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Abstract: To improve the impermeability, water-retention capacity, and ecological suitability of quarry waste 
covers, an artificial ecological soil was prepared from typical waste rock collected from a quarry in Ezhou, 
Hubei Province, China. A capillary-barrier cover consisting of coarse and fine soil layers was then constructed, 
and the fine layer was amended with anionic polyacrylamide (PAM) to enhance its water-holding and seepage-
control performance. Indoor soil-column infiltration experiments were conducted to examine the effects of 
PAM dosage, namely 0% (T1), 0.3% (T2), and 0.6% (T3), on volumetric water content and matric suction at 
different depths during rainfall infiltration. The results showed that PAM markedly delayed wetting-front 
migration and increased water storage within the cover layer. At a depth of 7.5 cm, wetting-front arrival times 
were 0.35 h, 0.59 h, and 1.67 h for T1, T2, and T3, respectively; at 30 cm, the corresponding values were 1.91 
h, 3.06 h, and 6.21 h. Distinct water accumulation and backflow occurred at the capillary-barrier interface, 
where the peak volumetric water content increased from 39.93% in T1 to 46.04% in T2 and 48.53% in T3. 
Interface breakthrough time also increased with PAM dosage, reaching 4.28 h, 6.81 h, and 13.38 h, 
respectively. Overall, PAM-modified capillary-barrier covers effectively reduced infiltration and enhanced 
interfacial water retention, providing a basis for anti-seepage design and ecological restoration of quarry waste 
cover systems. 

1 Introduction 

With the expansion of the global construction industry, 
mining operations generate vast quantities of waste rock. In 
China, the building materials and mining sectors produce 
hundreds of millions of tons of solid waste annually, 
primarily stored in quarry waste [1]. Constrained by 
management conditions, land occupation and 
environmental pollution issues are prominent. The loose 
structure and exposed surface of waste piles make them 
susceptible to soil erosion and particle migration under 
rainfall and wind, intensifying risks of sediment-laden 
runoff and seepage. Simultaneously, potential heavy metals 
and harmful ions in waste residues may leach into water 
bodies with precipitation, threatening soil quality and 
ecological safety. Long-term improper stockpiling also 
alters soil physicochemical properties, hinders vegetation 
recovery and biodiversity, and undermines ecosystem 
stability[2-4]. 

For ecological restoration of waste rock dumps, soil 
reconstruction and vegetation recovery are critical 
components. The soil and water conservation effects of 
vegetation are primarily manifested in the following ways: 
the canopy intercepts rainfall and reduces the kinetic energy 

of raindrops, thereby lowering runoff generation rates 
and erosion intensity; surface cover (vegetation and 
litter) increases roughness and slows runoff; root systems 
stabilize soil and improve soil structure, enhancing 
aggregate stability and pore connectivity, increasing 
water retention capacity, and consequently reducing the 
risk of soil erosion[5, 6]. 

Soil amendments enhance soil porosity, hydrological 
properties, pH, and nutrient environments while 
regulating microbial activity. They promote vegetation 
restoration and aggregate stability, thereby reducing soil 
erosion. Classified by origin, they include natural, 
synthetic, and composite types. To address issues like 
loose, erosion-prone cover soils in mine waste dumps, 
soil amendments are commonly used for stabilization. 
Among these, PAM demonstrates significant potential 
for structural improvement and erosion control in waste 
rock cover layers. Its excellent flocculation and binding 
properties promote fine particle aggregation, enhance 
structural stability, and regulate infiltration-runoff 
processes. This action reduces runoff scouring and 
sediment production, making PAM a promising solution 
for these challenges[7-9]. 

