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Using computed tomography images to characterize the effects of soil
compaction resulting from large machinery on three-dimensional pore
characteristics in an opencast coal mine dump
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Abstract
Purpose The use of heavy machinery in mining areas increases during mining and dumping of waste soils, causing severe soil
compaction and potentially affecting soil recovery. This study aimed to capture the features of complex compacted soil pore
structure using computed tomography (CT) and to quantify soil pore distribution properties based on Minkowski theory.
Materials and methods A total of 45 cylindrical soil columns were extracted from different soil layer at 5 sampling sites that
differed in compaction level in Pingshuo opencast coal mine in Shanxi Province of China. The penetration resistance at these sites
ranged from 27.3 to 1023.1 kPa. Three-dimensional reconstruction software VGStudio was used to obtain the morphological
characteristics (pore volume density, VD; surface density, SD; mean curvature density, MCD; and Euler number, EN) of soil
pores after processing the X-ray scanned image.
Results and discussion Compaction generally reduced VD, SD, and MCD, which ranged from 0.10 to 0.20, 2.23 to
2.80 mm2 mm−3, and 10.75 to 15.64 mm mm−3 respectively in undisturbed site P0, whereas, they ranged from 0.02 to 0.07,
0.13 to 0.60 mm2 mm−3, and 1.61 to 4.27 mm mm−3 respectively in highly compacted site P4. The three index exhibited the
similar trend, and decreased with the increase of compaction level. Soil compaction had positive effects on EN, which was low at
the depth of 20- to 40-cm layers but showed an increasing trend with increasing soil compaction level. The value of EN varied
from 28,878 to 129,861 in P0, whereas it varied from 1,169,967 to 2,281,998 in P4.
Conclusions All of macroporosity, mesoporosity, and microporosity were significantly affected by heavy machinery compaction,
among which macroporosity exhibited the maximum decrease in P4 compared to that in P0 (P0 ranged from 14.2 to 26.4% and
P4 ranged from 0.2 to 1.4%). The soil compaction in mining area significantly affected soil properties, thus artificial methods
such as fertilizer application and deep tillage were needed.
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1 Introduction

Opencast coal mining activities result in severe degradation of
land resources and ecological environment (Wang et al. 2016).
In the process of opencast mining, topsoil overlying the coal
are stripped and deposited on dam-like dump with large-scale
heavy machinery (Krummelbein et al. 2010). The compaction
effects are intensified by the large tires of crawlers and dump
trucks going back and forth. As a result, compacted areas
often show poor soil functionality and productivity (Horn
et al. 1995; Mueller et al. 2010). The soil compaction causes
a hidden degradation of soil pore structure that is difficult to
evaluate (McGarry and Sharp 2003). As the size, shape, and
continuity of soil pores affect water, solutes, and gas exchange
processes (Greacen and Sands 1980; Soracco et al. 2015),
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structural changes of compacted soil pores may affect these
processes and reduce the soil biological activity of flora and
fauna (Beylich et al. 2010). Thus, the pore properties of
compacted soil play an important role in land reclamation in
opencast mining areas.

Previous research on soil compaction has focused on spe-
cific aspects such as the physical influence (Horn et al. 1995),
organic matter (Soane 1990), and modeling (Osullivan and
Simota 1995; Lipiec and Hatano 2003). The anthropogenic
causes of soil compaction can occur due to agricultural oper-
ations from sowing to harvesting (Williamson and Neilsen
2000), grazing animals trampling and visitors pressure (da
Silva et al. 2003; Frick et al. 2007), which frequently take
place in cultivated lands, forests and urban parks (Nawaz
et al. 2013). The effects of vehicle traffic on soils have been
long and intensively investigated. Previous studies have dem-
onstrated that under these conditions, soil bulk density in-
creases, and macroporosity and hydraulic conductivity de-
creases for surface soils (Taylor 1992; Worrell and Hampson
1997; Xu et al. 2002). However, large mechanical recycling
operations result in much more significant soil compaction in
mining areas (Shukla et al. 2004), compared with the compac-
tion that takes place in the cultivated lands or forests. Because
of the rolling action of the heavy machinery, the level of soil
compaction and depth to which compaction occurs are much
larger in mining areas than in agricultural areas.

