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Abstract: In this paper, an attempt has been made to investigate the possibility of using coal sludge
to seal a landfill site by presenting the results of their compressibility and permeability tests. Coal
sludge is a fine-grained waste from the coal enrichment process, and its permeability is also highly
dependent on its degree of consolidation. The tests were carried out in a Rowe Cell, making it
possible to determine the water permeability coefficient more precisely by determining the degree of
the material consolidation during testing. The test was carried out using backpressure conditions.
The test procedure in the Rowe Cell consisted of the following three steps: saturation, consolidation,
and filtration. The coal sludge was taken directly from the filter presses as a by-product of the fines’
coal enrichment process. The paper presents the results of the individual stages performed in a Rowe
Cell. The consolidation coefficient was determined using three different methods (Casagrande, Taylor,
and Robbinson methods). The permeability coefficient was measured by the indirect and the direct
method, the results of both were compared. The results (k < 10−9 m/s) indicated that the value of the
permeability coefficient responds to the value for isolating barrier materials.

Keywords: coal sludge; Rowe Cell; saturation; consolidation; filtration; coefficient of permeability;
backpressure conditions

1. Introduction

Many studies are focusing on investigations into the properties of coal wastes, which
are important for use in geoengineering applications. However, most of them are concerned
with rock waste, i.e., medium or coarse grain material [1–10]. Fine-grained waste from
the coal enrichment process depends on the processing technology, flotation waste, or
coal sludge (CS). These wastes are more difficult to manage than medium and coarse-
grained wastes due to higher humidity (the enrichment process takes place in the aquatic
environment) and, often, the content of combustible parts.

Coal sludge (CS) is a material that, due to the high content of combustible parts, is most
often considered in terms of its use in the power industry. The research work has mainly
focused on determining the possibility of using coal sludge as a potential energy fuel as
a low-energy raw material for combustion in boilers [11–13]. Research is also underway
on its use for the production of artificial aggregates [14], bricks [15,16], additives to other
thermal processes [17], backfilling material [18], ecological mixtures that will be used for
the reclamation of land degraded by industry [6,19], as well as the possibility of using ashes
after burning coal sludge [20].

However, attention should be paid to the fact that apart from about 20–50% [11–13,21,22]
of combustible particles, the remaining content of coal sludge is mineral materials (mainly:
chlorite, kaolinite, minerals from the mica group, quartz, smectite-illite packages). Hence, the
possibility of using coal sludge waste in another direction, such as geoengineering, should
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be considered, taking advantage of its geotechnical properties, given the fact that it is still a
waste considered challenging to use.

Because the use of fine-grained tailings in geoengineering is much more prevalent
in the case of flotation tailings from ore processing [23,24], and not for coal, it is all the
more worth exploring. The research on the properties of coal sludge waste is currently
mainly focused on analyzing its filtration and physicomechanical parameters [19,25–27]
but geotechnical properties of flotation wastes from hard coal processing (e.g., consistency
limits, strength and deformation parameters) become at present more often the subject of
scientific research [1,2,4,27–30].

One of the possibilities of using coal sludge is to use it for sealing municipal landfills.
Klojzy-Kaczmarczyk and Staszczak [31] conducted extensive analysis to determine the
demand for the material to be used in the construction of insulating layers of such facilities.
It encompassed three voivodships (provinces), Opolskie, Śląskie, and Małopolskie, for
which the total demand for coal sludge as insulating layers was estimated at approx.
2.7 million Mg. The analysis was an initial recognition of possibilities to apply coal sludge
for sealing waste storage sites. The recognition is complemented by the studies of the
permeability coefficient for coal sludge and its physical-mechanical and chemical properties.
In the studies conducted so far on the filtration properties of coal sludge, the values of
the filtration coefficient are within 10−9–10−11 m/s [28,31,32]. Therefore, according to the
current classifications at poor compaction, it is a material (10−9 m/s) that can be considered
as a poorly insulating raw material [33,34] or with average vertical permeability (according
to [35]).

The aim of the paper is to investigate the permeability of coal sludge and present if
coal sludge could be used as a material for isolation barriers in landfills layers. The paper
presents the results of the individual stages performed in a Rowe Cell. First, full saturation
of the sample was achieved using the equalizing pressure method. Next, consolidation of
the material was carried out at a constant pressure gradient. Finally, the filtration coefficient
was determined using both direct and indirect methods.

2. Theory Background

The full version of this section is available in the Supplementary Materials, including
Tables S1 and S2.

2.1. Soil Consolidation

The theory of consolidation for a soil medium deals with the issues related to the
change in pore water pressure in the soil, and the change in effective stresses, with a
simultaneous decrease in the loaded zone of the soil. Consolidation is, therefore, the process
of decreasing soil volume under the influence of a load applied due to the dissipation of
excess water pressure and its outflow from the soil pores. Consolidation depends on the
filtering properties of the soil and results in soil settlement ([35] after [36]).

The basic model of consolidation, according to Terzaghi, considers the ground as a two-
phase medium (fully saturated state—the pores of the ground are filled with water—a state
achieved in the process of saturation, which precedes consolidation). Thus, consolidation
is a long-term process, and its duration depends on many factors. The theory of Terzaghi
(1925) is the first solution to consider the rate of uniaxial consolidation of saturated soils [37].
Its assumptions and detailed analysis and solutions of the basic equation are presented
by [38,39], among others.

2.1.1. Saturation

The saturation process aims to saturate the sample by filling all the pores in the ground
with water. This process involves a gradual increase in water pressure in the soil pores
to dissolve the air bubbles. This phenomenon is described by Henry’s law [40]. For semi-
permeable soils, gravitational saturation only slightly increases the water content in the
sample. Therefore, to fill all pores with water is necessary to apply an equalizing pressure
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(back pressure), which allows maintaining a constant value of effective stress in the sample
during the saturation process. The parameter controlling the degree of sample saturation is
the Skempton parameter, which defines the ratio of the increase in water pressure in the
soil pores in the rise of the total pressure applied to the sample [41]. The values of this
parameter are included in Table S1.

