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ABSTRACT

The exploitation of hard coal generates substantial volumes of mining waste deposited on heaps
characterized by poor physicochemical properties, low fertility, and limited biological activity. These
post-mining landforms pose environmental risks, including erosion, self-heating, water contamination,
and ecosystem degradation. Effective reclamation strategies are therefore required to restore
ecosystem functions and support sustainable land use. This study evaluates biological reclamation
using bio-waste materials applied through dry and wet methods. Particular emphasis is placed on an
integrated wet reclamation approach combining mechanical substrate loosening with the simultaneous
application of a water—compost—seed slurry. An integrated reclamation unit was designed, consisting
of a cultivator module, a pump-mixing system, slurry tanks, a compaction roller, and a spraying
system, enabling all operations to be performed in a single pass. Technological analyses and
operational calculations indicate that the proposed method improves substrate quality, enhances water
retention, reduces erosion, and creates favorable conditions for vegetation establishment and early
plant succession. The approach supports soil restoration and ecological rehabilitation of degraded
post-mining waste heaps while creating favorable conditions for the recovery of ecological functions.

KEYWORDS: post-mining land reclamation; ecological rehabilitation; soil restoration,
biological reclamation, post-mining waste heaps
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1 INTRODUCTION

Hard coal mining generates considerable amounts of gangue, which constitutes an
inherent by-product of both extraction and processing operations. The run-of-mine material
transported to the surface undergoes mechanical treatment, primarily involving the separation
of coal from non-useful components. Gangue accompanies deposit exploitation regardless of
the technology applied, and its presence is also characteristic of coal beneficiation processes.
Only a small fraction of this material finds practical application, for example in backfilling
underground workings or land reclamation, whereas the vast majority is deposited on spoil
heaps [1].

Post-mining waste originates from Carboniferous rocks and is generated during mine
development, extraction, and coal beneficiation processes. The material deposited on spoil
heaps includes waste rock, washery waste, flotation tailings, and residual coal fractions, the
content of which depends on the efficiency of the applied processing methods [2—4].

Spoil heaps are a permanent element of mining landscapes and are characterized by
heterogeneous mineral composition, variable grain-size distribution, and continuously
evolving physicochemical properties resulting from weathering processes [5].

Long-term and large-scale mineral extraction results in a systematic increase in the
volume of post-mining waste, which directly intensifies environmental pressure. Spoil heaps
pose numerous hazards, the most significant of which include the risk of self-ignition and
fires, as well as the potential contamination of surface and groundwater. The high content of
heavy metals in many types of mining waste contributes to soil pollution and the degradation
of local ecosystems. Additionally, the intense geological and chemical processes occurring
within the heaps may further exacerbate their negative environmental impacts, making them
one of the key challenges in the management and protection of post-mining areas [6—10].

Beyond mitigating environmental hazards, reclamation of post-mining waste heaps
plays a crucial role in improving environmental conditions and supporting the ecological
rehabilitation of post-mining landscapes [11,12]. Effective reclamation strategies improve
soil quality, enhance water retention, reduce erosion processes, and create favorable
conditions for vegetation establishment and ecological succession. These processes increase
the long-term environmental value of formerly degraded mining areas [13-15].

In response to the increasing environmental pressures associated with the presence and
long-term functioning of spoil heaps, numerous reclamation measures are being implemented
to reduce their negative impacts and assign them new functions. Degraded post-mining areas
are increasingly being transformed into multifunctional landscapes that support ecological
restoration, renewable energy development, recreation, and other forms of sustainable land
use. Biological reclamation, involving the introduction of pioneer and successional plant
species, is one of the most widely applied approaches. This process stabilizes the substrate,
supports soil formation, and promotes the gradual recovery of ecological functions within
degraded post-mining environments.

Due to their geotechnical characteristics and the presence of waste materials, post-
mining heaps are generally unsuitable for residential, industrial, or agricultural development.
However, following reclamation, they may support various forms of sustainable land use,
including renewable energy installations, recreational areas, and ecological infrastructure.
Among these options, photovoltaic and wind energy systems are increasingly considered
viable pathways for the productive reuse of post-mining land [16—18].

Among the available reclamation techniques, biological reclamation based on organic
amendments has attracted increasing attention due to its potential to accelerate soil restoration
and vegetation establishment on highly degraded substrates [19, 20]. However, the
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effectiveness of such approaches depends strongly on the method of amendment application
and on the possibility of implementing reclamation treatments efficiently over large areas
[21].

The aim of this study is to evaluate an integrated wet reclamation method for the
ecological rehabilitation of post-mining waste heaps. The proposed approach combines
mechanical substrate preparation with the simultaneous application of a water—compost—seed
slurry in a single operational process. The study presents the design of an integrated
remediation unit and assesses its potential contribution to soil restoration, vegetation
establishment, and ecological rehabilitation of post-mining waste heaps.

2 BIOLOGICAL RECLAMATION OF POST-MINING WASTE HEAPS

Biological restoration of post-mining regions is a unique and exceptionally difficult
undertaking. This problem is common across central and southern Europe, where
environmental factors like extended dry spells, extreme heat, and water shortages create
further obstacles [22].

In these settings, a vital step in rehabilitating damaged terrain involves stabilizing the
top layer and jump-starting ecological cycles by using specialized aqueous-organic blends.
The success of these interventions is heavily influenced by the blend's ingredients and how it
is spread, as these factors dictate how evenly the ground is coated and whether plants can
access the life-sustaining elements they need. The task is especially daunting on mining waste
dumps, which consist mainly of large rocky fragments and suffer from a lack of moisture and
intense thermal shifts [23,24].