The level of soil compaction can be affected by several
factors such as soil texture, moisture content, tire load, and
the number of times that the machinery passes (Oni and
Adeoti 1986; Dauda and Samari 2002). The soil physical pa-
rameters that are most sensitive to compaction are bulk densi-
ty, porosity, and penetration resistance (Panayiotopoulos et al.
1994; Hamza and Anderson 2003; Barik et al. 2011).
Traditionally, the soil–water retention method, measured in
the laboratory, has been widely used to characterize soil po-
rosity and analyze soil pore structure (Vogel 2000; Rachman
et al. 2005; Amer et al. 2009; Wang et al. 2016). However,
laboratory methods can only provide indirect information
about soil pore structure (Schluter et al. 2016). Advances in
the application of computed tomography (CT) for measuring
pore size, volume, and surface area, and pore connectivity
have provided a new research tool for thorough investigation
into the compacted soil pores (Udawatta et al. 2008; Kumar
et al. 2010; Rab et al. 2014). Computed tomography is a non-
invasive imaging technique that proved to be powerful to vi-
sualize and quantify soil pore structure (Taina et al. 2008;
Cortina-Januchs et al. 2011). X-ray CT method may provide
a better understanding of soil pore structure and how the pro-
cess of soil dumping and large machinery compaction may
influence soil processes. Over the last few decades, X-ray
CT has been increasingly used in geosciences (Cnudde and
Boone 2013) and soil science (Taina et al. 2008) to investigate
the spatial distribution of sediment particles and pore spaces

(Goodwin et al. 2003). Most studies have been focused on the
evaluation of soil pore structure, particularly onmacroporosity
and density investigations (Warner et al. 1989; Anderson et al.
1990; Lipiec and Hatano 2003). Today various tomographic
techniques are available for three-dimensional visualization of
soil pore structure properties (Katuwal et al. 2015; Meng et al.
2017). For a better description of compacted soil pore struc-
ture, geometrical characteristics such as pore volume, surface
area, and connectivity are analyzed. Mathematical morpholo-
gy is a well-established technique and provides an efficient
way to characterize the geometric information of different
features of soil pore structure that can be obtained through
X-ray CT (San José Martínez et al. 2016). Among the tools
of mathematical morphology, the Minkowski method is par-
ticularly efficient for measuring the three-dimensional soil
pore space (Arns et al. 2002; Lehmann et al. 2006).

The impact of agricultural soils compaction has been ex-
tensively studied, but few have been focused on highly
compacted dump soils. A few studies have been conducted
on reclaimed soil using CT method (Wang et al. 2016; Wang
et al. 2017a). However, the previous studies focused on the
duration of reclamation period on soil pore properties and the
two-dimensional image analysis. Very limited information is
available for measuring pore characteristics of compacted soil
using traditional methods. Despite the value of CT as a tech-
nique for understanding the impacts of compaction on soil
porosity and subsequent implications for soil restoration, the
morphological characteristics of soil pores is still not well
quantified, including pore size, volume, surface area, and con-
nectivity. Therefore, the objectives of this study were to (i)
compare Minkowski theory for determining pore characteris-
tic parameters with traditionally used CT parameters and (ii)
compare soil pore distribution characteristics under different
level of compaction resulted from heavy machinery.

2 Materials and methods

2.1 Study area

The study area was located in Pinglu District of Shuozhou
City, Shanxi Province, which has the largest opencast coal
mine (112° 17′ 28″~112° 28′ 10″ E, 39° 25′ 6″~39° 36′ 5″
N) in China and includes the Antaibao, Anjialing, and East
opencast mines. The specific study area was the dump site
located in one of the Pingshuo opencast mines, Antaibao.
With an area of 376 km2, Antaibao opencast mine contains
the three large dumps, the South, the West, and the Inner
Dump. Better eco-landscape had been formed on the South
and West Dump, with 23 and 20 years of reclamation. The
Inner Dump, with an area of 0.44 km2 and no reclamation
after dumping, was selected as the sampling site in this study.
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The study area has a typical temperate arid to semi-arid
continental monsoon climate and a fragile ecosystem. The
average altitude is approximately 1400 m, while the altitude
difference in mine area can be 300 m. The soil type is chestnut
soil. The soils have low soil organic matter content, poor soil
structure, and weak resistance to water erosion and wind ero-
sion (Bai et al. 1998).Without good vegetation cover, this area
has suffered from soil erosion for many years which has
caused further deterioration in soil conditions in this mining
area.