2.1.2. Characteristics of Soil Consolidation

The basic parameters describing the consolidation process are the time factor, the
coefficient of dissipation of pore water pressure in the soil (degree of consolidation), and
the consolidation coefficient.

The time factor is given to determine the average value of the consolidation degree
of a given layer or to determine the value of the consolidation degree at a given depth.
The value of the time factor depends on the consolidation ratio, time, and flow path. For
example, when drainage occurs in both directions, the value of the time factor increases by
a factor of four [36,42]. The dependence of variation of the time coefficient on the value of
the consolidation degree is presented in tabular form by the same authors.

Degree of dissipation of water pressure in soil pores (degree of consolidation).
British Standard BS 1377-6 1990 [43], defines the pore pressure dissipation rate in soil
pores as the ratio of the pore pressure difference between the start of the consolidation
phase, and the consolidation time, to the pore pressure difference between the start, and
the end of the consolidation phase.

In the literature describing the consolidation process, the authors rarely refer to the
degree of pore water pressure dissipation. In contrast, there appears the concept of con-
solidation degree [36–38,44], defined as the ratio of the difference between the excess pore
water pressure at the beginning of the consolidation process, and the excess pore water
pressure during the consolidation time to the initial excess pore pressure.

Consolidation coefficient cv is a parameter that defines the speed of soil settlement.
Its value generally decreases with increasing soil liquidity limit, and the range of variation
of for a given liquid limit of soil is quite wide [38]. The consolidation coefficient cv is used
to calculate the value and rate of consolidation deformation of soils under load [45]. The
value of the consolidation coefficient may be determined by the analytical method from the
solution of Terzaghi’s equation or by the use of empirical methods in which, for a given
load increment of the tested sample, the characteristics of experimental and theoretical
consolidation curves are compared, the so-called curve fitting process. Consolidation
curves are more readable if the consolidation time is ploted on a logarithmic scale or
presented as a square root [38].

Many literature sources distinguish two graphical methods for determining cv under
laboratory conditions in uniaxial consolidation tests [37,38]. One is the logarithmic-time
method proposed by [46], and the other is the square root method suggested by [47].
In [42], in addition to the methods above, the third graphical method using the pore
pressure dissipation factor is also defined. The general procedures for determining cv by
the methods mentioned earlier are included in Table S2.

2.1.3. Phases of the Soil Consolidation

Immediately after the load is applied to a cohesive soil, due to the movement of free
water molecules to more firmly bound water zones, the pore pressure in pore-filling water
increases, and it takes up the entire load increment. The excess water is squeezed out of the
higher-pressure areas into the lower-pressure areas. This process continues until the pore
water pressure in the soil is equalized, there is no outflow of water from the sample, no
displacement of soil particles, so no consolidation occurs.

When the drainage is unblocked, the water moves out of the loaded zone (filtration
consolidation), with a simultaneous increase in the effective stress of the soil skeleton.
When the structural strength of the soil is exceeded (up to 0.15 MPa), the pore pressure
increases again; water is squeezed out of the pores (structural consolidation). When the
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consolidation process is complete, the pore water pressure equals the hydrostatic pressure
that existed before the soil load was increased. Thus, the effective stresses increase by the
whole increment of soil pressure.

Many researchers have observed that the different phases of deformation overlap and
proceed simultaneously—the phase of deformation associated with structural consolidation
already occurs during filtration consolidation [36,48,49].

2.2. Soil Water Permeability
2.2.1. Movement of Water in the Ground

Under natural conditions, the water flow in the ground is caused by the earth’s
gravitational forces, which tend to level off the differences in the level of water in the
ground [49]. Thus, the movement of water in the ground can be determined or unde-
termined in time [34,50]. The motion in which water particles in adjacent layers move
parallelly to each other and the direction of the water flow is referred to as laminar motion.
The basic law on which the dynamics of water flow in porous media is based, assuming
laminar motion, is Darcy’s law, also called the linear filtration law [50].

The assessment of filtration properties is also related to the direction of water move-
ment in the soil. The three basic directions of water movement in nature are horizontal,
vertical downwards, and vertical upwards. Horizontal water flow is usually found at the
top of an impermeable layer. The vertical downward flow usually occurs when the seeping
of sub-soil water through the layer of low permeable soil below takes place, while the
vertical upward flow occurs when pumping water from the bottom of the excavation as
well as during construction works in the low permeable layer, the bottom of which is under
the pressure of the interstitial water present below. Water permeability of soils is the ability
of water to pass through the network of channels formed by the pores of the ground. The
measure of water permeability of the ground is the filtration coefficient (water permeability
coefficient), which according to Darcy’s filtration law defines the relationship between the
hydraulic gradient, and the speed of water flow through the pores of the ground [49].

The physical properties of the flowing water that affect the water permeability of
soils are its temperature, viscosity, specific gravity, mineralization, soil texture as well as
methods and conditions of measurements [34].

2.2.2. Methods for the Determination of the Filtration Coefficient

The value of the filtration coefficient is determined based on empirical and an-
alytical formulas), laboratory, and field tests, as well as mathematical, physical, and
numerical modeling.

The choice of the method for determining the filtration coefficient depends, to a
large extent, on the size of the grains, particles, and the associated properties of the soil
under investigation. Permeability coefficient determination methods can be divided into
the following:

• analytical and empirical formulas based on the grain size distribution (Hazena, and
Kozeny-Carman formulas [51,52]; Hazen, Slichter, Terzaghi, Beyer, Sauber, Krueger,
Kozeny, Zunker, Zamarin, USBR, Alyamani, and Sen, Shepherd, and Loudon [53];
Terzaghi, Kozeny, Carman, Zunker, and Chapuis [54–56]; Hazen [57]; Kruger [58]),

• laboratory and field tests (in situ permeameter test [59]; Filtration Column [58]; ZWKII
apparatus [60]; Oedometer [61], Rowe Cell [39,62])

• modelling (mathematical, physical, numerical: using DEM [51]; Using FEM [20]; Using
LEM, FEM [61]).