The materials found on these waste sites are similar to regolith, resulting in nutrient-
deficient, stony ground with inconsistent chemical and physical traits, frequently marked by
poor pH levels and insufficient nitrogen. Such grueling environments significantly restrict
plant development, favoring the arrival of hardy, stress-resistant organisms—mostly
indigenous groups that appear through natural colonization. A range of research validates that
plants establishing themselves on untreated waste piles via protracted natural processes create
the most resilient and enduring greenery [25]. A comparable trend is seen in fresh
environments on coal waste heaps, where natural colonization results in the emergence of
ecosystems with distinctive, unprecedented species mixes. Studies on the link between
biological variety and the size of the environment show that more expansive heaps can
accommodate a wider range of flora, with the specific mix of species changing based on the
site's dimensions and maturity. These results prove that colonization patterns on mineral-
based grounds are strictly tied to the physical dimensions and the particular environmental
traits of the location [26]. Consequently, external amendments are often required to initiate
soil-forming processes and support vegetation establishment.

Currently, reclamation and greening of post-mining areas rely predominantly on
specialized contractors using standard agricultural machinery or construction equipment.
Although these methods are widely applied, their effectiveness may be limited, particularly in
hard-to-access locations. Moreover, they require regular maintenance treatments; otherwise,
the introduced vegetation gradually declines, giving way to spontaneously colonizing species
[27,28].

Preparing the soil substrate for biological reclamation on post-mining waste heaps
(Figure 1) constitutes a critical stage in restoring ecological functions and supporting soil
restoration in degraded post-mining landscapes. Spoil-heap substrates are characterized by
high compaction, limited water infiltration, negligible organic matter content, and often
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elevated concentrations of toxic mineral components, which in practice prevent the use of
conventional agrotechnical treatments. For this reason, advanced reclamation engineering
methods are required to effectively loosen the surface layer and create conditions conducive
to subsequent biological interventions.

Fig 1. Hardened surface of one of the Silesian waste heaps [own work]

3 RECLAMATION METHODS —- TECHNOLOGICAL APPROACH

In the biological reclamation of post-mining waste heaps, various application methods
are used depending on environmental conditions, reclamation objectives, and the
technological assumptions of the process.

In the approach analyzed here, the reclamation material—compost (bio-waste)—was
considered in two application forms: a dry form (hereafter referred to as the dry method) and
a liquid form (wet method). The choice of application variant is determined by the
physicochemical properties of the waste heap, the availability of water resources, the
intended reclamation outcomes, and the technological and equipment-related constraints [29].

3.1 Dry Method

The dry method represents one of the fundamental approaches to the biological
reclamation of post-mining areas. It involves mechanical soil treatment combined with the
dry application of bio-waste. Due to terrain conditions—namely prior surface hardening and
the type of material accumulated within the heap—mechanical operations can be performed
only to a depth of several to, at most, a dozen or so centimeters. After loosening the heap
surface, the application of bio-waste would be carried out mechanically, for example using a
manure spreader.

This method appears relatively simple and cost-effective. It allows the use of machinery
typical for heavy agricultural or road-construction work. However, dry soil treatment has its
limitations. In the case of dry and dusty substrates, it may lead to secondary dust emissions,
posing environmental risks and health hazards for on-site workers. Moreover, under
conditions of low soil moisture and the absence of humus, the fragmented particles remain
loose and are therefore susceptible to wind erosion and surface runoff during rainfall events.
Soil prepared using the dry method requires an additional step—watering or fertilization—
before seeding can be performed. Consequently, the effectiveness of this method in
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supporting soil restoration and vegetation establishment on severely degraded post-mining
waste heaps may be limited [19,30].

3.2 Wet Method

The wet method combines mechanical loosening of the substrate with the simultaneous
application of water and sieved compost in the form of an aqueous suspension. In this
technology, during soil loosening with working teeth, a stream containing water and finely
fragmented organic material is directed onto the tool’s working zone or immediately behind
it. The mixture is delivered through a system of nozzles or perforated pipes integrated into the
machine’s working frame. This approach enables localized watering and enrichment of the
soil directly at the point of penetration. Moisture improves the structure of the substrate,
facilitates its disaggregation, reduces dust emissions, and promotes the formation of
microstructures favorable for subsequent microbial development and plant root
establishment. Compost acts as a biological activator, introducing organic matter and
supporting soil restoration and the recovery of biological activity within the degraded
substrate. An additional advantage of the wet method is the mechanical stabilization of the
soil—moist material exhibits greater cohesion, reducing its displacement by wind or water.
As a result, the method provides initial stabilization of soil particles and creates a biologically
active surface favorable for vegetation establishment and ecological succession [19,30,31].

Although the wet method is technologically more complex—requiring water tanks,
mixing systems, pumps, and hydraulic installations—its application on severely degraded
sites can offer substantial benefits. Most importantly, it reduces the negative environmental
impact of earthworks. Dust emissions are minimized, and the time needed to prepare the soil
for subsequent treatments is shortened. The simultaneous loosening, watering, and
introduction of organic material should provide a strong foundation for integrated biological
reclamation. In the case of post-mining waste heaps, where the substrate often lacks any
biological activity, the use of water significantly increases the likelihood of successful
vegetation establishment and creates favorable conditions for subsequent ecological
succession [32,33]. It is also important to consider that the surfaces of such areas are typically
highly exposed to sunlight and can heat up intensely, which accelerates the drying of the
topsoil layer. Therefore, it may be advantageous to apply seed material together with water
and compost. This approach enables the near-immediate initiation of the greening process
and improves moisture utilization.