Opencast coal mining, including excavating, transporting,
and dumping, has significantly disturbed the topsoil and
changed the soil profile (Wang et al. 2017b). At the beginning
of mining, 0–100 cm of topsoil was moved and stored sepa-
rately. After transporting and dumping, the removed top-
soil was used to cover the surface of the dump, and some
areas have been used for agriculture (Li et al. 2012).
Although land reclamation began 20 years ago in
Pingshuo opencast mine (Bi et al. 2010), large machinery
caused severe compaction on these dumps, which made
the reclamation a longer process.

2.2 Soil sampling

Four sampling sites representing different compaction
levels, i.e., P1, P2, P3, and P4, were selected to analyze
the effects of soil compaction based on the level of
compaction, and the undisturbed soil site, P0, was set
as the control site (Fig. 1). The penetration resistance of
different sampling sites are presented in Table 1. At
each sampling sites, a 5 m × 5 m area was marked and
three profiles were selected randomly within this area.
Soil samples were collected from each soil profile at the
depths of 0–20 cm, 20–40 cm, and 40–60 cm, and a
total of 45 soil samples (30 mm in diameter and 60 mm
in height) were collected. First, an acrylic cylinder was
put into the soil by gradually pressing a pedestal with
the hand shank on it. Then, a backhoe was used to
carefully remove the soil from around the column and
push the acrylic cylinder deeper into the soil before
later removing the column slowly. The soils protruding
from the top and bottom of the extracted acrylic cylin-
der were cut (San José Martínez et al. 2010). This sam-
pling procedure provided gradual penetration of the col-
umn into the soil with minimum disturbance of soil
core. The soil core was wrapped with cling wrap and
aluminum foil and kept at 2 °C until CT scanning
(Naveed et al. 2016).

At each soil core location, an additional soil sample
was collected at corresponding depth for analysis of soil
bulk density (BD) and penetration resistance (PR). Mean
values of BD and PR for five sampling sites at three soil
depths are presented in Table 1. The soil bulk density

(BD) of each soil sample was determined by the cutting
ring method (Blake and Hartge 1986). A penetration re-
sistance tester (TJSD-750, Zhejiang Top Instrument Co.,
Ltd., Hangzhou City, Zhejiang Province, China) was used
at P0, P1, P2, P3, and P4.

2.3 CT scanning and image processing

The soil cores were scanned in helical mode at the Aerospace
Research Institute of Special Materials & Processing
Technology of China in July 2015. The CT scanner is an X-
ray digital core analysis system (GEMeasurement & Control,
German Phoenix Company, German). In this study, the helical
scanning mode was used to make a relatively quick precision
enhancement of the image. Each soil column was placed hor-
izontally on the couch of the CT scanner, so the original soil
profile was perpendicular to the X-ray plane. The CTscanning
configuration parameter values were as follows: tube voltage,
180 kV; pixel size of the flat panel detector, ≤ 50 μm; number
of pixels, 2200 × 2200; pixel size of the minimum element, <
0.5 μm; field of view, 12 cm in diameter and 15 cm in height;
and image reconstruction interval length, 0.05 mm. Only the
middle part of the soil column was scanned and the region
between 5 and 55 mm was selected for the image processing.
The resolution of scanned images was 18 μm, and the scan-
ning interval was a continuous 0.05 mm. The images were
analyzed using the Image J 2 software, and the Region of
Interest (ROI) tool was used to exclude voids near the core
walls and minimize the effects of beam hardening (Schneider
et al. 2012). Soil pore was partitioned from solid using the
Threshold tool after converting the image into an 8-bit gray-
scale image. Conversion of the image included all of the orig-
inal data, and the known phantoms on the sample were used to
validate the conversion. Image segmentation was the most
crucial step affecting all subsequent quantitative analysis ef-
forts (Iassonov et al. 2009). Various classification schemes for
image segmentation methods were proposed in literature
(Haralick and Shapiro 1985; Pal and Pal 1993; Sezgin and
Sankur 2004), and errors and distortions were inevitable dur-
ing the segmentation process. Among different approaches of
image segmentation, histogram thresholding was commonly
applied (Rachman et al. 2005). Avalue of 60 (range is 0–255)
was selected as the threshold to conduct image analysis; the
value was determined using optimization with known phan-
toms which included air-filled and water-filled tubes. The
values less than the threshold value were identified as air-
filled or water-filled pores and the values greater than the
threshold value were identified as non-pore.