2.2.3. Laboratory Tests

Laboratory methods for the determination of the filtration coefficient should model
the main directions of water flow in the soil. The flow rate measurement methods used
in laboratory studies can be divided into direct and indirect methods (taking into account
both constant and variable hydraulic gradient). A list of instruments used in individual
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methods is presented by [48]. Due to their granulometric composition, the studies on water
permeability of fine-grained wastes such as coal sludge should be carried out by the methods
designed for cohesive soils in devices such as triaxial apparatus, consolidometers (e.g., Rowe
Cell), or specially adapted edometers. The construction and operation principles of the most
commonly used instruments for determining the coefficient of permeability of semi-permeable
formations are exhaustively described in the following publications [63–65].

3. Materials and Methods
3.1. The Origin of the Samples

Coal sludge comes from a hard coal mine located in Poland in the Upper Silesia region.
Coal sludge is a by-product of enrichment of hard coal with a fraction size of 0–2 mm
in coal separators or in the flotation process. The sequence of the process of coal sludge
formation as well as the location of the bulk sample of coal sludge for testing was filter
presses (Figure 1).

Figure 1. The process of formation of coal sludge.

The coal sludge was taken directly from the filter presses, a by-product of the en-
richment process of coal fines (fraction < 0.5 mm). Currently, the primary direction for
managing this material is to use it as a low-energy raw material for combustion in boil-
ers [51]. Research is also underway for its use in the production of ecological mixtures to
be used for the reclamation of land degraded by industry. Despite this, very large amounts
of this material are still deposited in the settling tank. The test material was taken from the
averaged sample (except for mineralogical and petrographic properties tests, where five
samples were taken, before averaging).

CS samples intended for research in the Rowe Cell were brought to the optimal
moisture and the corresponding maximum dry density of the soil skeleton. Samples
prepared in that way were put into Rowe Cell.

3.2. Coal Sludge Characteristic

The following part presents the characteristics of the tested material, which takes into
account the properties that may affect the value of the filtration coefficient. The set con-
sisted of tests of the following basic properties: grain composition; chemical composition;
optimal moisture; environmental properties: leachability of chemical contamination and
radionuclide content; as well as mineralogical and petrographic properties: the microscopic
analysis and phase composition.

Grain composition was determined using the particle analyzer Analysette 22 laser
particle meter by Fritsch (Markt Einersheim, Germany).
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The test of optimum moisture content was carried out in accordance with the standard
EN 13 286-2:2010 [66].

The chemical composition, trace element content and leachability tests were carried
out in accordance with the PN-EN 12457-4 standard [67] with use a mass spectrometer (ICP-
MS) and an emission spectrophotometer (ICP-OES). The tested samples were digested with
HNO3/HCl and a microwave mineralizer. The tests of were carried out in the AGH-UST
laboratories. Obtained results were compared with allow values specified in the relevant
regulations [68,69].

The standard scope of tests of the content of radionuclides includes, for waste material,
tests for the content of trace elements, leachability of chemical pollutants and the content of
the following natural radioactive isotopes: potassium K-40, radium Ra-226, and thorium
Th-228 track. The specific activity of radioactive isotopes contained in the coal sludge was
determined in accordance with the guidelines contained in the [70].

The microscopic examinations were performed using the universal Olympus BX51 po-
larizing microscope. Observations were made in transmitted light on polished microscopic
slides (thin plates) with a thickness of 0.03 mm. The preparations were impregnated with
epoxy resin before preparation. Magnifications from about 100 to 250 times were used.

The microscopic analysis was supplemented with phase composition tests performed
with the X-ray method (XRD). In order to check the homogeneity of the samples, 5 anal-
yses were performed for each of them. X-ray tests were performed on standard powder
formulations on the RIGAKU SmartLab diffractometer (Austin, TX, USA) with the follow-
ing measurement parameters: CuKα radiation, graphite reflective monochromator, lamp
voltage 45 kV, lamp current 200 mA, measuring step 0.05◦2θ, pulse counting time 1 s/step.

3.3. Laboratory Testing Program
3.3.1. Testing Apparatus

The Rowe Cell is a device designed to allow complete saturation of the sample,
arbitrary load setting, outflow of water in different directions, measurement of water
pressure in soil pores, and water flow rate in the sample. The main functions of the device
are testing the consolidation, and permeability in vertical, and horizontal directions of
fine-grained soils characterized by low filtration coefficient. The test procedure is detailed
in [43], the test conditions are shown in Figure 2.

Figure 2. Conditions for drainage, load, and flow direction for consolidation, and permeability tests
in Row cell.
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The Rowe Cell is equipped with a hydraulic system for setting the vertical load in
the cell. The main component of the apparatus is a chamber composed of the following
three parts: the chamber proper (body), the cap, and the base. Tests were carried out on the
VJT0640 model from VJTech (Berkshire, United Kingdom), with a maximum acceptance
pressure of 1000 kPa [71].

The body, made of stainless steel, is fitted between the cap, and the base of the chamber.
The inner side of the side surface of the body, in its upper part, is provided with a filter
connected to a valve fixed to the central part of the side surface on the outer side of the
chamber. This system forms the drainage used for determining the horizontal coefficient of
consolidation, and the horizontal coefficient of permeability (Figure 3, point F).

Figure 3. Construction of the Rowe Cell apparatus—valves location.