Capillary-blocking ecological barriers typically 
consist of an upper layer of fine-grained soil overlying a 
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lower layer of coarse-grained soil. By exploiting the 
significant differences in hydraulic conductivity properties-
such as permeability coefficient and hydraulic conductivity 
between the two layers under unsaturated conditions, 
infiltrating water becomes blocked at the interface. This 
causes water to be preferentially retained within the fine-
grained layer, thereby achieving water storage and seepage 
prevention functions[10, 11]. Compared to traditional 
compacted clay and geomembrane-GCL composite cover 
systems, this system features a relatively simple structure, 
lower cost, easier maintenance, and stable impermeability 
performance. Consequently, it has been widely adopted for 
final cover applications in landfills across arid and semi-
arid regions[12]. Early studies elucidated the control of 
water flow paths by sudden changes in hydraulic 
conductivity within unsaturated slopes and revealed the 
phenomenon of capillary blockage. Subsequent material 
combination and structural optimization tests demonstrated 
that composite coarse-fine-grained materials are more 
effective than single-fine-grained materials in forming an 
efficient capillary barrier. Furthermore, the gradation and 
uniformity of the underlying coarse-grained layer 
significantly influence the blockage efficiency[13, 14]. 
With theoretical advancements, research focus has 
gradually shifted toward long-term service performance 
evaluation, primarily conducted through field monitoring, 
laboratory permeability tests, and numerical simulations. 
Field test results from multiple locations indicate that 
capillary-blocking liners exhibit good impermeability in 
arid, semi-arid, and some semi-humid climates, typically 
with low seepage rates. However, in humid climates, 
sustained high infiltration and near-saturated conditions 
weaken the interfacial blocking effect, potentially 
increasing bottom seepage and reducing the liner's 
impermeability advantage compared to arid regions[15-
17]. Overall, capillary-blocking cover layers achieve 
impermeability levels comparable to traditional covers in 
suitable climates while offering engineering economy and 
maintainability advantages. However, further research is 
needed to define their applicability boundaries and 
optimize structural parameters in humid regions. 

Therefore, this study utilized quarry waste from 
building material mines as the primary material for 
artificial soil. Through indoor soil column tests, a three-
layer functional structure of capillary-retention type cover 
was constructed, and its impermeability and resistance to 
rain erosion were systematically evaluated. Key parameter 
analysis and performance verification demonstrated that 
this cover system not only meets current standards for mine 
closure systems but also achieves effective water retention 
and ecological restoration. The findings provide technical 
support for resource utilization of industrial quarry waste 
and for implementing impermeability, water retention, and 
ecological restoration within cover systems. 

2 Materials and Methods 

2.1 Experimental Materials 

Primary materials were collected from a typical waste-rock 

dump in Ezhou, Hubei Province, China. Based on 
preliminary tests, an artificial soil was prepared by 
mixing conglomerate, weathered basalt, and mudstone at 
a mass ratio of 1:0.6:0.4. After crushing and screening, 
the fraction smaller than 2 mm was used to as the fine-
grained layer, while the 2-5mm fraction simulated the 
coarse-grained layer in the cover layer. PAM with a 
molecular weight of 12million was selected as the 
modifier. The process is shown in Fig 1.  

 

Fig. 1. Material preparation 

2.2 Experiment apparatus 

The experimental apparatus consisted of a soil-column 
rainfall simulation system, including a transparent 
acrylic column with an inner diameter of 180 mm and a 
height of 700 mm, a needle-type rainfall simulator, EC-5 
soil moisture sensors for monitoring volumetric water 
content at different depths, tubular mini-tensiometers for 
measuring matric suction, a paperless data logger for 
continuous data acquisition, and an adjustable peristaltic 
pump for controlling rainfall intensity, as shown in Fig 1. 

2.3 Experimental procedure 

Artificial soil was prepared and amended with PAM at 
mass fractions of 0, 0.3%, and 0.6%, with all specimens 
initialized at a volumetric water content of 5%. The 
selected PAM dosages were determined with reference to 
previous studies showing that effective PAM contents for 
soil improvement generally fall within a low dosage 
range, commonly about 0.1%-1.0% by dry mass, while 
contents around 0.5% are often reported to provide 
pronounced improvements in water retention, cracking 
resistance, and barrier performance[18, 19]. Therefore, 
0.3% and 0.6% were chosen as representative moderate 
and relatively high amendment levels to evaluate the 
dosage-dependent effects of PAM on infiltration and 
water-retention behavior. The bottom of the column was 
lined with permeable gauze, followed by a 20 cm thick 
coarse layer of 2-5 mm quarry waste, which was allowed 
to settle and then lightly compacted. A gauze separator 
was placed above the coarse layer, and the fine layer was 
packed in 5 cm lifts to a target dry density of 1.45 g cm⁻³, 
with each lift scarified before the next was added. PAM-
modified soils were prepared in the same manner. After 
two layers of gauze were placed on the surface and a 
drainage outlet was installed for runoff collection, the 
column was sealed and stored indoors away from direct 
light until moisture equilibration was achieved. Rainfall 
infiltration tests were subsequently conducted using a 
pinhole rainfall simulator at an intensity of 20 mm h⁻¹. 
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According to historical meteorological data from Ezhou, 
Hubei Province, this value is close to the short-duration 
rainstorm intensity for a 3-year return period and can 
therefore represent a typical extreme rainfall condition 
likely to be experienced by solid-waste dump covers during 
service. Thus, the selected rainfall intensity is of clear 
engineering relevance and experimental significance. 
Rainfall intensity was controlled using a peristaltic pump. 
The process is shown in Fig 2. 