VGStudio, a well-performed three-dimensional display
software, was used to observe the internal structure of the soil
pores. First, the scanned CT images were imported into
VGStudio, and the three-dimensional soil column was obtain-
ed. Then, after the eliminating of exterior plexiglass tube part,
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selected areas were extracted by the Extracted.roi menu item.
Finally, considering the memory space of the computer and
elimination the images on the top and bottom parts of the soil
acrylic cylinder to avoid any artificial disturbance during sam-
pling, a total of 1000 images were imported into the software
to make soil column reconstruction. The reconstructed soil
column was cylindrical, with the height of 50 mm, the diam-
eter of 30 mm and the voxel size of 18 μm× 18 μm× 18 μm.
The CT scanning images processing and three-dimensional
reconstruction workflow are shown in Fig. 2.

The equivalent diameter (ED) of each pore was calculated
by the following equation (Rasiah and Aylmore 1998):

ED ¼ 2

ffiffiffiffi
A
π

r
ð1Þ

where A is the soil pore area in soil cross-section in μm2. Due
to the limitation of the image resolution, only the soil pores
with ED ≥ 18 μm were studied in this paper, and the pore size
were divided into three categories (Bouma et al. 1977; Beven
1981; Luxmoore 1981), macropores (ED ≥ 100 μm),
mesopores (30 μm ≤ ED ≤ 100 μm), and micropores
(18 μm ≤ ED ≤ 30 μm).

2.4 Characterization of three-dimensional soil pore
distribution

Minkowski functionals are basic geometric measures defined
for binary structures (Vogel et al. 2010) and can be used to
quantify the measured pore structure. After segmentation, the
pore space is represented as a binary structure X ⊂Ω where Ω

Fig. 1 Location of study area and sampling sites

Table 1 Mean soil bulk density and penetration resistance of the sampling sites

Soil depth (cm) Bulk density (BD) (Mg m−3) Soil depth (cm) Penetration resistance (PR) (kPa)

P0 P1 P2 P3 P4 P0 P1 P2 P3 P4

0–20 1.42 1.65 1.68 1.76 1.85 0–20 27.3 487.3 612.2 740.1 893.9

20–40 1.48 1.62 1.64 1.71 1.73 20–40 63.1 350.7 459.2 573.6 1023.1

40–60 1.54 1.69 1.73 1.79 1.88 40–60 105.8 189.4 234.6 395.5 503.0
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is the embedding space (i.e., a three-dimensional image of any
shape to be analyzed) and X is the pore space. Given such a
binary image, integral geometry provides a limited set of d + 1
Minkowski functionals (Mecke 2000), where d is the dimen-
sion ofΩ, in our case d = 3. Basic geometric characteristics are
likely to be related to functional aspects of material (Vogel
et al. 2010), and the pore volume, surface area, mean curva-
ture, connectivity, and Euler number were used in this study.
The first functional M0 is the total volume of pores:

M 0 Xð Þ ¼ V Xð Þ ð2Þ

Other Minkowski functionals are defined through integrals
over the surface of the pores denoted as ∂X which unambigu-
ously defines its shape or morphology of the pore structure at
the given resolution. In d-dimensional space, there are d such
integrals. For d = 3, the first integral measures the total inter-
facial area between pore and solid:

M 1 Xð Þ ¼ ∫∂X ds ¼ S Xð Þ ð3Þ
where ds is a surface element. The second integral measures
the mean curvature:

M2 Xð Þ ¼ 1

2
∫∂X

1

r1
þ 1

r2

� �
ds ¼ C Xð Þ ð4Þ

where r1 and r2 are the minimum and the maximum radius of
curvature for surface element ds, respectively.

In addition, for a better understanding of soil pore structure
and hydraulic properties, Euler number (EN) can be a suitable
parameter to quantify the topological relations of soil pores
and an increasing Euler number indicates the decreasing con-
nectivity of them. The EN can be calculated using the classical
Euler formula (Vogel et al. 2010).

EN is a dimensionless, topological measure that quantifies
the connectivity of the pattern whileM0,M1, andM2 are met-
ric with units [L3], [L2], and [L], respectively.