The cap of the chamber is equipped with a rubber membrane and a drainage stem.
Two valves lead out of the side surface of the cap and supply water to the diaphragm and
the drainage stem. The valves are connected to pressure pumps, which are the pump for
vertical pressure on the sample (Figure 3, point B), and a pump regulating the equalizing
pressure inside the sample (Figure 3, point C), respectively. A vertical settling sensor
(Figure 3, point A) attached to a tripod is attached to the cap. Additionally, apart from the
holes for four fastening screws located on its periphery in the chamber cap, there is also a
valve for venting the system (Figure 3, point G).

The base of the chamber has a circular recess in which an o-ring is inserted to act
as a seal between the base, and body of the chamber. In the central part of the chamber
base, there are two drainage holes, which are connected to respective valves located on the
opposite sides of the chamber base. One valve forms the drainage used in determining the
vertical consolidation ratio (Figure 3, item E), the other is connected to the pore pressure
transducer (Figure 3, item D). The individual parts of the chamber are joined by four
fastening screws (Figure 3, point H).

Three hydraulic pressure pumps are used in the test, as follows: the first is to apply
a vertical load to the sample in the consolidation chamber, the second is to control the
equalizing pressure, and the third is for two-directional flow conditions and permeability
coefficient determination. The process is controlled by a computer program, in which
desired pressures are set for the different stages of the test. The parameters measured
during the test are settlement and pore water pressure.

3.3.2. Testing Procedure

The test was carried out under equalizing pressure conditions. The test procedure in
the Rowe Cell consists of the following three steps: saturation, consolidation, and filtration
of the sample.
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Saturation

The procedure of testing in the Rowe Cell assumes that the degree of saturation of the
sample Sr during the saturation process reaches a value of 1. The full saturation of the soil
pores allows for the determination of effective stresses, which determine the strength of the
soil. The sample is placed in a constant pressure chamber. Porous filters are placed on the
upper, and lower surfaces of the sample to ensure that the pore pressure in the sample is
evenly distributed. Ventilation of the sample is carried out under conditions of isotopic
consolidation σ1 = σ3. After each stage of increasing the pressure in the chamber, the
degree of saturation of the soil must be checked. For this purpose, the Skempton parameter
(1) is used [40]:

B =
∆u
∆σ1

(1)

The saturation stage includes two processes, which are carried out alternately until
the sample is saturated. The first one is the control of the sample saturation degree. It
consists of increasing the chamber’s pressure by a small value, reading the increase in the
water pressure inside soil pores, and determining the value of the Skempton B parameter,
which determines the degree of filling the pores of coal sludge with water. The second
process is to saturate the sample with water. This process was carried out in a constant
stress increment mode (5 kPa/h). These stages are repeated until the required value of the
B parameter is reached.

The saturation process occurs under constant effective stress, which was 15 kPa/
10 kPa/10 kPa for samples CS1, CS2, and CS3, respectively. The saturation stage ended
when the value of the Skempton parameter reaches B = 1 Figure 4.

Figure 4. The Rowe Cell investigation algorithm.
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Consolidation

In the Rowe Cell, the consolidation process was performed for four loading degrees,
with each successive pressure being twice as high as the previous one. Thus, the effective
stresses in the next loading degrees were 25 kPa, 50 kPa, 100 kPa, and 200 kPa. Each
loading degree consisted of the following three stages: equalization of pore water pressure
in soil pores (under conditions without the possibility of water outflow from the sample,
stabilization time 24 h), filtration consolidation (drainage of the sample until the pore
pressure dissipation factor reached U = 100%), and structural consolidation (during which
the sample, after water outflow from it, remained under a given load until the vertical
deformation stabilized: ε < 0.001). Consolidation took place under constant equalizing
pressure (the pressure on the membrane was increased because, due to the saturation of
the sample, the tested system had a two-phase nature, as follows: solid medium and water,
which caused a direct increase in effective stress) Figure 4.

The following measurements were carried out during the test, as follows: total pressure
in the chamber, pore water pressure in the soil, effective pressure, vertical displacement,
and volume changes of the flowing water. In addition, the values of the consolidation
factor were determined by plotting consolidation curves using the Casagrande, Taylor, and
Robbinson methods (method of pore pressure dissipation factor).

Permeability

Determination of the permeability coefficient for coal sludge has been carried out
using an indirect method (using correlations with the consolidation coefficient), and a direct
method in which measurements were carried out under conditions of a constant hydraulic
gradient, with the vertical direction of the filtration stream as follows: from top to bottom.
During the test, the following data were recorded by the software as follows: vertical
pressure applied to the chamber, equalizing pressure, the pressure of water flowing out
of the sample, the pressure of water in soil pores, vertical displacement of the sample, the
volume of water flowing into the sample, the volume of water flowing out of the sample.

The study was conducted in the following two options:

1. fixed effective stress σ′n= 200 [kPa], with four different pressure gradients ∆p (40, 60,
80, 100 kPa)

2. constant pressure gradient, with two different effective stress σ′n= 250 [kPa] and
σ′n = 300 [kPa]: ∆p = 40 kPa—samples: CS2, CS3, ∆p = 100 kPa—sample CS1.

Detailed conditions for the water permeability determinations are shown in Figure 5.
The Student’s t distribution was used to estimate the confidence interval of the com-

pressibility coefficient cv, and the permeability coefficient k determined at individual
vertical stresses, including the true value of the parameter at the assumed confidence factor
(1 − α) = 0.99, due to the small sample size (n = 9).

A test for two variances was used to verify whether the values of the permeability
coefficient obtained by the indirect and direct methods are the same. At the significance
level α = 0.05, the hypothesis was tested, the mean values of the filtration coefficients
obtained by the direct method and by the indirect method at ∆p = 40 kPa are the same.
Based on the values of the filtration coefficients H0 : σ2

1 = σ2
2 , the hypothesis was tested

against the alternative H1 : σ2
1 > σ2

2 hypothesis.