Given the characteristics of the substrate, its degree of compaction, and the prevailing
climatic conditions, the wet method was selected for further analysis due to its potential to
improve substrate quality, support vegetation establishment, and facilitate the biological
reclamation of post-mining waste heaps.

4 DESCRIPTION OF THE WET RECLAMATION PROCESS

The treatments carried out on the surface of the waste heap aim to break up the
compacted mass, improve the permeability of the deposited material, and create conditions
for subsequent soil restoration and biological reclamation activities. The preparation of the
heap for further stages of reclamation is planned as a technologically integrated process
performed in a single operational pass. This approach reduces substrate disturbance,
minimizes operational costs, and increases the overall efficiency of the procedure.

The process begins with mechanical loosening of the top layer. The surface of a waste
heap is typically highly compacted, structureless, and biologically inactive. To loosen this
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substrate, working teeth (subsoilers or milling cutters) will penetrate to a depth of several to a
dozen or so centimeters, depending on local conditions. This operation is intended to break
up the compacted mass, improve soil permeability, and create favorable conditions for
subsequent soil restoration and vegetation establishment.

Simultaneously with loosening, a water—compost suspension will be applied to the
treated soil. The mixture will be delivered through a system integrated into the machine’s
working frame, enabling precise dosing exactly where the soil has been disturbed. Compost
will serve as a source of organic matter and soil microorganisms, while water will reduce dust
emissions and improve the binding of substrate particles. The moist environment will support
the formation of favorable soil microstructures and constitute the first step in restoring
biological activity and initiating soil-forming processes. The suspension application may also
be supplemented with plant seeds to promote vegetation establishment during the early stages
of reclamation.

The final stage of the treatment will involve compacting the surface of the worked layer
using a tubular mesh roller. Mechanical pressure will level the terrain, stabilize the soil, and
improve contact between the substrate and the applied suspension. This will reduce erosion
risk, enhance moisture retention, limit the displacement of organic material, and improve
conditions for vegetation establishment.

In summary, the proposed reclamation process integrates mechanical and biological
treatments aimed at improving substrate properties, initiating soil-forming processes, and
creating conditions conducive to the ecological rehabilitation of post-mining waste heaps.
The process can be divided into three key stages:

e loosening of the substrate,
e application of the water—compost (or water—compost—seed) suspension,
e compaction of the top layer.

5 DESIGN OF THE REMEDIATION UNIT USING WET-APPLIED BIO-WASTE

In the process of preparing the surface of a waste heap for reclamation, appropriate
technical solutions are required to enable effective substrate loosening and the application of
reclamation materials aimed at supporting soil restoration and vegetation establishment.

To allow for seeding, the first essential step is to break up and loosen the hardened
surface of the heap. This operation can be performed using a cutting or milling head (Figure
2) mounted on a working machine, such as a crawler excavator, installed in place of the
bucket (an example excavator is shown in Figure 3). This solution will allow the compacted
surface layers of the heap to be loosened; however, due to the relatively narrow working
width of the head, several passes of the machine will be required to achieve a sufficiently
wide area prepared for subsequent treatment.
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Fig 2. MB-R800 milling head [34] Fig 3. Example excavator used in the process [35]

In another approach to loosening the surface of the waste heap, a recycler (soil
stabilizer) may be used. Owing to its specialized mixing—milling drums, the device enables
breaking up the upper soil layer, fragmenting it, and combining it with an externally supplied
agent, such as a soil-improving additive. Recyclers are available as standalone mobile units
or as modules mounted on other equipment, for example on agricultural tractors (Figures 4
and 5).

Unfortunately, recyclers also have limitations, primarily due to the fact that they are
designed for flat and relatively even terrain. Moreover, they do not include a material hopper
and require continuous external feeding, for instance from a tanker truck, which may not
always be able to access all areas of the reclamation site.

A

Fig 4. Recycler [36] Fig 5. Tractor-mounted recycler [37]

Taking into account the potential applicability and the known limitations of both the
milling head mounted on an excavator boom and the tractor-mounted recycler, a dedicated
working system was proposed, functioning as a complete remediation unit. A visualization of
this unit, presented as a 3D model, is shown in Figure 6.
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Fig 6. Complete remediation unit: 1 — agricultural tractor, 2 — remediation unit [own work]

The designed unit for preparing the waste heap surface for reclamation is based on a
mobile system towed by an agricultural tractor. The entire setup forms an integrated
cultivation-and-application device designed to support the ecological rehabilitation of post-
mining waste heaps through simultaneous substrate preparation and amendment application.

Due to the demanding environmental conditions, the power and traction source of the
system should be an agricultural tractor with a minimum engine power of 150 kW and an
operating weight of at least 7 tonnes. An example of a tractor meeting these requirements is
shown in Figure 7, while Table 1 presents its basic technical parameters.