 

Fig. 2. Schematic of the rainfall infiltration test design 

3 Analysis of experiment results 

3.1 Wetting front analysis 

The wetting front is the distinct boundary between the 
advancing wetted zone and the underlying dry soil during 
infiltration, representing water migration driven by matric 
suction and gravity. Its advance rate indicates the soil’s 
water-transport capacity and is a key metric for quantifying 
moisture movement within the structural layer under 
simulated rainfall[20, 21]. 

 

Fig. 3. Wetting-front migration curves of the PAM-modified 
quarry waste capillary-barrier structural layer 

Fig 3 shows that increasing PAM content in the upper 
fine-grained layer delayed the arrival of the wetting front at 
the capillary-barrier interface. Relative to the control (T1), 
the interface arrival time increased by 2.32 h for T2 and 
8.45 h for T3, corresponding to increases of 61.2% and 
222.9%, respectively, and the overall wetting-front advance 
rate decreased. This response is attributed to PAM hydrogel 
formation, which occludes pore spaces, reduces effective 
porosity, and lowers hydraulic conductivity. After the 
wetting front reached the interface at 45 cm, the migration 
rate decreased initially and then increased. The coarse layer 

has larger pores and lower capillary suction, which limits 
downward infiltration and causes water to accumulate at 
the interface. This promotes lateral redistribution and 
temporary storage within the fine layer, producing a 
pronounced capillary-barrier effect with localized 
backflow. 

3.2 Volume water content and runoff 

As shown in Fig 5, volumetric water content exhibited 
clear depth-dependent and stage-wise responses to 
rainfall, and the evolution was strongly controlled by 
PAM dosage. All sensors recorded an initial water 
content of approximately 5 percent, consistent with the 
preset condition. The 7.5 cm sensor responded first, and 
wetting-front arrival was progressively delayed with 
increasing PAM, from 0.35 h in T1 to 0.59 h in T2 and 
1.67 h in T3, indicating a marked reduction in infiltration 
rate. Consistent with the runoff in Fig 4. This retardation 
is attributed to PAM hydration and gel formation, which 
decreases effective pore space and hydraulic 
conductivity, promoting near-surface water 
accumulation and increased runoff. 

After breakthrough of the upper fine layer, the 30 cm 
sensor responded, with arrival times of 1.91 h for T1, 
3.06 h for T2, and 6.21 h for T3, indicating that PAM 
significantly retarded downward percolation. When the 
wetting front approached the fine–coarse interface, a 
distinct capillary-barrier effect emerged, as evidenced by 
rapid water accumulation and transient upward 
redistribution near the interface. Mechanistically, this 
phenomenon resulted from the hydraulic contrast 
between the two layers: the fine layer maintained 
relatively high matric suction, whereas the coarse layer, 
owing to its larger pore size, provided insufficient 
capillary force to draw water downward under 
unsaturated conditions. This mismatch in unsaturated 
hydraulic conductivity caused infiltration water to perch 
above the interface until the pressure conditions became 
sufficient for breakthrough. During this period, the 
accumulated water was partially redistributed upward in 
response to the matric potential gradient, giving rise to 
the observed backflow behavior. Peak water contents 
near the interface increased from 39.93% in T1 to 
46.04% in T2 and 48.53% in T3, indicating that PAM 
enhanced interfacial water storage. This enhancement 
was likely associated with the improved water retention 
and reduced hydraulic conductivity of the PAM-
modified fine layer, which further delayed breakthrough 
into the coarse layer. 

Once interfacial water content exceeded the retention 
capacity of the capillary barrier, breakthrough occurred 
and the coarse layer began to wet, accompanied by a 
rapid decline in water content within the overlying fine 
layer due to gravitational drainage. The onset of seepage 
at the column outlet was delayed from 4.28 h in T1 to 
6.81 h in T2 and 13.38 h in T3. Overall, PAM increased 
both the duration of non-saturated conditions and the 
maximum interfacial water storage, while substantially 
delaying wetting-front advance and seepage, with 
stronger effects at higher dosages. 
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Fig. 4. Runoff volume from the PAM-modified quarry waste 
capillary-barrier structural layer 

 

 

 

Fig. 5. Water infiltration curves of the PAM-modified quarry 
waste capillary-barrier structural layer: (a) 0% PAM; (b) 0.3% 

PAM; (c) 0.6% PAM 

3.3 Matrix suction analysis 

Since the matric suction sensors were installed at the same 
depths as the moisture sensors, temporal variations in 
matric potential effectively trace infiltration through the 
low-permeability layer. As shown in Fig 6, matric potential 
declined at all depths during rainfall and gradually 
approached 0 kPa, although the rate and amplitude differed 
with depth. This trend indicates progressive wetting and 
near-saturation of the structural layers by the end of 

infiltration. The wetting-front advance was mirrored by 
a stepwise decline in matric suction, which corresponded 
to distinct infiltration stages. 