In order to compare the results obtained from different
images, normalization is needed to remove the effect of image
size. Minkowski densities are averaged properties without in-
formation on pore size distribution. Thus, theMinkowski den-
sities were calculated using the following equation:

mk Xð Þ ¼ Mk X∩Ωð Þ
VΩ

ð5Þ

The physical interpretations of these functionals are the
following: m0 corresponds to the total volume of pores, m1

corresponds to surface area, m2 is related to pore shape, and
EN is related to soil connectivity. Minkowski densities repre-
sent properties of soil pore structure and can be calculated
using an algorithm based on the binary image (Vogel et al.
2010). Thus, the three-dimensional characteristic parameters
in this study are volume density (VD), surface density (SD),
mean curvature density (MCD), and Euler number (EN).

2.5 Statistical analysis

One-way ANOVAwas used to perform significance test, and
the differences of characteristics parameters of soil pore dis-
tribution among five different soils (P0, P1, P2, P3, and P4) at
the depths of 0–20, 20–40, and 40–60 cm were compared at
the P value of 0.05. Correlation analyses were conducted
among soil three-dimensional feature parameters. All the sta-
tistical analyses were conducted using SPSS20.0 software
(SPSS, Chicago, USA).

3 Results

3.1 Three-dimensional feature parameters of soil
pores

Based on VGStudio MAX 2.0 software, the three-
dimensional reconstructed pore structure of tested soils was
depicted in Fig. 2. The visual observations of the reconstruct-
ed soil pore structure indicated significant differences among
not only sampling points but also soil layers. Reconstructed
soil pore features include three-dimensional pore volume, sur-
face area, mean curvature, and connectivity.

Fig. 2 Image processing workflow and 3-D reconstruction of soil pores a original image, b enhanced image, c binarized image, d three-dimensional
visualization of sample soil column
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3.1.1 Volume density (VD)

The three-dimensional pore VD quantifies pore volume fea-
tures, which can be represented by a binary image after seg-
mentation. The greater the pore volume density is, the larger
the pore volume will be. VD decreased with the increase of
soil compaction level (from P1 to P4) (Fig. 3a). VD exhibited
significant differences between both different compacting
levels and different soil depths (P < 0.05). The values of total
volume density at the layers of 0–20 cm, 20–40 cm, and 40–
60 cm in P1, P2, P3, and P4 showed the same trend: VDL2 >
VDL1 > VDL3. This order was in agreement with the penetra-
tion resistance results tested from shallow to deep soil profile
for the same depths. Compared with P0 at layers of 0–20 cm,
20–40 cm, and 40–60 cm (with 0.20, 0.13, and 0.10 respec-
tively), VD of P4 were lower (with 0.04, 0.07, and 0.02 re-
spectively). Moreover, a different order was exhibited in P0,
VDL1 > VDL2 > VDL3, which indicated the difference be-
tween undisturbed landforms and the compacted sites.

3.1.2 Surface density (SD) and mean curvature density (MCD)

SD and MCD exhibited similar trend with pore VD, and both
were statistically significant (P < 0.05). Values of SD and
MCD at 20- to 40-cm layers were the highest at compacted
sampling sites, whereas those at 0- to 20-cm layers of undis-
turbed sites have the highest value (Fig. 3b, c). SD ranged
from 2.23 to 2.59 mm2 mm−3 at undisturbed sites P0 and
ranged from 0.13 to 0.60mm2mm−3 at highly compacted sites
P4.MCD of P0 varied from 10.75 to 15.64 mmmm−3 and that
of P4 varied from 1.61 to 4.27 mm mm−3, which showed a
significant difference between the two sampling sites (Fig. 3b,
c).

3.1.3 Euler number (EN)

EN reflects the connectivity of soil pores. The EN exhibited
differences between soils with different levels of compaction
according to one-way ANOVA results (P < 0.05). At the un-
disturbed sampling site P0, EN increased as soil depth in-
creased, while at the compacted sites (from P1 to P4), EN
reached to the lowest point at 20- to 40-cm layers (i.e.,
ENL3 > ENL1 > ENL2) (Fig. 3d). The value of EN also showed
large differences between P0 and P4 (P0: varied from 28,878
to 129,861; P4: varied from 1,169,967 to 2,281,998).

