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Introduction

The soil quality is defined as the capacity of 
a specific kind of soil to function within natural 
or managed ecosystem boundaries, to sustain the 
plant and animal productivity, maintain and en-
hance the water and air quality, and support human 
health and habitation (Karlen et al. 2001). It can-
not be measured directly, but it can be evaluated 
indirectly based on the features of the soil itself or 
on the features of the ecosystem of which the soil 
forms a part. The assessment of quality makes it 
possible to record the changes in the status of soil 
caused by natural factors and human activity. The 
soil science literature mentions many morpholog-
ical features as well as physical, chemical, physi-
cochemical and biological properties connected 
with soil conditions and its functions among the 
indicators of soil quality and health (Bastida et al. 
2008). Depending on the land use type, respective 
indicators play a larger or a smaller role (Reyn-
olds 2008, Armenise et al. 2013). 

The human influence on agricultural land can 
deteriorate the soil quality, and the soil quality 
may differ among land uses (Girmay and Singh 

2012, Zobeck et al. 2015). The physical condition 
of soil is understood as all features and proper-
ties of soil that result from physical phenomena 
and that can be measured by means of physical 
methods. The most important physical properties 
of soils include: texture, structure, soil density, 
porosity, compaction, swelling and shrinkage, 
as well as functional properties: water, air and 
heat (Cherubin et al. 2016, Dwevedi et al. 2017, 
Nabayi et al. 2019). Water properties, in particu-
lar retention of water used by plants and hydraulic 
conductivity, determine plant growth, develop-
ment and harvest conditions (Masto et al. 2008, 
Drewry et al. 2008, Feiza et al. 2011). Under field 
conditions, a permanent aggregate structure is a 
guarantee of the best physical condition of soil. 
It prevents excessive soil compaction and ensures 
the right proportion of capillary pores in soil (di-
ameters equivalent to 0.2–20 μm) storing water 
used by plants and the right proportion of mac-
ropores with diameters >20 μm that determine 
hydraulic conductivity as well as air capacity and 
permeability (Lipiec et al. 2007, Asensio et al. 
2013). In addition, water-stable aggregate struc-
ture protects soil from surface crusting, increases 
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the infiltration of precipitation water, as well as 
decreases the rate of run-off and water erosion 
(Barthes and Roose 2002, Singh and Khera 2009, 
Asgarzadeh et al. 2010, Masto et al. 2015). 

In order to enable the assessment of soil 
quality, it is necessary to determine the values 
of the relevant parameters and to assign appro-
priate indices to them. That is why a systematic 
approach combining knowledge about soil with 
the problems of shaping natural resources is 
needed. A systemic approach is important for the 
assessment of soil quality, because different in-
terests need to be taken into account when trying 
to meet different social objectives. A landscape 
analysis requires basic research and cooperation 
between researchers, farmers and the municipal-
ity. The quality information related to the differ-
ent soil functions must be readily available. In 
terms of soil quality, rhis research needs provide 
evidence that field trials are the only way to ob-
tain the information needed for assessment (An-
drews and Carroll 2001, Albaladejo et al. 2013, 
Zornoza et al. 2015).

The soil quality assessment includes a three-
step procedure developed by Andrews et al. 
(2004) and later used by many researchers. For 
the interpretation of physical, chemical and bio-
logical processes occurring in soils, it is neces-
sary to know the water and air properties of soils 
(Dexter and Czyż 2007, Zornoza et al. 2007, Imaz 
et al. 2010, Dwevedi et al. 2017).

This paper aimed to evaluate the physical 
properties of soils on the slope of spoil heap of 
the coal mine in Bogdanka based on the literature 
studies and authors’ opinion. The main purpose 
was developing and applying the soil physical 
quality index (SPQI). Specific study objectives 
include assessment of the aggregate composition, 
water stability of soil aggregates, soil density, to-
tal porosity, water capacity, distribution of pores 
in soil and water retention of Technosol.