3.3.3. Specimen Preparation

The specimens, measuring 75.7 mm in diameter and 50 mm in height, were cut from
material with an optimum moisture content of 27.8% and compacted to ρdmax = 1.458 g/cm3.
Three specimens were assigned to the tests. The first one, immediately after preparation, was
placed in a Rowe Cell and tested. The remaining specimens, having been properly protected
against water loss, were stored at 4 ◦C.
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Figure 5. Variants of the conducted permeability tests (direct method).

4. Results and Discussion
4.1. Material Characteristic
4.1.1. The Grain Composition

The total content of the clay, and silt fraction (88%), and the 12% share of the sand
fraction read from the granulometric composition curve (Figure 6) according to the guide-
lines of [72] classify the coal sludge (CS) as silty clay (siCl). This particle size distribution is
typical of fine-grained waste from hard coal processing [18,22,31].

Figure 6. Coal sludge grain size curves.
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4.1.2. The Chemical Properties

The main chemical components present in the coal sludge are silicon and aluminum.
Their contents are 33.5% (SiO2) and 21% (Al2O3), respectively. A summary of the chemical
composition is provided in Table 1. The chemical composition results directly from the
composition of the rocks accompanying the coal seams in Poland. The LOI value is typical for
this type of waste. is in the average test content indicated by various researchers [11–13,22].

Table 1. The chemical composition of the coal sludge [73].

Ingredient Percentage [%] Ingredient Percentage [%]

P2O5 0.10 CaO 0.26
Mn2O5 0.02 MgO 0.61

SiO2 33.50 Na2O 0.53
TiO2 0.02 Li2O 0.01

Al2O3 21.00 K2O 1.10
Fe2O3 3.76 SO3 0.89
LOI * 38.2

* loss of ignition (at 800 ◦C).

4.1.3. The Optimum Moisture

The optimum moisture content of waste coal sludge was determined based on three
series of tests; its value remains in the range 26–29.4% and the average value is 27.80%
(Figure 7). The maximum volumetric density of the ground skeleton ranged from 1.441 g/cm3

to 1.48 g/cm3 (mean value 1.458 g/cm3).

Figure 7. Coal sludge compressibility curve.

4.1.4. The Trace Element Content and Leachability of Chemical Impurities

The results of the direct analyses of the coal sludge (CS), showing the content of trace
elements and the leachability of chemical impurities from the tested materials, are presented
in Tables 2 and 3, respectively. Coal sludge meets the environmental requirements in terms
of the maximum content of substances particularly harmful to the aquatic environment,
permissible concentrations of pollutants in soils belonging to the land.
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Table 2. The contents of trace elements in the coal sludge [73].

No. Parameter Result [ppm] No. Parameter Result [ppm]

1. Zinc (Zn) 62.54 7. Nickel (Ni) 19.25
2. Barium (Ba) 239.56 8. Lead (Pb) 19.64
3. Cadmium (Cd) 2.07 9. Molybdenum (Mo) 2.20
4. Cobalt (Co) 6.20 10. Tin (Sn) 8.14
5. Chromium (Cr) 56.98 11. Arsenic (As) 2.58
6. Copper (Cu) 24.55 12. Mercury (Hg) 0.01

Table 3. The leachability of chemical impurities from the coal sludge [73].

Indicator [mg/dm3]
*

[mg/dm3] Indicator [mg/dm3]
*

[mg/dm3]

pH 9.19 6.5–9 Lead <0.0002 0.5
Sodium 197.30 800 Mercury <0.0001 b.w.

Potassium 6.75 80 Cadmium <0.00003 b.w.
Beryllium <0.00001 1 Selenium <0.020 1
Calcium 10.48 b.w. Antimony 0.00210 0.3

Magnesium 10.22 b.w. Aluminum 0.020 3
Barium 0.009 2 Chromium 0.0130 0.5

Strontium 0.090 b.w. Molybdenum 0.0003 1
Manganese 0.020 b.w. Titanium <0.002 1

Zinc <0.0010 2 Arsenic 0.001 0.1
Copper 0.0025 0.5 Thallium 0.0005 1
Nickel <0.00001 0.5 Chlorides 295.0 1000
Cobalt 0.00054 1 Sulfates 59.6 500

* Acceptable values according to [71]; b.w.—no value.

4.1.5. The Radioactivity

The specific activity of radioactive isotopes contained in the coal sludge was deter-
mined in accordance with the guidelines contained in the [70]. Coal sludge meets the
environmental requirements in terms of the content of natural radioactive isotopes of
potassium (40 K), radium (226 Ra) and thorium (228 Th) in raw materials and materials
construction, specified in the relevant regulations. The contents of radioactive elements are
given in Table 4.

Table 4. The concentrations of natural radioactive isotopes in the coal sludge [73].

Sample Designation

Specific Activity

40K 226Ra
228Th

(228Ra)

[Bq/kg] [Bq/kg] [Bq/kg]

Coal sludge (CS) 511 ± 30 76 ± 5 68 ± 5

4.1.6. The Mineralogical and Petrographic Properties

The microscopic analysis

Coal sludge is a black material, which in the dry state is cohesive and brittle, while in
the moist state is plastic. It is made of silt and clay fractions mainly [73].

The microscopic analysis revealed sharp-edged, opaque coal crumbs sized 0.01–0.5 mm
(dark brown) and a few fragments of “sporulation spores” (yellow or orange). The total
share of these ingredients exceeds 40% of the sample volume. The sample shows a high
content of grains smaller than 0.1 mm (Figure 8). Smaller amounts of grains of quartz
and sharp-edged feldspar, up to 0.05 mm in size are visible, chaotically dispersed in the
background. The ingredients are surrounded by an abundant, very finely grained clayey
matrix containing scattered fine grains of coal dust and pyrite [73].
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Figure 8. Microscope images of coal sludge (micrograph: one polarizer) [73]. (a) Coal Sludge
(b) Mika plates.