3.2 Correlation analysis of parameters

Parameter correlation analyses were conducted and each pa-
rameter was found to exhibit significant correlation with all of
the other parameters (Table 2). Correlation coefficients ranged
between 0.88 and 0.99, among which there was a significantly
positive correlation between surface area and mean curvature

Fig. 3 Distribution of soil pore features in different layers under different
pressure
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density. However, the correlations between Euler number and
other parameters were negative.

3.3 Variation in soil pore characteristics with soil
depth

Variations in soil pore properties in different layers are shown
in Fig. 4. The shape of the soil porosity and pore number
curves of P0 differed from that of P4. Without machinery
compaction, the trends of macroporosity, mesoporosity, and
microporosity in P0 generally decreased as soil depth in-
creased (values of macroporosity, mesoporosity, and micropo-
rosity varied from 14.2 to 26.4%, 5.0 to 10.8%, and 0.8 to
1.8% respectively) (Fig. 4a). However, the trends of porosities
in P4 were severely compacted by large machinery, exhibiting
a huge disturbance above 40-cm layer (Fig. 4e).

The macroporosity of each layer in P0 was greater than
mesoporosity and microporosity, this differs from the pattern
in the compacted sites, especially in P4 (Fig. 4e).
Macroporosity in compacted sites P1, P2, P3, and P4 varied
greatly at the depth of 20–40 cm. Moreover, pore numbers in
P0 exhibited a relatively consistent trend to porosities in P0. In
nearly every soil layer, micropores had a larger number than
that of macropores, and the number of macropores decreased
as compaction increased (macropore number in 10-cm layer
drastically decreased from 1392 of P0 to 37 of P4), which
indicated that macropores were more sensitive to soil
compaction.

Both porosities and pore numbers showed significant dif-
ferences between undisturbed sites and compacted sites (Fig.
4). As compaction level increased from P1 to P4,
macroporosities varied greatly between 20- and 40-cm layers
and reached to the maximum at 40-cm layer (macroporosity of
P1, P2, P3, and P4 were 3.2%, 2.5%, 2.4%, and 1.4%, respec-
tively). Mesoporosity and microporosity in compacted sites
did not show a regular change; however, both showed signif-
icant differences compared with P0 (Fig. 4a). Moreover, the
trends of pore numbers of different equivalent diameter almost
matched with the corresponding porosity at different soil
depths or under different compaction levels. For example,
micropore number in P4 first increased from 1238 to 2297,
and then decreased to 1001. Similar variation was also found
on microporosity (increased from 0.4 to 0.7%, then decreased
to 0.3%).

Figure 5 shows the distribution of soil porosity and pores at
different sampling sites. From P4 to P0, total porosity and pore
number of 0- to 20-cm layers ranged from 2.2 to 38.3% and
2372 to 16,133, respectively, and the orders of these two pa-
rameters are the same: P0 > P1 > P2 > P3 > P4. The order of
magnitude of total porosity and pore number of 40- to 60-cm
layers ranged from 4.1 to 25.8% and 3764 to 12,648. There
was a trend of increased total soil porosity and an approximate
trend of increased soil pores at 20- to 40-cm layer from P4 to
P0, with an order of magnitude of P0 > P1 > P2 > P3 > P4 and
P0 > P1 > P2 > P4 > P3, respectively (Table 3).

4 Discussion

4.1 Comparing Minkowski method with traditional CT
parameters

Compaction effects on dump sites mainly caused by heavy
machinery such as truck and crawler during piling up and
leveling off of the substrate, resulted in severe anthropogenic
impact on developing soil physical properties and functions
(Krummelbein et al. 2010). In our case, not only soil physical
properties such as bulk density and porosity have been used,
but also Minkowski parameters, i.e., volume, surface area,
mean curvature, and Euler number, have been analyzed.
Bulk density is the most frequently used parameter to charac-
terize the effects of compaction (Panayiotopoulos et al. 1994),
which result in a progressive increase in bulk density and
penetration resistance. The waste dumps have been com-
pressed by large machinery, leading to high levels of compac-
tion and high bulk densities (Barik et al. 2014). In compacted
sites, bulk densities were over 1.6 Mg m−3in every layer and
decreased in the 20- to 40-cm layers, while bulk densities of
undisturbed site P0 increased with soil depth (Table 1).
Compaction resulted in increased bulk density and penetration
resistance, but the correlation between these two parameters
was not so close (Panayiotopoulos et al. 1994). Soil compac-
tion results in the destruction of inter-aggregate pores, and in
the reduction of soil hydraulic conductivity and air permeabil-
ity (Horn et al. 1995). Under natural conditions, soil contains a
large proportion of macropores. In our case, the porosity of
macropores of undisturbed sites was markedly higher than
that of compacted sites, and number of macropores was also
significantly reduced in compacted sites compared with