Study area

The study area covers the industrial soils 
located in Bogdanka on the coal mine soil heap 
(51°19′43″ N, 23°00′10″ E; 170.00 m a.s.l.), 
in eastern Poland (Łęczna commune, Lublin 
voivodeship). The soil heap was studied due 
to the physical and chemical properties of rock 
material and it is unique in Europe. The studied 
gangue heap is situated in a lowland area with a 

poorly expressed decline from the north to the 
south. The subsoil under the heap, at the depth 
of 40–45 m, is built from Quaternary formations, 
mainly sand or sand and clay. The heap drainage 
system consists of surrounding ditches, drainage 
canal and the River Świnka debouching into the 
River Wieprz. The above-mentioned gangue heap 
was built stage by stage between 1981 and 1994. 
First, the ground at the projected location of the 
heap was levelled. Next, as a result of deposit-
ing gangue up to a height of 175, 185 and 196 m 
above sea level, a two-layer heap was built with 
a surface area of 38 ha and height of 26 m. The 
heap with slopes inclined 2:1, comprises homog-
enous pieces of Carboniferous rocks from min-
ing pits. Most often, these are mixed pieces of 
clay stone and mudstone (70%) with intrusions 
of sandstone and coal slate (30%). The following 
parameters of the soil layer for heap reclamation 
were determined in 1995–99: 0.0 – 10.0 cm – top-
soil; 10.0 – 60.0 cm – technosol (sandy clay); be-
low 60.0 cm – gangue. The slopes were reclaimed 
to forest, and mining waste is still stored on the 
blanket layer (Gazda and Oleszczyński 1988, 
Turski et al. 1991, Borchulski et al. 1994, Święs 
and Kwiatkowska-Farbiś 1996). 

The site is located in the macro-region of 
West Polesie (845.3) and in the mesoregion of the 
Łęczna-Włodawska Plain. In terms of climate, it 
is characterized by average thermal and precipita-
tion conditions. In the years 1981–2010, the aver-
age annual temperature was 8.5°C, and the sum 
of precipitation was 616 mm (Kondracki 2001, 
Ciosmak et al. 2017).

Methods

Soil analysis

The field soil tests were carried out in the 
agricultural season of 2018 in the coal mine 
waste dump. In the field, forty soil test point 
were dug to a depth of 60 cm. The disturbed soil 
samples were taken from each genetic horizon 
in order to determine the soil texture and for 
the purposes of other laboratory analyses. The 
undisturbed soil samples were collected from 
each genetic horizon using Kopecky cylinders 
(Borek 2019). The soil samples were obtained 
from depths 0–10, 10–20, 20–40, and 40–60 cm.  
The indicators of soil quality and health include 
many physical properties of soil (Shukla et al. 
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2006, Reynolds et al. 2009, Muršec et al. 2018). 
Texture is a fundamental physical feature of 
soil. The soil texture was determined with the 
aerometric method of Bouyoucose-Casagrande 
modified by Prószyński. The WRB classifica-
tion (2014) was used to describe the particle size 
classes (clay <0.002 mm, silt 0.05–0.002 mm, 
sand 2.0–0.05 mm). The obtained data was used 
to calculate water stable aggregates (WSA) and 
mean weight diameter (MWD). In order to as-
sess the risk of degradation of the structure of 
arable soils, Pieri (1992) proposed the adoption 
of the structure stability index (StI) depending 
on their texture and organic matter content.

Soil bulk density (BD) was measured in 
Kopecky’s cylinders as soil cores weight per vol-
ume. Then, the soil mass was determined after 
drying at 105°C. On the basis of the BD value and 
specific gravity, the physical structure of the soil, 
soil compaction and porosity were determined 
(Czyż 2004, Reynolds et al. 2008). Soil porosity 
is the volume of air zone in relation to the total 
soil volume (Głąb and Kulig 2008).

The total plant-available water capacity 
(PAW) of the soil was calculated as the differ-
ence at 5 to 15 MPa moisture potentials. The 
potential available water capacity (AWC) of the 
soil was calculated as the difference at 0.033 to 
1.5 MPa in volumetric water content. PAW and 
AWC were measured on a pressure plate extrac-
tor. Saturation of hydraulic conductivity (K) was 
determined using the Wita apparatus (Aimrun et 
al. 2004, Iwanek 2008). Saturation of hydraulic 
conductivity determines the speed of groundwa-
ter flow at the maximum water capacity. The soil 
physical quality index (index S) was estimated 
by using van Genuchten model. The estimation 
of the parameter was carried out using the RETC 

application, using the percentage of clay, sand, 
silt (Moncada et al. 2015, Borek 2019).

