer thickness, particle size, and their interactions on the in�ltration and the evaporation
were evident and complex. Mulch thickness had greater impact on in�ltration than particle size. The
initial in�ltration rate, average in�ltration rate, and cumulative in�ltration increased with the increase in
mulch thickness, whereas a thin mulch layer was bene�cial to the stable in�ltration rate. In contrast, the
effect of the particle size on evaporation was more signi�cant than that of mulch thickness. Notably,
treatments with a particle size of 0–0.5 cm were characterized by lower in�ltration and higher
evaporation. In addition, lower cumulative evaporation was found in treatments with 12 cm and 16 cm
layers. Moreover, a thicker mulch layer practically means more labor and cost. Therefore, to enhance soil
water storage capacity, coal gangue with particles sizes exceeding 0.5 cm and thickness exceeding 8 cm
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are suitable for mulch material. This �nding can provide a scienti�c reference for the implementation of
the coal gangue mulch technique. However, this research was carried out using soil columns under
laboratory conditions, and further research is necessary for the application of this technique to vegetation
production. More �eld trials should be conducted in the future to fully understand how we can meet the
water capacity demand of vegetation restoration in mining areas in northwest China.
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Figures

Figure 1

Dynamic variations in cumulative in�ltration for different treatments.
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Figure 2

Dynamic variations in cumulative evaporation for different mulch layer thicknesses.
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Figure 3

Hierarchical cluster analysis of the water characteristics of the different treatments.
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