Table 2 Correlation analysis of
parameters Volume density Surface density Mean curvature density

Surface density 0.910**

Mean curvature density 0. 944** 0.992**

Euler number − 0.880** − 0.902** − 0.897**

The symbol (**) in the table indicates that the correlation is significant at 0.01 level
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original landform (Fig. 5). The result is in accord with the
observation that compaction mainly destroys large pores,
and that macropores are relatively more affected by soil com-
paction than micropores (Nawaz et al. 2013; Soracco et al.
2015; Wang et al. 2017a).

In present study, the densities of volume fraction, surface
area, and mean curvature were considered. The VD, SD, and
MCD in each site presented a decreasing trend with increasing
compaction level, as shown in Fig. 3a–c; whereas, Euler num-
ber showed the opposite variations and provided a sensitive
measure of pore structure change in soils resulted from com-
paction, as shown in Fig. 3d. Differences between compacted
and uncompacted soils indicated that soil compaction in-
creased the number of isolated pores, aggravated the collapse
of soil pore structure, and did not generate a complex and
highly connected structure (San José Martínez et al. 2016).

4.2 Comparing traditional laboratory method with CT
method

For a precise observation and evaluation on soil pore structur-
al functions, a link between soil pore structure and physical
and/or biological soil functions need to be built, which may
open new avenues to evaluate the impact of soil management
on mechanics and soil hydrology. However, traditional
methods have limitations for the accurate characterization of
soil physical features. Hence, X-ray CT is a novel technique
that can be used for characterizing compacted soil pores and
overcome some of the limits of traditional methods (Kim et al.
2010). Using CT images, the pores with smaller and larger
equivalent diameters can be observed, thus more soil
pore structural feature information can be analyzed based on
Minkowski functionals such as pore volume density, surface
density, mean curvature density, and Euler number (Vogel
et al. 2010). The results of CT-based method and traditional
method were comparable. As macropores are closely associ-
ated with the distribution of aeration and soil water, under-
standing the influence of soil macropore relationships on soil
water flow is important for evaluating root growth and root
respiration. This is typically achieved using traditional
methods, which involves laboratory measurement of soil–wa-
ter content at various soil–water matric potentials and infer-
ring porosity using the relationship between pore diameter and
liquid flow (Rab et al. 2014). However, as soil compaction
may reduce the macroporosity and pore connectivity, the tra-
ditional methods may not be sensitive enough to detect the
small changes in soil pores or other soil properties (Rab et al.
2014). In those situations, porosity as determined from tradi-
tional methods would be lower than the true value.

�Fig. 4 Depth profile of soil porosity and pore number with different
equivalent diameters

R
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4.3 Comparing the effect of various levels
of compaction due to the use of large machinery
on porosity characteristics

In civil engineering, soil porosity, being independent of parti-
cle density, is widely used to measure degree of compaction
(Lipiec and Hatano 2003). A decrease in soil porosity caused
by compaction strongly restricts the ability of roots to access
water and oxygen (Drewry et al. 2008). As macropores

determines the soil water flow and transport, macroporosity
may be reduced to the extent that the growth of the roots is
limited by oxygen and/or water availability. Some researchers
proposed that the appropriate threshold value for the survival
of plants of macroporosity is 10–15% (Lipiec and Hatano
2003). Macroporosity values in pasture compacted soils were
11.2% and 7.4% in the 0- to 10-cm and 20- to 30-cm layers
respectively (Rab et al. 2014), which indicated the root growth
in pasture soils may be moderately affected. In this study,

Fig. 5 Distribution of soil
porosity and pore number at
different sites

Table 3 Distribution of soil pores in different layers

Test soil P0 P1 P2 P3 P4

Depth
(cm)

Total porosity
(%)

Pore
number

Total porosity
(%)

Pore
number

Total porosity
(%)

Pore
number

Total porosity
(%)

Pore
number

Total porosity
(%)