Soil physical quality index (SPQI) calculations

The SPQI was assessed by following a three-
step procedure: (1) identification of the data set 
of indicators, (2) indicator interpretation, (3) inte-
gration of the all indicator scores into one overall 
SPQI value (Andrews et al. 2004, Mukhopadhyay 
et al. 2016).

The SPQI value was estimated following 
the method based primarily on the literature re-
view and the soil parameters according to the 
authors opinion’. In this method, the threshold 
values were given (Amacher and Perry 2007). 
The parameters soil and associated unit soil in-
dex score values are listed in Table 1. The in-
dividual index values were then summed up to 
obtain a total SPQI: 
	 SPQI = ∑S/n*i (1)
where:	 S denotes score of soil parameter,
	 n is the number of parameters,
	 i is maximum index

The soil index score values in literature most 
often range from 0 to 2 or less often from 1 to 
5. The paper makes use of a system for the as-
sessment of physical parameters of soil within the 
range of 0 to 4. The points scale facilitates precise 
determination of soil quality. The threshold lev-
els, interpretations, and associated unit less soil 
index score values are listed in Table 1.

Statistical analysis

On the basis of all the results of the area or lab-
oratory measurements, mean values and standard 

Table 1. Scoring function chart for soil physical quality index (Pieri 1992, Lal 1994, Reynolds 2009, Paluszek 
2011, Mukherjee and Lal 2014, Nakajima et al. 2015) – modified

Parameter unit 4 3 2 1 0

Texture - L Si, SiL, SiCL CL, SL SiC, LS C, S

BD Mg·m-3 <1.2 1.2–1.3 1.3–1.4 1.4–1.5 >1.5

MWD mm >2.5 2–2.5 1–2 0.5–1 <0.5

AWC m3·m-3 >0.3 0.2–0.3 0.08–0.20 0.02–0.08 <0.02

K cm·d-1 >950 300–950 20–300 5–20 <5

POR % >40 35–40 30–35 25–30 <25

PAW m3·m-3 >0.2 0.15–0.20 0.10–0.15 0.05–0.10 <0.05

StI % >9 7–9 5–7 3–5 <3

S - >0.055 0.045–0.055 0.035–0.045 0.020–0.035 <0.02
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deviation were calculated. The significance of 
differences was analysed for the database thus ob-
tained. The treatment differences were analysed 
using Tukey’s test at significance level of p <0.05. 
Then, using the Shapiro-Wilk test, the normality 
of the data distribution was checked. The Pearson 
correlation test was also performed for the physi-
cal parameters of the soil. The calculations were 
carried out using the Statistica PL version 12.5 
software package. 

Results and discussion

Four genetic horizons were distinguished in 
the studied soil profiles. The analysed soils are 
characterized by a high content of clay in the sur-
face horizon of 0–10 cm, while loam dominates 
in the deeper horizons. Accordingly, the soil tex-
ture is heterogeneous. Nevertheless, individual 
soil properties are characterized by a slight varia-
tion in the observed values. The standard devia-
tion of the tested parameters is relatively small. 
The highest SD was in hydraulic conductivity 
(K). The sand content in the soil profiles ranged 
at 20 to 50 %, silt content between 10 and 40%, 
and clay content between 30 and 70%. The aver-
age and standard deviation values of nine physi-
cal parameters are presented in Table 2.

The mean weight diameter (MWD) is 
characteristic for sandy clay and amounts to 
1.9 mm for the 0–10 cm layer and 1.5 mm for the 
10–40 cm layer.