Fig 7. John Deere 6195M tractor [38]

Table 1. Basic technical parameters of the John Deere 6195M tractor [38]

Parameter Specifications
Engine 6-cylinder, 6.8-liter PowerTech PVS
Maximum power 159 kW (216 hp)
Transmissions Options: PowrQuad™ Plus, AutoQuad™ Plus,

| Inzynieria Mineralna —Styczen - Czerwiec 2026 January - June Journal of the Polish Mineral Engineering Society |




CommandQuad™ Plus

Wheelbase 2800 mm

Hydraulic system 155 dm?*/min

Optional equipment Front three-point hitch (front linkage), front PTO, transport
hitch, K80 ball hitch, field hitch

Weight 7500 kg

Tyres Front: 600/65R28; Rear: 710/70R38

Dynamic load sensing Yes

Self-locking differential Yes

The tractor presented above offers high power and advanced technologies that allow it
to meet various challenges, not only in agriculture. A working unit frame is mounted to the
tractor, serving as the supporting structure for the entire system. In its front section (in the
direction of travel), working teeth are mounted in the form of a ploughshare or subsoiler,
responsible for mechanical loosening of compacted soil to a depth of approximately 50 mm.
The working depth can be adjusted via the tractor's hydraulic cylinders. Two tanks for storing
a water—compost—grass seed mixture and a pump responsible for distributing the mixture to
the frame-mounted spraying unit are located on the frame.

Directly behind the frame, there is a tubular roller designed to compact the top layer.
This roller stabilises the ground, improves contact between the applied slurry and the soil,
and prevents excessive drying or displacement of organic material. The roller's downforce is
hydraulically adjusted to avoid over-compaction while ensuring an optimal stabilisation
effect. The working unit has a width of 3600 mm, enabling efficient operation in difficult
spoil tip conditions while maintaining a balance between efficiency and machine mobility.

As previously mentioned, the tanks will be used to store a water-based mixture of
compost and grass seeds. It is assumed that the mixture will be prepared in proportions (per
tank) that allow for easy pumping: approximately 900 dm?* of water, 20—40 kg of screened
compost with a grain size below 3 mm, and about 70 kg of grass seeds (tall, red, and sheep
fescue; common bent; perennial ryegrass; white clover; serradella; and yellow sweet clover).
Screening the compost and using a fraction below 3 mm will ensure the free flow of the
mixture through the spray nozzles without the risk of clogging.

Compost plays a fundamental role in the biological reclamation of degraded areas, such
as post-mining spoil tips. Soils in these environments are typically extremely barren, lacking
humus, microorganisms, and a structure conducive to water retention and plant growth. The
introduction of compost initiates soil restoration processes and supports the gradual recovery
of biological activity within the degraded substrate. Mature compost enriches the soil with
organic matter, improves its physical structure, and stimulates the development of soil
microorganisms. Its presence increases soil water capacity and the ability to retain nutrients.
Compost also initiates the formation of humus—the most valuable fraction of organic matter,
responsible for a permanent increase in substrate fertility.

In the context of preparing the soil for further reclamation activities, compost can be
applied both superficially and point-wise—for example, in the form of a slurry applied
simultaneously with water during the technological process. Its uniform distribution within
the treated soil layer ensures the effective incorporation of organic components into the
substrate. Standard recommendations suggest a dose of 1.5-3 dm*-m™.

In the case of spoil tips, which are environmentally dead, compost serves not only a
fertilising function but, above all, a reclamation one. It enables the initiation of biological
succession and creates conditions conducive to the recovery of ecological functions within
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the soil, such as water storage, supporting microbial life, and physicochemical stabilisation of
the substrate [20,39].

As for the grasses, these species are particularly recommended for sowing on very
challenging soils. They tolerate barren, mineral substrates, endure drought, nutrient
deficiencies, and pH levels of 4-8. They provide rapid binding of the spoil tip surface,
protecting it from wind and water erosion, and work well with compost. Generally, fescues
exhibit the highest drought resistance, grow well in poor and compacted soils, and develop a
strong root system that stabilises the tips. Common bent tolerates acidic soils well, is
effective for rapid sodding, and is frequently used in reclamation mixtures. Perennial ryegrass
germinates quickly, providing rapid cover. White clover fixes nitrogen and improves the soil
conditions of the spoil tip. Meanwhile, serradella and yellow sweet clover increase nitrogen
and organic matter content while demonstrating high drought resistance [40,41].

In short:

e water — acts as a biological activator, providing the moisture required for
vegetation establishment;

e dry, screened compost — enriches the barren substrate with organic matter and
nutrients while supporting soil restoration processes;

e seed mixture of grass and clover species — these plants have low habitat
requirements, which increases the likelihood of their growth in the challenging
soil conditions of the spoil tip.

The primary unit of the system is the reclamation assembly (Figure 8), which is
designed to:
e loosen the hardened surface of the spoil tip — preparing the ground for sowing;
e apply a water-based mixture of biomass and grass seeds onto the loosened
surface;

e level the surface while pressing the biomass and seeds into it — ensuring better
bonding of the applied material with the soil.

The assembly consists of the following units: frame, cultivator, pump, tanks, roller, and
spraying system.
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Fig 8. Remediation assembly: 1 — frame assembly, 2 — cultivator assembly, 3 — pump assembly, 4 — tank
assembly, 5 — roller assembly, 6 — spraying assembly [own work]

The frame assembly (Figure 9) is a welded steel structure made of cold-formed square
hollow sections. The cultivator assembly is mounted to the frame unit. The design includes
pin brackets to enable the installation of the roller assembly. Additionally, dedicated brackets
for the installation of the spraying assembly are provided. These brackets, made of flat bars,
can be either welded or bolted to the frame structure. The latter solution allows for easy

disassembly during frame transport.