The phase composition

The phase composition of the coal sludge consists mainly of clay minerals (Figure 9).
The X-ray analysis of five samples found kaolinite, illite, chlorite (up to 5 %w) and mixed-
packet minerals—smectite–illite (this is indicated by the widening of the lower part of reflex
10 Å). All the samples contained quartz (very strong reflections even at low contents, about
a dozen or so percent by weight), mica (in small quantities), as well as small amounts of
feldspar (1–3 %w), pyrite and halite (in sample 5). The phase compositions of the samples
were very similar In addition, the presence of carbon was also observed in the material—the
noticeable increase in the background of the X-rays within the 20–30◦2θ range indicates
presence of an amorphous phase [73].

4.2. Saturation

As a result of the saturation process, all three coal sludge samples were fully saturated
with water; for each of the samples, the final value of the Skempton parameter was B = 1.
However, some differences were observed in the saturation process itself for the individual
samples. The discrepancies concerned the duration of the saturation process and the rate of
increase in the Skempton parameter value (Figure 10).

The first sample (CS1), immediately after preparation, was placed in a chamber and
subjected to saturation. The initial value of the Skempton parameter was B = 0.88. The
saturation process lasted 2560 min. After this time, the degree of saturation of the sample
was rechecked, and its value was B = 1. Thus, saturation was considered to be completed,
and the consolidation stage started.
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Figure 9. The X-rays of the coal sludge samples. Explanatory notes: Ch—chlorite, Ko—kaolinite,
M—minerals from the mica group, Q—quartz, Py—pytite, Ha—halite, Sk—feldspar [73].

Figure 10. Comparison for an increase in the Skempton Parameter Value in time for tested samples.

The initial value of the Skempton parameter for the second sample (CS2) was B = 0.5.
The sample was saturated in two stages; after 1000 min, the Skempton parameter was



Minerals 2022, 12, 212 15 of 28

B = 0.92; after another 1060 min, the saturation process was completed (B = 1), and the sample
consolidation started.

The saturation time for the third sample (CS3) was 3872 min. The degree of saturation
of the sample at the beginning of the test was much lower than for the other two samples
and amounted to B = 0.27. The saturation was carried out in two stages. After 3270 min,
Skempton’s parameter achieved B = 0.85. In the next saturation stage, which lasted 602 min,
full saturation of the sample was obtained (B = 1), and the saturation process was completed.
The consolidation stage started. The course of the saturation process for CS1 is shown in
Figure 11 (individual waste coal sludge CS2 and CS3 is shown at complementary materials).

Figure 11. Coal sludge saturation process.

4.3. Consolidation

According to the procedure outlined in Section 3, consolidation was carried out for
four load degrees. The first degree in each stage of the consolidation process was to equalize
the pore water pressure in the soil. Next, the load was applied to the specimen under
conditions that prevented water outflow, increasing pore water pressure, and subsequent
stabilization of pore water pressure over time. The pore pressure stabilization time of
24 h was assumed. When the pores are filled with water and outflow is prevented, the
applied load increases pore water pressure, while the effective stress increases only slightly
(Figure 12).

Initially, the resulting excess water pressure in the soil’s pores is not uniformly dis-
tributed but evens out over time. The greater the load increase on the sample, the greater
the value of the water overpressure, and the longer the time required for the water pressure
in the soil’s pores to dissipate uniformly. The pore pressure rise curves and its stabilization
in time for sample CS1 are shown in Figure 13.

It should be noted that the process of water pressure leveling in the soil pores in all
three samples proceeds in a similar way, which also proves that the saturation was carried
out correctly. Figure 14 shows the proportion of effective pressure and pore water pressure
in the soil for individual samples at a total load increment of 100 kPa.
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Figure 12. The participation of effective pressure in the following degrees of sample CS1 loading
(undrained conditions).

Figure 13. Pore water pressure stabilization curves for coal sludge (CS1), undrained conditions.

Analysis of the consolidation diagrams showing the change in the height of the speci-
mens overtime after the application of successive load degrees, performed using both the
Casagrande, and Taylor methods (Figure 15), indicates that the greatest vertical deforma-
tion occurred at σ′ = 50 kPa (εCS1 = 0.037, εCS2 = 0.039, εCS1 = 0.035). Stabilization
of the increase in the settlement at σ′ = 50 kPa occurred three hours after the load was
applied. Despite the general similarity of the shape of the curves, it can be observed the
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significant increase in settlement of the CS3 specimen at the load degree σ′ = 25 kPa, and
to a much larger zone of initial consolidation at the load σ′ = 50 kPa, clearly visible in the
graphs made with the use of Taylor’s method. (Figure 15—CS3 consolidation curve-Taylor
method). It indicates that the CS3 sample is more compressible. The consolidation of the
material in two consecutive degrees had a very similar course in all three samples.

Figure 14. Pressure distribution in load increment of 100 kPa (undrained conditions).

The above analysis, the initial differences in the course of settlements, and their
similar course in the further degrees of loading: σ′ = 100 kPa, σ′ = 200 kPa demonstrate
an even distribution of the water pressure in the soil pores, resulting in the reduction
in initial consolidation and stabilization phase in the course of the consolidation of the
tested material.

The pore pressure distribution curves vary both within the tested sample and in the
consolidation of all the samples tested (Figure 15). The initial phase of consolidation,
especially consolidation at σ′ = 25 kPa, draws our attention here. The outlier is sample
CS2 in which, at 25 kPa, the pore pressure dissipation factor reaches its maximum value
(100%) already after 1 min from the opening of the drain. In the case of CS3, maximum
dissipation occurs at 7 min. Finally, in the case of CS1, total pore water pressure dissipation
occurs at 80 min.