Bulk density is one of the important physi-
cal properties of soil that characterizes soil com-
paction and can affect the soil water properties. 
Bulk density (BD) ranged from 1.23 g·cm- 3 to 
1.68 g·cm- 3 and usually increased with depth 

(Table 2). The lowest BD value was observed in 
the 0–10 cm horizon, where the organic carbon 
content was the highest. However, the highest 
density was found in the horizon of 40–60 cm, 
where the clay content was the greatest. The 
soil bulk density varies widely. The lowest val-
ues were observed in the surface horizon and 
they increased with depth (Hamza and Anderson 
2005). As shown in Table 2, the mean value of 
StI indicates a very high risk of soil degradation 
(StI < 5%) (Reynolds et al. 2009). 

Soil porosity (POR) at the level of 0–40 cm 
exceeds 40 %, which is an optimum value in 
terms of plant cultivation. Porosity is only lower 
at the level of 40–60 cm, which is a result of the 
presence of pieces of clay stone. High soil poros-
ity is connected with low bulk density and spe-
cific gravity. 

The analyzed soil samples are characterized 
by a high water content. High water content is one 
of the basic factors influencing high plant pro-
duction. The water capacity available for plants 
is 0.22 m3 · m-3, and the available water capacity 
is 0.24 m3 · m-3. High water retention capacity in 
soil will contribute to limiting the effects of cli-
mate change (Tárník and Leitmanová 2017). The 
water capacity of soil is very often related to its 
granulometric composition, in particular with the 
participation of clay (Touil et al. 2016). 

The variety of factors affecting the conductive 
properties of soils causes very high spatial and 
temporal variability of the values obtained (Mo-
hanty and Mousli 2000, Iwanek 2008). Hydraulic 
conductivity (K) was in the range of 50 cm · d–1 
to 240 cm · d–1 and predominantly increased with 
depth (Table 2). The highest porosity was visible 
in the horizon of 0–10 cm where the carbon con-
tent was the highest. The porosity decreased with 

Table 2. Values of the soil physical parameters collected from heap slopes

Parameter Depth 0 – 10 10 – 20 20 – 40 40 – 60

Specification unit mean SD mean SD mean SD mean SD

Texture - L SiL SiL SiL

BD Mg·m-3 1.23 0.1 1.36 0.1 1.55 0.1 1.68 0.1

MWD mm 1.7 0.6 1.5 0.3 1.5 0.3 1.4 0.2

AWC m3·m-3 0.2 0.06 0.24 0.04 0.23 0.02 0.17 0.05

K cm·d-1 240 82 160 61 110 22 50 10

POR % 50 4.1 46 3.7 44 2.1 37 3.3

PAW m3·m-3 0.22 0.05 0.2 0.04 0.19 0.03 0.13 0.06

StI % 2.8 0.22 4.7 0.18 3.2 0.14 1 0.1

S - 0.04 0.007 0.046 0.006 0.017 0.004 0.027 0.005
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increasing depth. The range of K fluctuations can 
be very wide. The highest values were observed 
in surface horizons and they decreased with depth 
(Tárník and Leitmanová 2017). 

The highest values of the S index were re-
corded at the level of 40–60 cm (> 0.04), which 
indicates a very poor quality of the soil. The low-
est values of the S index at the level of 0–10 cm 
(<0.02), which indicates good physical quality of 
the soil. The mean value of the S index (0.03) in-
dicates high soil quality (Table 2).

The best physical properties of the soil were 
found at the surface level of 0–10 cm, which is 
a positive feature of the soil. At this level, the 
highest average value of MWD and POR and re-
lated PAW and K parameters were recorded. The 
values of individual parameters are 1.7 mm and 
50% as well as 0.22 m3 · m-3 and 240 cm · d-1, re-
spectively. At the surface level, the lowest mean 
BD value was also noted (1.23 g · cm-3). Bulk 
density or total porosity can be determined much 
more easily than the water retention curve (Vizi-
tiu et al. 2011). The worst soil properties were 
found at the level of 40–60 cm. For this level, the 
lowest values of MWD and POR were record-
ed – 1.4 mm and 37%, respectively (Table 2). The 
lowest PAW content (0.13 m3 · m-3) and K value 
(50 cm · d-1) were also recorded, and the highest 
BD value (1.68 g · cm-3). This is reflected in the 
SPQI values.