1055

% o

Fig 9. Frame assembly: 1 — frame, 2 — pin brackets, 3 — spraying assembly brackets [own work]

The cultivator assembly (Figure 10) consists of a series of shank assemblies mounted to
the frame. The shank assembly is the key working element of the cultivator and is designed to
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loosen the hardened surface of the spoil tip. Each assembly is mounted to the frame using
bolts and clamps; this approach allows for its quick removal and adjustment of the working
spacing.

Fig 10. Cultivator assembly: 1 — cultivator shank assembly, 2 — fastening element, 3 — spring tine (spring arm), 4
— share (plowshare) [own work]

During operation, the share (item 4) penetrates the hardened surface of the spoil tip,
causing it to loosen. It is assumed that the penetration depth should not exceed approximately
50 mm. Such operation does not generate a significant load on the agricultural tractor. In the
event of hitting an obstacle, the spring arm (item 3) deflects, lifting the share and protecting
the structure from damage. After passing the obstacle, the element automatically returns to its
working position due to its elasticity.

The pump assembly (Figure 11) is responsible for distributing the diluted mixture of
compost and grass seeds to the spray nozzles. The pump used is a centrifugal unit,
characterised by a flow rate of approximately 100 dm*-min™! at a pressure of about 0.15 MPa
(1.5 bar). It is driven by a hydraulic motor, powered by the tractor’s hydraulic unit. The
pump's suction and discharge ports are equipped with T-connectors, enabling the proper
functioning of the entire set. The suction port is connected to both tanks, while the discharge
port ensures the simultaneous delivery of material to the two feed ports of the spray pipe.
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Fig 11. Pump assembly: 1 — pump, 2 — hydraulic motor, 3 — coupling with housing, 4 — suction port, 5 —
discharge port [own work]

The tank assembly (Figure 12) is a commercially available product with a capacity of 1
m?, made of polypropylene and housed in a steel frame. It is equipped with devices ensuring
the proper operation of the entire unit, which include:
e an agitator — providing continuous stirring of the water—compost—grass seed
mixture;
e a level sensor — ensuring continuous measurement of the mixture level in the
tank, allowing the pump to be switched off to prevent dry running;
e an inspection hatch — made of aluminium or steel sheet, used for refilling the
tank and for pressure equalisation (a loose fit prevents the tank walls from
collapsing inward due to negative pressure).

Fig 12. Tank assembly: 1 — tank, 2 — agitator, 3 — level sensor, 4 — inspection hatch [own work]
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The agitator (Figure 13) is designed to prevent the sedimentation of compost and grass
seeds at the bottom of the tank. It is an assembly consisting of:

e a hydraulic motor — providing the drive for the agitator impeller;

e a coupling with housing — ensuring a proper connection between the hydraulic
motor shaft and the impeller shaft;

e an agitator impeller — enabling continuous movement of the liquid in the tank,
preventing sedimentation of the mixture, which could otherwise become
unpumpable;

e a hydraulic valve — an electrically controlled valve that enables the flow of oil
supplying the hydraulic motor.

Figure 13. Agitator: 1 — hydraulic motor, 2 — coupling with housing, 3 — agitator impeller, 4 — electrically
controlled hydraulic valve [own work]

The roller assembly (Figure 14) is a steel structure. Its purpose is to level the surface
loosened by the shares while simultaneously pressing the applied compost and grass seeds
into it. The roller assembly consists of the following components:

e roller — a welded steel structure in the form of a screw mounted on a pipe and a
square-mesh grid;

e positioning unit — consisting of two hydraulic cylinders powered by the tractor's
hydraulic system, responsible for raising and lowering the roller;

e bracket — an element connecting the roller to the cylinders of the positioning
unit.
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Fig 14. Roller assembly: 1 — roller, la — mesh, 1b — support structure, 1c¢ — pipe, 2 — positioning unit, 3 — bracket
[own work]

The spraying assembly (Figure 15) is a pipe with an internal diameter of 30 mm,
featuring two feed ports and eight spray nozzles.

3600

Fig 15. Spraying assembly: 1 — transport pipe, 2 — feed port, 3-6 — spray nozzles [own work]

It is assumed that H1/2U-SS8010 flat fan nozzles (VeelJet® Nozzle, Figure 16) are
used. They are evenly distributed along the entire length of the transport pipe. The nozzle
design ensures that as the liquid flows through the orifice, a flat spray pattern is formed,
which widens as it moves away from the outlet, creating a fan-shaped spray. The spray angle
is 93°, ensuring uniform coverage of the soil surface at low operating pressure. This solution
enables the effective distribution of the aqueous compost and grass seed mixture onto the
previously loosened soil layer.

Fig 16. H1/2U-SS8010 flat fan nozzle — VeeJet® Nozzle [42]
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The technical parameters of the nozzle shown in the figure above are as follows:
connection: Y2 inch, male thread;

orifice diameter: 5.2 mm,;

operating pressure: 1.5 bar;

flow rate: 19.5 dm’*min’!;

spray angle: 93°.

The use of a flat fan nozzle appears to be the most advantageous for the intended
operation of the spraying unit; however, the possibility of using other nozzle types that
guarantee different spray geometries is not excluded. It is also possible to use simple outlet
ports made of pipe with an internal diameter of 5 mm.