The 7.5 cm sensor responded first, with suction 
rapidly decreasing toward 0 kPa. Initial suction 
decreased with increasing PAM dosage, measuring 86.92 
kPa in T1, 76.65 kPa in T2, and 69.02 kPa in T3. This 
pattern is likely related to moisture redistribution during 
the equilibration period: the surface layer is susceptible 
to evaporative loss, which increases suction, whereas 
PAM improves water retention and limits desiccation, 
thereby maintaining lower initial suction. 

A second pronounced suction drop occurred when the 
wetting front reached 25 cm, at 2.28 h for T1, 3.88 h for 
T2, and 8.01 h for T3, indicating that PAM increased 
hydraulic resistance and delayed downward wetting. As 
infiltration continued, suction in the middle fine layer 
further declined as water accumulated above the fine-
coarse interface under the capillary-barrier effect, 
approaching 0 kPa as the layer neared saturation. After 
interface breakthrough, gravitational drainage caused a 
slight suction rebound. Finally, a sharp decrease in 
suction at 50 cm marked full structural breakthrough, 
occurring at 3.79 h, 6.11 h, and 12.24 h for T1, T2, and 
T3, respectively, consistent with breakthrough and 
seepage times inferred from the moisture records. 

 

 

 

Fig. 6. Matric suction variation curves of the PAM- modified 
quarry waste capillary-barrier structural layer: (a) 0% PAM; 

(b) 0.3% PAM; (c) 0.6% PAM 
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3.4 Discussion 

PAM has been widely used in agriculture and 
environmental management for erosion control, infiltration 
regulation, and water conservation, and has also shown 
potential in ecological restoration and slope rehabilitation. 
Previous studies have reported that PAM-based 
amendments can improve soil cohesion, enhance aggregate 
stability, and create more favorable moisture conditions for 
vegetation establishment, especially under relatively dry 
conditions. This is particularly important during seed 
germination and early seedling growth, when the cover 
substrate is most vulnerable to drying and instability[22]. 
In the present study, PAM improved water retention in the 
fine layer and promoted moisture accumulation near the 
fine-coarse interface, which could help support early plant 
establishment in quarry waste covers. Although the effect 
of PAM may gradually weaken under repeated wetting-
drying cycles and long-term environmental exposure, its 
engineering value remains meaningful[23]. Once 
vegetation is established and the cover system becomes 
more stable through root development and soil evolution, 
the ecological function of the system may become less 
dependent on PAM itself. 

However, the soil-column tests in this study only 
simulated a simplified one-dimensional infiltration process, 
whereas actual cover systems are influenced by a range of 
additional factors, including rainfall variability, 
evaporation, vegetation cover, and slope effects. Even so, 
the capillary-barrier concept has a solid engineering basis. 
This technique has been widely studied and applied in 
landfill and waste-cover systems, particularly in arid and 
semi-arid regions, where it has proven effective in reducing 
percolation and retaining moisture in the upper layer[24, 
25]. Against this background, applying the same concept to 
quarry ecological restoration is both reasonable and 
practically meaningful. The main innovation of this study 
lies in combining the capillary-barrier structure with 
artificial soil derived from quarry waste and PAM 
modification, thereby providing an important basis for the 
development of cover systems that integrate seepage 
control with ecological restoration. Nevertheless, further 
studies are still required to evaluate long-term durability, 
field-scale hydraulic behavior, and ecological adaptability 
under natural environmental conditions, with the aim of 
improving the reliability and practical applicability of this 
technology in quarry restoration. 

4 Conclusion 

A capillary-barrier cover system was constructed using 
quarry waste-derived artificial soil, and the effects of PAM 
amendment on rainfall infiltration behavior were 
investigated through indoor soil-column experiments. The 
results showed that PAM significantly delayed wetting-
front migration, reduced downward percolation, and 
increased water storage within the cover layer. A distinct 
capillary-barrier effect developed at the fine-coarse 
interface, where water accumulation and temporary upward 
redistribution were observed before breakthrough. With 
increasing PAM dosage, both the peak volumetric water 

content and the breakthrough time at the interface 
increased, indicating enhanced interfacial water retention 
and seepage resistance. Overall, PAM-modified 
capillary-barrier covers can effectively improve the 
hydraulic performance of quarry waste cover systems 
and show promising potential for anti-seepage design 
and ecological restoration in quarry areas. 
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