Pore
number

10 38.9 15,955 5.2 4192 4.8 3854 3.6 3397 2.2 2372

20 38.3 16,133 4.9 4116 4.4 3861 3.8 3254 2.4 2649

30 29.5 13,905 5.4 4134 5.3 3997 4.4 3660 3.3 3226

40 25.8 12,648 6.3 4210 5.7 4207 4.9 3544 4.1 3764

50 22.0 10,872 4.3 3860 3.4 3102 3.4 3420 2.0 2027

60 20.0 9947 4.3 3856 3.4 3386 3.4 3277 2.1 2062
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macroporosity values in 0- to 10-cm and 20- to 30-cm layers
were 2.2% and 2.5% respectively in P1, and that values in 0-
to 10-cm and 20- to 30-cm layers were 0.3% and 0.9% respec-
tively in highly compacted P4 (Fig. 4), which suggested that
compaction in mine dump caused more severe damage not
only to the soils but also to the vegetation growth and effect
of reclamation. Therefore, care need to be taken to minimize
the significant detrimental impacts of soil compaction in coal
mine dumps.

Soil compaction affects not only soil properties but also
local environment, resulting in the degradation of soil func-
tions such as water heat exchange, carbon and nitrogen cy-
cling capacity, and the deterioration of local environment such
as emissions of greenhouse gases (N2O, CH4, and CO2) and
vegetation cover reduction (Nawaz et al. 2013). Soil pore
condition can be a related factor to activities of plant roots
(Emerson and McGarry 2003). Proper quantification of soil
compaction effects is essential to develop management strat-
egies that minimize the harmful compactive effects. In the
compacted sites of this study, soil porosities are less than
10%, which is expected to significantly alter the ability of
plants to grow in waste dumps.

4.4 Implications for soil compaction impacts
and recovery on opencast mine soils

In order to achieve the natural conditions of soil profile like
P0, land reclamation is encouraged in the mining area. Natural
recovery of compacted soils is a very complex and slow pro-
cess (Froehlich et al. 1985), and the level of compaction or
bulk density is the most important factor to monitor during the
soil recovery period (Heinonen 1977). Over a 20-year period
of reclamation time, with the application of soil amendments,
soil pore structure can be improved and vegetation cover can
be increased (Wang et al. 2016), but full recovery time for a
heavy compacted soil can range from 100 to 190 years (Webb
2002). Therefore, two measures, in mining area, can be used
to prevent soil compaction: (1) minimizing soil compaction
during the operation of largemachinery and (2) improving soil
recovery effects by deep tillage, fertilizer application, etc.
Natural phenomena involved are precipitation, wetting and
drying cycles, subsequent soil cracking, and bioturbation in
the recovery of compacted soils (Webb 2002; Drewry 2006).
Compaction can be reduced by the artificial and natural
methods through the increase of vegetation and addition of
organic matter by the aforementioned solutions; therefore,
both of these recovery methods are encouraged and employed
in opencast coal mine dump sites.

Although the results of this study reveal the effects of large
machinery compaction on dump soils, further studies on the
mine soil hydraulic properties and the soil water migration
pattern are still needed.

5 Conclusions

This study described the results from four sampling sites at
dumping area in opencast coal mine, with different compac-
tion level caused by large machinery, based on non-
destructive computed tomography (CT), three-dimensional re-
construction software VGStudio, and Minkowski theory. The
soil compaction significantly changed the soil properties and
pore structure. Soil pore morphological indices, VD, SD, and
MCD decreased with increasing soil compaction level, and
they decreased from 0.10–0.20, 2.23–2.81 mm2 mm−3, and
10.75–15.64 mm mm−3 respectively in P0 to 0.02–0.07,
0.13–0.60 mm2 mm−3, and 1.61–4.27 mm mm−3 respectively
in P4. In addition, EN increased with increasing compaction
level, and it increased from 28,878–129,861 in P0 to
1,169,967–2,281,998 in P4. The results also demonstrated
that CT-based method was a valuable tool for the quantifica-
tion of compacted soil pores in mining area. Analysis based on
Minkowski functionals indicated that the microstructure of
compacted soil had been severely destroyed, thus the recon-
struction of soil should be given more consideration. Due to
the great contributions of soil pores in determining soil trans-
port, aeration, and fertility, it is predicted that the undisturbed
soils would respond more favorably to land reclamation than
the compacted soils.
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