6 PERFORMANCE ANALYSIS OF THE REMEDIATION ASSEMBLY

In the proposed reclamation process, it was assumed (based on the available literature)
that the application rate of the aqueous compost and seed mixture should range from 400 to
600 dm*ha™'. The mixture is not intended to form a cover layer but rather to ensure the
uniform distribution of compost and seeds, thereby supporting vegetation establishment
during the initial stages of biological reclamation. At a tractor operating speed of
approximately 4 km-h! (whereas for difficult ploughing conditions the range is 5-6 km-h!; a
lower speed was adopted in this study) and an aqueous mixture flow rate of approximately
100 dm*-min™!, the sowing material is sufficient for approximately 20 minutes of operation:

v
Q (1)
where:
t - operating time [min];
V - tank volume [dm?];
Q - pump flow rate [dm*/min].
_2-1000
t="To0 _ 20min]

During this time, the assembly will travel a distance of approximately 1.3 km:

s=v-t (2)
where:
s - distance traveled [km];
v - tractor speed [km/h];
t - operating time [h].
=4 1 = 1,3[k
S = 3 =41, [ m]

It follows from the above that with a spraying assembly width of L = 3.6 m and a
distance traveled of s = 1300 m, the mixture will cover an area of 4680 m? (0.468 ha):

P=L-s (3)

where:
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P - area [m?];
L - spraying assembly width [m];
s - distance traveled [m].

P =3,6-1300 = 4680[m?]

7  CONCLUSIONS

Post-mining spoil tips are a permanent feature of the landscape in mining regions and
represent one of the most significant environmental challenges associated with coal mining.
Their substrates are poor, skeletal, and devoid of organic matter and biological activity,
which significantly hinders reclamation efforts. Traditional methods based on mechanical
loosening and surface application of materials often prove insufficient, particularly under
conditions of low humidity, high solar radiation, and substrate instability. This study
demonstrates that the wet method—which combines soil loosening with the simultaneous
application of an aqueous compost suspension and seeds—constitutes an effective alternative.
This solution facilitates the optimization of substrate properties, reduces dust emissions,
enhances moisture retention, and supports the initiation of biological processes and
vegetation establishment.

The proposed design of the remediation assembly, based on a mobile system towed by
an agricultural tractor, allows the entire process to be performed in a single working pass:
loosening the substrate, applying the mixture, and compacting the surface layer. The
assembly structure comprises a steel support frame, a cultivator module with flexible shanks,
a pump-mixing system with two tanks (1 m?® capacity each) equipped with hydraulically
driven agitators, a spraying system featuring flat fan nozzles, and a tubular roller for substrate
stabilisation. Engineering calculations confirmed that with a pump flow rate of 100 dm? -
min"! and a working width of 3.6 m, it is possible to cover approximately 0.47 ha per work
cycle, which corresponds to the recommended application rates for biological reclamation.

The developed solution offers several significant advantages: it improves conditions for
vegetation establishment under the extreme conditions of post-mining spoil tips; enables
sowing and reclamation in a single pass (resulting in savings in time and fuel while limiting
substrate disturbance); ensures precise application of compost, water, and seeds (minimising
material loss and improving process efficiency); reduces water erosion and dust emission by
stabilising the surface during treatment; and creates favourable conditions for ecological
succession and soil restoration processes.

The technology also has certain limitations that must be considered during work
planning. The most important include excessive slope gradients of the spoil tips, which may
hinder machine operation, and heavy rainfall during or immediately after application, which
could lead to mixture runoff and reduced treatment effectiveness.

In conclusion, the wet method, supported by the dedicated reclamation assembly,
represents a technologically justified, economically viable, and environmentally beneficial
solution for the biological reclamation of post-mining areas. It enables the rapid initiation of
vegetation establishment and ecological succession, supports substrate stabilisation, and
creates conditions conducive to soil restoration and the recovery of biological activity. In a
broader perspective, it may also facilitate the future development of reclaimed areas,
including their use for renewable energy installations.

| Inzynieria Mineralna —Styczen - Czerwiec 2026 January - June Journal of the Polish Mineral Engineering Society ‘




8

[1]

(2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

REFERENCES

Nowak, J. Wplyw stopnia termicznego przeobrazenia odpadow poweglowych na ich
sktad mineralny 1 petrograficzny. Gospod. Surow. Miner. 2014, 1, 143-159. DOI:
10.2478/gospo-2014-0009

Probierz, K.; Gawor, L.; Jonczy, I.; Marcisz, M. Waloryzacja zwalowisk odpadow
pogorniczych z kopaln Katowickiego Holdingu Weglowego S.A. Gospod. Surow.
Miner. 2017, 33, 35-50 DOI 10.1515/gospo-2017-0006.

Tabor, A. Techniczno-ekologiczna problematyka sktadowania odpadow
poweglowych: Materialy na konferencj¢: "Odpady przemystowe i komunalne
wojewodztwa Slaskiego - powstawanie oraz mozliwosci ich zagospodarowania".
Katowice, 17 czerwca 1999. In: Pr. nauk. GIG 1999, 29 seria: Konferencje, 111-121.

El Aallaoui, A.; Elghali, A.; Hakkou, R.; et al. 3D geometallurgical characterization
of coal mine waste rock piles for their reprocessing purpose. Int. J. Coal Sci. Technol.
2025, 12, 108. https://doi.org/10.1007/s40789-025-00756-7.