Such material behavior during consolidation may be a consequence of how the in-
dividual samples/specimens were saturated. The curves of water pressure dissipation
in the soil pores indicate that the initial consolidation dominated at this stage, i.e., under
the influence of the applied load, the removal of residual air took place in addition to the
outflow of water. In further stages of consolidation, i.e., at effective stresses of 100 kPa, and
200 kPa, a similarity of results is observed.

A summary of the consolidation factor with its mean values and the estimated confi-
dence interval is illustrated in Figure 16.
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Figure 15. Coal sludge consolidation curves comparison. (a) The log time method (due to Casagrande)
(b) The root time method (due to Taylor) (c) The pore water pressure dissipation method (due to
Robbinson).

The large scatter in the values of the consolidation coefficient obtained in the first
phase of the process (at σ′ = 25 kPa), was due to differences in the pore pressure dissipation
pattern in the individual samples during the filtration consolidation. Hence, these values
were erroneous and were discarded in further analysis (e.g., in the determination of the
permeability coefficient by the indirect method).

A comparison of the average values for the effective primary compressibility mod-
ulus with the values of the consolidation factor and compressibility curve are shown in
Figures 17 and 18, respectively.
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Figure 16. Consolidation coefficient values were obtained in three different determination methods.

Figure 17. Compressibility parameters value changes with sample load increasing.
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Figure 18. Compressibility curve, h = f (σ′).

4.4. Permeability
4.4.1. Indirect Method

According to the guidelines contained in Section 3, the permeability coefficient of the
coal sludge was calculated from the values of the consolidation coefficient (cv), and the
primary compressibility modulus (M0) obtained in the consolidation tests. The calculated
values are summarized in Table 5.

Table 5. Summary of permeability coefficient values obtained from indirect method.

kv[m
s
] Determination Method cv

Consolidation Stress [kPa]

50 kPa 100 kPa 200 kPa

Permeability Coefficient [m/s]

CS1
Casagrande Method 4.27 × 10−9 1.05 × 10−9 6.55 × 10−10

Taylor Method 2.14 × 10−9 6.53 × 10−10 4.12 × 10−10

PWP Method * 8.67 × 10−9 7.63 × 10−10 4.44 × 10−10

CS2
Casagrande Method 2.96 × 10−9 1.20 × 10−9 6.24 × 10−10

Taylor Method 2.15 × 10−9 6.76 × 10−10 3.64 × 10−10

PWP Method * 1.01 × 10−9 6.47 × 10−10 4.25 × 10−10

CS3
Casagrande Method 4.56 × 10−9 1.01 × 10−9 7.45 × 10−10

Taylor Method 2.12 × 10−9 7.10 × 10−10 4.43 × 10−10

PWP Method * 2.59 × 10−9 1.06 × 10−9 3.99 × 10−10

* Pre Water Pressure Dissipation Method.
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A comparison of the average values of the permeability coefficient at successive
load degrees shows that its value decreases with increasing effective stress acting on the
specimen (Figure 19).

Figure 19. Average permeability coefficient values within the specified confidence interval.

4.4.2. Direct Method

In the direct method, increase the pressure gradient acting on the specimen, causing an
increase in the value of the hydraulic gradient, under conditions of constant effective stress
acting on the sample (variant 1), increasing the water flux flowing through the sample, and,
thus, a higher value of the permeability coefficient (Figure 20).

Figure 20. Dependence of the permeability coefficient value on the pressure gradient at the effective
stress of 200 kPa for samples CS2, and CS3.
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The second variant of the water permeability test assumed a change in effective stress
value at a constant pressure gradient. For samples CS2, and CS3 the value of ∆p = 40 kPa
was assumed. The obtained results of the water permeability test showed that the value of
the filtration coefficient also decreases with an increase in the value of effective stress at
which the test was performed (Figure 21).

Figure 21. Dependence of the permeability coefficient value on the effective stress increases at the
pressure gradient of 40 kPa for samples CS2, and CS3.

4.4.3. The Indirect and Direct Method Results Comparison

The coal sludge specimens for which the indirect method was used to calculate the
filtration coefficient values were under the following effective stress values: 50 kPa, 100 kPa,
and 200 kPa. It was demonstrated that as the pressure on the sample increases, the value of
the parameter in question decreases. Direct water flow measurement through individual
samples of coal sludge was carried out at effective stress of σ’ = 200 kPa, σ’ = 250 kPa,
and σ’ = 300 kPa. The common denominator of both methods is the determinations at the
effective stress of σ’ = 200 kPa, the filtration coefficient values was compared for the results
of the tests carried out under the aforementioned stress.

The average values of filtration coefficients obtained by the direct method at effective
stress of σ′ = 200 kPa, and the different pressure gradients of water flowing through the
sample were compared with the results of this parameter obtained by the indirect method
(at the same sample pressure). The indirect method gives lower values of the filtration
coefficient compared to the results of the direct method, but it is still the same order of
magnitude (Figure 22).

Based on the conducted test of significance (test for two variances), the values of
the statistic were obtained F < Fα; (1.04 < 5.14), so there are no grounds to reject the
hypothesis. The average value of the filtration coefficient (from indirect and direct methods)
is 4.35E-10 m/s.

4.5. Summary of Research Results

Research on the characteristics of coal sludge confirmed that its properties are typical
for fine-grained waste from hard coal processing [13,16,22]. Both the grain composition,
chemical composition, phase composition and microscopic observations confirm the high
content of the finest grains. The mineral material contents of coal sludge are, among oth-
ers, kaolinite and smectite-illite packages which determine low permeability conditions,
whereas quartz give some strength of CS. The LOI value is typical for this type of waste
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and is correlated with the specific content of carbon grains, also found in microscopic
observations. In terms of environmental properties, the coal sludge meets the legal re-
quirements in terms of leachability [68,69], the content of trace elements and the content of
radionuclides [70].