The values of the Pearson correlation coeffi-
cient between the analysed soil physical quality 
indexes are presented in Table 3. The correlation 
coefficient indicates very high dependencies in 
the case of most parameters. A very high negative 
correlation (r> 0.8) was found between the values 
of BD and MWD, K, POR and PAW. These pa-
rameters are most often used to monitor the phys-
ical quality and soil assessment (Asgarzadeh et al. 

2010, Paluszek 2011, Moncada et al. 2014). The 
highest positive correlation with other parameters 
was found for porosity (r> 0.9). Very low or neg-
ligible correlation was found for the S.

Most soil physical parameters except for BD 
and S characteristics were similar in the whole 
soil profile 0 – 60 cm (Table 4). The surface soil 
horizon 0–10 cm had much better soil parameters 
(lower BD, and higher PAW, K, POR and MWD) 
compared to the horizons in other depths. The im-
pacts of all physical parameters on soil quality in 
four soil depths were calculated by means of the 
indexing method. 

The SPQI analysis includes nine soil qual-
ity indicators that have been integrated after the 
assessment. The basis for the information was 
mainly available literature, and in some cases the 
opinion of the authors was used (Table 1). In ad-
dition, various studies used different scoring of 
the same indicator depending on the type of soil 
and method of use. High variability in parameter 
values (Table 2) has not always been reflected in 
the index values. There were no statistically sig-
nificant differences (p = 0.05) between the test 
points (Table 3). Statistically significant differ-
ences were found between soil horizons. SPQI 
significantly lowered on the horizon 0–10 cm to 
horizon 40–60 cm, indicating that the quality of 
the soil was influenced by the depth of sampling. 
The SPQI value calculated for the 0–60 cm layer 
Technosol was 0.51, which indicates good soil pa-
rameters. The average SPQI values obtained from 
calculations for each depth are shown in Figure 1. 
SPQI estimated from nine different physical pa-
rameters was validated with wood production by 
calculating correlation coefficients. Pearson cor-
relation coefficients calculated for the soil physi-
cal quality index (SPQI) and averaged for a given 
depth are statistically significant.

Table 3. Pearson correlation coefficients of soil physical parameters

Variables BD MWD AWC K POR PAW StI S

sand -0.81* 0.93* 0.42 0.88* 0.93* 0.84* 0.44 0.19

BD -0.90* -0.41 -0.99* -0.96* -0.83* -0.60* -0.73*

MWD 0.17 0.96* 0.91* 0.71 0.29 0.42

AWC 0.34 0.54* 0.81* 0.95* 0.19

K 0.97* 0.81* 0.51* 0.63*

POR 0.93* 0.66* 0.52*

PAW 0.86* 0.41

StI 0.49

* Coefficients significant at P < 0.05
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Conclusions

The results of the research indicate that 
all nine parameters can be used in an analysis 
and evaluation of the soil physical quality. The 
studied heap of sloping area is characterized 
by medium soils of the types most suitable for 
growing forest. Reclamation and proper man-
agement of degraded areas plays an important 
role in water retention. Increasing the area of 
green areas counteracts the climate change. The 
soil quality can be assessed based on the indi-
vidual soil properties. However, integrated soil 
quality indicator provides a more holistic assess-
ment. Field soil tests were carried out in the ag-
ricultural season of 2018 in the coal mine spoil 
depends. It was the first time when the most of-
ten used physical properties were employed to 
determine the soil quality index. The proposed 
solution for determining the soil quality in the 
environment can be important in terms of estab-
lishing the degree of soil degradation. For the 

research, the horizon surface soil has better soil 
quality indicators than the horizon underground 
soils. The SPQI value is affected by the type and 
depth of soil sampling. SPQI calculated using 
the method is relatively easy and user-friendly. 
The advantage of using SPQI to assess the soil 
quality is that this parameter can be assessed by 
measuring any number of soil parameters. The 
presented procedure is easier to use compared to 
other methods because the scoring only requires 
a review of the literature. The disadvantage of 
SPQI is that it is subjective as it is based on the 
opinion of the authors.
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