Klojzy-Karczmarczyk, B.; Mazurek, J.; Staszczak, J. Analiza jako$ci odpadow z
nieczynnej hatdy gornictwa wegla kamiennego w odniesieniu do wymagan
stawianych odpadom wydobywczym oboje¢tnym. Zesz. Nauk. Inst. Gosp. Surowcami
Miner. Energig PAN 2016, 95, 227-242 https://znigsme.min-pan.krakow.pl/pdf-
121462-49982?filename=Analysis%200%20the%20quality.pdf (accessed on 13
April 2026).

Monjoie, A.; Schroeder, C. Instabilités de versants de terrils en relation avec
I’autocombustion des schistes etcharbons résiduels. Rev. Fr. Géotech. 2001, 95/96,
91-102. https://doi.org/10.1051/geotech/2001095091.

Kochmar, I.; Karabyn, V. Statistical Analysis of Soil Contamination in Vicinity of
Coal-Processing Plant: Implications for Ecosystem Stability. Geomatics and
Environmental Engineering 2025,19/6, 97-125 DOI: 10.7494/geom.2025.19.6.97.

Wasilewski, S.; Skotniczny, P. Mining waste dumps - modern monitoring of thermal
and gas activities. Gospod. Surow. Miner. 2015, 1, 155-181. DOI:10.1515/gospo-
2015-0010

Bian, Z.; Dong, J.; Lei, S.; Leng, H.; Mu, S.; Wang, H. The impact of disposal and
treatment of coal mining wastes on environment and farmland. Environ. Geol. 2009,
58, 625-634. https://doi.org/10.1007/s00254-008-1537-0.

Kowol, D.; Matusiak, P.; Baron, R.; Friebe, P.; Jendrysik, S.; Bigda, J.; Czardybon,
A.; Ignasiak, K. Application of Jigging Beneficiation for Processing of Waste from
Post-Mining Heaps for Circular Economy Purposes. Minerals 2025, 15, 1108,
https://doi.org/10.3390/min15111108.

| Inzynieria Mineralna —Styczen - Czerwiec 2026 January - June Journal of the Polish Mineral Engineering Society ‘




[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

von Dohren, P.; Haase, D. Ecosystem Services for Planning Post-Mining Landscapes
Using the DPSIR Framework. Land 2023, 12, 1077.
https://doi.org/10.3390/1and12051077.

Konczak, B.; Hamerla, A. Assessment of Ecosystem Service Potential in Post-Mining
Areas for Sustainable Management. Scientific Papers of Silesian University of
Technology. Organization and Management Series 2025, 232, 291-305.
https://doi.org/10.29119/1641-3466.2025.232.14

Hu, J.; Zhu, S.; Yang, K.; Ren, Y.; Zhang, Z.; Tang, M.; Han, F.; Zhen, Q. Effects of
Different Reclaimed Mine Land Use Patterns on the Soil Properties and Water

Infiltration of Opencast Coal Mines in the Northern Loess Plateau, China. Catena
2024, 243, 108193. https://doi.org/10.1016/j.catena.2024.108193

Wiegckol-Ryk, A.; Pierzchata, L..; Bauerek, A. Sustainable Reclamation of Post-
Mining Areas in Poland: The Long-Term Effects of Soil Substitute Covers and
Phragmites australis Plantations. Sustainability 2025, 17, 11294.
https://doi.org/10.3390/su172411294

Mou, Y.; Lu, B.; Wang, H.; Wang, X.; Sui, X.; D1, S.; Yuan, J. Evaluative Potential
for Reclaimed Mine Soils Under Four Revegetation Types Using Integrated Soil
Quality Index and PLS-SEM. Sustainability 2025, 17, 6130.
https://doi.org/10.3390/su17136130

Trybus B. Fotowoltaika w zaktadach gorniczych. Bezp. Pr. Ochr. Sr. Gor. 2023, 12,
18-23.

Kaczmarczyk, K.; Dobrzaniecki, P.; Woszczynski, M.; Balaga, D.; Szewerda, K.;
Dymarek, A. Wind Power Plants and Selected Technical and Economic Aspects of
Their Construction on Mine Heaps. Energies 2023, 16, 6827,
DOI:10.3390/en16196827.

Woszczynski, M.; Jasiulek, D.; Jagoda, J.; Kaczmarczyk, K.; Matusiak, P.; Kowol,
D.; Marciniak, B. Monitoring of the mining waste neutralization facility of LW
Bogdanka. Acta Montan. Slovaca 2023, 1, 236-249, DOI:10.46544/AMS.v28i1.19.

Feng, Y.; Wang, J.; Bai, Z.; Reading, L. Effects of surface coal mining and land
reclamation on soil properties: A review. Earth-Science Reviews 2019, 191, 12-25.
https://doi.org/10.1016/j.earscirev.2019.02.015

Paradelo Nufiez, R. Use of compost for the restoration of mine wastes and mine soils.
Boletin Geologico y Minero 2013, 124(3), 405-419.
DOI:10.21701/bolgeomin.124.3.004

Siegmund, M., Bataga, D., Roumpos, C., Servou, A., Gkoutzou, A., Hullot, O.
Automated Spraying System for Post-Mining Land Reclamation —Structural Design
and Functional Testing. Min. Mach. 2025, 43, 254-268.
https://doi.org/10.32056/KOMAG2025.22.

| Inzynieria Mineralna —Styczen - Czerwiec 2026 January - June Journal of the Polish Mineral Engineering Society ‘




[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Kavvadas, M.;Roumpos, C.; Servou, A.; Paraskevis, N. Geotechnical Issues in
Decommissioning Surface Lignite Mines-The Case of Amyntaion Mine in Greece.
Mining 2022, 2(2), 278-296. https://doi.org/10.3390/mining2020015.