Figure 22. Permeability coefficient values comparison obtained due to direct, and indirect method.

Analysis of the saturation course of the CS samples demonstrated that the duration of
the process depends on the initial saturation of the material. It is noteworthy that although
the specimens were taken from the same representative sample and prepared under the
same conditions, their initial water content differed significantly. The sample CS 3 took
the longest to saturate, as it had the lowest initial saturation, B = 0.27. Despite the same
conditions in terms of the rate of pressure build-up on the sample during the saturation
process and similar values of effective stress acting on the sample, significant differences in
the time of saturation for individual specimens were observed. The results of the saturation
stage confirm that the Skempton parameter used in the study is a sufficient indicator for
determining the degree of sample saturation. The values of this parameter reached B = 1 at
different total pressures in individual samples but at constant values of effective stresses.
The proper saturation of the sample, and thus the transition to a two-phase medium, greatly
influences the correct course of the other processes (consolidation, and measurement of
material permeability).

The process of pore water pressure equilibration in the soil in all three samples was
similar, testifying to correct saturation. However, on the other hand, the comparable
shape of the settlement curves, especially visible at higher loading degrees, as follows:
σ′ = 100 kPa, and σ′ = 200 kPa confirms the uniform distribution of pore water pressure
and the stabilized course of the consolidation process in the material under study.

Determination of the consolidation coefficient using different methods makes it pos-
sible to eliminate erroneous results. Comparison of the values of the parameter obtained
with methods involving the change of sample height in time, with the course of the pore
pressure scatters curve, allows for the elimination of erroneous readings caused by the ini-
tial consolidation phase of the sample (misclassification of the results from the initial phase
to the primary consolidation phase). Although each consolidated sample was previously
saturated (B = 1), readings indicating the presence of some disturbance in the samples
appeared during the initial consolidation phase. In the subsequent stages of consolidation,
no such disorders were observed, the flow of water in the samples being laminar. The order



Minerals 2022, 12, 212 24 of 28

of magnitude for the total settlements of the individual coal sludge specimens reached a
similar value.

The importance of this test is that it relates directly to the value of effective stresses,
owing to the possibility of continuously measuring the pore water pressure in the material.
The analysis of the filtration consolidation process based on the pore pressure dissipation
factor showed the occurrence of disturbances in the consolidation process at the initial
sample load degrees, which indicates a much higher sensitivity of this method. Further-
more, conducting the consolidation process in a Rowe Cell allowed us to determine the
values of parameters such as the consolidation coefficient and the effective modulus of
primary compressibility.

A comparison of the permeability coefficient values determined by the indirect, and
direct methods showed a convergence of results, confirming the truth of the H0 hypothesis.
However, the visible scatter of the results is conditioned by the diversity of the tested
material, which manifests itself by chemical composition and in other physical properties,
which do not remain the subject of consideration for the article.

According to commonly accepted classifications, isolating barrier materials should
have a filtration coefficient k < 10−9 m/s [33–35]. These same requirements were also
presented in Wysokiński’s classification [74], where the filtration coefficient value k on
the level lower than 10−9 m/s is one of the most important criteria for assessing the
suitability of soil for the construction of mineral insulation screens. Moreover, designed
mineral barriers use in landfill construction have permeability of 1 × 10−9 m/s [75]. In
comparison, for mixtures of the Polish Neogene clays with dunes, as investigated by
Luczak-Wilamowska [76], the coefficient of permeability for these mixtures amounted to
1.83–3.8 × 10−10 m/s. Correctly built mineral liners at the municipal land-fill construction
are those with a coefficient of permeability less than 10−9 m/s [77]. The obtained value
of the filtration coefficient for coal sludge (k < 10−10 m/s) will meet these requirements.
This confirms the assumptions about the possibility of using coal sludge to seal landfills,
indicated, among others, by Klojzy-Kaczmarczyk, Staszczak [31].

5. Conclusions

The study aimed to investigate the permeability of coal sludge. The sealing system
is one of the most important structural elements of the land-fill. Low water permeabil-
ity is one of the most important parameters determining the use of a given material as
mineral screens.

The obtained value of the filtration coefficient for coal sludge (k < 10−10 m/s) allows
to conclude that this material can be used to build mineral insulation layers in landfills
and is safe for the environment. Hence, it is the real possibility of using coal sludge waste
in geoengineering for insulting layers. However, additional geotechnical tests (such as
consistency limits, shear strength properties, etc.) will be necessary to confirm the final
conditions and parameters of the materials used with coal sludge for specific locations.
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Nomenclature
The following symbols are used in this paper:
A cross-sectional area of the sample,
B Skempton parameter,
CS coal sludge,
cv coefficient of consolidation, m2/s
γw water weight,
k coefficient of permeability, m/s
L sample length, m, mm
M0 one-sided primary compressibility modulus of the soil,
mv volumetric compressibility factor of the soil,
pc pressure loss in the system for flow rate q [kPa],
q the average rate of water flow through the sample [mL/min],
Rt temperature correction factor for water viscosity,

t
consolidation process duration time (time elapsed since the load was
applied), s

u pore water pressure after time t,
U degree of dissipation of water pressure in the pores of the ground,

u0
excess pore water pressure in the soil at the beginning of the
consolidation phase,

u1 pore water pressure at the beginning of the consolidation process,
u2 pore pressure in the soil at the end of the consolidation phase,
ut excess water pressure in the soil pores during consolidation time t,
∆u increase in pore water pressure in the soil [kPa],
∆σu increment of vertical consolidation pressure [σu kPa],
Uz degree of consolidation,

∆p = (p1 − p2)
the difference between the pressure of water entering the sample, and
the pressure of water leaving it [kPa].
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