Rostanski, A. Spontaniczne ksztattowanie si¢ pokrywy roslinnej na zwatowiskach po
gorictwie wegla kamiennego na Gornym Slasku. Katowice, Poland, 2006,
Wydawnictwo Uniwersytetu Slaskiego. ISBN: ISBN 83-226-1536-1

Sebelikova, L.; Csicsek, G.; Kirmer, A.; Vitovcova, K.; Ortmann-Ajkai, A.; Prach,

K.; Rehounkova, K. Spontaneous Revegetation vs. Forestry Reclamation—Vegetation
Development in Coal Mining Spoil Heaps across Central Europe. Land Degradation
& Development 2019, 30(3), 348—356. https://doi.org/10.1002/1dr.3233

Dulewski, J.; Wtorek, L. Problemy przywracania wartosci uzytkowych gruntom
zdegradowanym dziatalno$cig gorniczg. Inzynieria Ekologiczna 2000, 1, 14-22.

Wozniak, G.; Bakr, J.; Dyczko, A.; Jarosz, J.; Rys, K.; Radosz, L; Kaul, S.; Adamik,
K.; Besenyei, L; Prostanski, D. The diversity and plant species composition of the
spontaneous vegetation on coal mine spoil heaps in relation to the area size. Min.
Mach. 2023, 41, 68-84. https://doi.org/10.32056/KOMAG2023.1.7.

Patrzalek, A. Udzial i rola roslinno$ci spontanicznej w tworzeniu si¢ zbiorowisk z
wysiewanymi odmianami traw na gruncie z odpadowej karbonskiej masy skalne;.
Fragmenta Floristica et Geobotanica Polonica 2000, 7, 215-227.

Sebelikova, L. Spontaneous Revegetation vs. Forestry Reclamation of Mining Sites.
University of South Bohemia, Czech Republic, 2018.

Wos, B.; Pajak, M.; Chodak, M.; Likus-Cieslik, J.; Pietrzykowski, M. Projekt Tracer 1
dobre praktyki w rekultywacji terenéw po goérnictwie wegla jako elementu
transformacji energetycznej. Wydawnictwo Naukowe TYGIEL: Lublin. Poland,
2023. ISBN 978-83-66861-34-3

Strzyszcz Z.; Harabin Z. Rekultywacja I biologiczne zagospodarowanie odpadow
gornictwa wegla kamiennego ze szczegdlnym uwzglgdnieniem centralnych
zwatowisk, Instytut Podstaw Inzynierii Srodowiska Polskiej Akademii Nauk, Zabrze,
Poland 2004. ISBN 8392151410

Krzaklewski W. Podstawy rekultywacji lesnej, Wydawnictwo Uniwersytetu
Rolniczego w Krakowie, Krakéw, Poland 2017 ISBN 978-83-64758-53-9

Kompata-Baba, A., Bierza, W., Blonska, A., & Sierka, E. Vegetation diversity on coal
mine spoil heaps — how important is the texture of the soil substrate? Biologia 2019,
74(3), 255-269. https://doi.org/10.2478/s11756-019-00218-x

Przyczyna, M. Mulczowanie gleby — czym jest 1 kiedy si¢ je stosuje? TMC Cancela
Polska. 2024. https://tmccancela.pl/mulczowanie-gleby-czym-jest-i-kiedy-sie-je-
stosuje/ (accessed on 03 October 2025).

| Inzynieria Mineralna —Styczen - Czerwiec 2026 January - June Journal of the Polish Mineral Engineering Society ‘




[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

https://www.maszynybudowlane.pl/produkt/glowica-urabiajaca-mb-r800/ (accessed
on 03 October 2025).

https://www koparki24.com/pl/160-koparka-gasienicowa-jcb-js-130.html (accessed
on 03 October 2025).

https://tozamet.pl/oferta/produkcja/stabilizator-gruntu/ (accessed on 06 October
2025).

https://stabilizator-gruntu.pl/co-to-recykler/ (accessed on 06 October 2025).

https://agrosharing.pl/maszyny-na-wynajem/ciagnik-rolniczy-john-deere-6195m/
(accessed on 08 October 2025).

https://protect-garden24.pl/nawozenie-przed-siewem-jak-przygotowac-glebe/
(accessed on 06 October 2025).

https://wpolu.pl/mieszanka-rekulting-20kg.html (accessed on 07 October 2025).

Bloniska A., Kompata-Baba A. 1 inni, Diversity of Vegetation Dominated by Selected

Grass Species on Coal-Mine Spoil Heaps in Terms of Reclamation of Post-Industrial
Areas. Journal of Ecological Engineering 2019, 20, Issue 2, pages 209-217
https://www.jeeng.net/Diversity-of-vegetation-dominated-by-selected-grass-species-
on-coal-mine-spoil-heaps,93870,0,2.html (accessed on 10 October 2025).

https://portal.spray.com/en-eu/products/h1-4u-ss8010 (accessed on 12 November
2025).

| Inzynieria Mineralna —Styczen - Czerwiec 2026 January - June Journal of the Polish Mineral Engineering Society





  t =   V  Q    


  t =   2 ∙ 1000 100 = 20 [ m i n ]    


  s = v ∙ t    


  s = 4 ∙  1 3 ≅ 1 , 3 [ k m ]    


  P = L ∙ s    


  P = 3 , 6 ∙ 1300 = 4680 [   m 2 ]    

