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An Approach To Detect Local Tectonic Dislocations  
In Coal Seams Based On Roughness Analysis

The occurrence of faults in coal seams has an impact on the possibility of methane hazard. There 
are several methods for identifying tectonic faults, but they cannot be applied directly to solve dynamic 
hazard problems in coal mine. Thus, searching for appropriate methods, that can detect faults in regional 
and local scales is needed. In order to meet this need, the paper proposes a new measurement method of 
estimating changes to the coal structure, based on profilometry measurements (roughness analysis) and 
application of madogram functions. Based on examining coal samples from near fault zones it was shown 
that the proposed approach allows us to detect changes of the coal surface that appear as the distance to 
a tectonic fault gets shorter. The proposed method, due to its simplicity and speed of measurement, implies 
a potential for practical application in the process of detecting local tectonic dislocations in coal mines.

Keywords:	 local tectonic fault; mining hazards; roughness; madogram; geostatistic; mathematical 
morphology

1.	I ntroduction

The extraction of hard coal is inextricably connected with the occurrence of various natural 
threats, including threats related to the occurrence of gases [1]. One of them are gas and rock 
outbursts. Due to the significance of this threat and tragic consequences that it entails, an ongo-
ing monitoring process aimed at determining the level of threat from this phenomenon is under 
way [2]. Still, such monitoring proves ineffective when we encounter the so-called gas traps 

1	A GH University of Science and Technology, Faculty of Geology, Geophysics and Environ-
mental Protection, al. Mickiewicza 30, 30-059 Krakow, Poland

2	S trata Mechanics Research Institute of the Polish Academy of Sciences, Reymonta 27, 30-059 
Krakow, Poland

*	C orresponding author: skiba@imgpan.pl

BY NC

© 2022. The Author(s). This is an open-access article distributed under the terms 
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0, 
https://creativecommons.org/licenses/by-nc/4.0/deed.en which permits the use, 
redistribution of the material in any medium or format, transforming and building 
upon the material, provided that the article is properly cited, the use is noncom-
mercial, and no modifications or adaptations are made.

https://orcid.org/0000-0003-4273-1162
https://orcid.org/0000-0001-5037-5642


744

(or gas pockets). They are characterized by increased gas capacity, tightened gas pressure and 
different structural properties of coal. Most frequently, they occur in the area of tectonic faults. 
In such spots, the so-called tectonically deformed coal, sheared coal or structurally altered coal, 
occurs [3-7]. In the paper by Skiba et al. [8] a method for the automatic classification of struc-
turally deformed coal with the use of artificial neural networks was proposed. These geological 
structures not only change the coal seam stress and gas environment, but more importantly, they 
change the coal microstructure (matrix, pore, crack, etc.), and further change the coal character-
istics [2,9-11]. According to Cao et al. [12] outbursts always occurred within a zone of tectonic 
coal surrounding the fault. As the scale of the current plate tectonics is large, it cannot be applied 
directly to solve the dynamic hazard problems in a coal mine. Hence, the methods that can identify 
and detect faults in regional and local scales are needed [13-15]. 

Over the years, many researchers have worked on fault identification and detection meth-
ods. Among them, the following should be mentioned: grid-based ensemble Kalman filter [16], 
curvature [17], seismic and scattered data analysis [18,19], integration of remote sensing and 
geographic information systems [20] or temperature vegetation dryness index [21]. 

It is worth paying attention to the work of Chen et al. [15], in which the authors proposed the 
mapping technology as a fault identification method. It is based on topographic and geomorphic 
analyses to identify the development of regional faults. In the paper authors also compared the 
obtained results with historical coal and gas outbursts and were indicated that more than 90% 
of the coal and gas outbursts occurred in the vicinity of faults, especially at the intersections of 
multiple faults and in areas with concentrated faults.

The possibilities of using stereological methods in the process of detecting local faults 
characterized by the presence of tectonically deformed coal were also discussed in the open lit-
erature [22]. However, these methods – based on the microscopic analysis – are of little use when 
it comes to the ongoing prevention activities in mines. This is due to the fact that they require 
preparing special coal microsections, as well as conducting a significant number of arduous and 
time-consuming quantitative measurements.

Therefore, finding measurement methods that would make it possible to faster detect local 
differences in the coal structure is still an essential task. Authors of this study concluded that an 
analysis of the roughness of coal samples can be such a method. While looking into the issue 
of surface shape of coal samples, one is tempted to think that the coal occurring in near-fault 
zones (structurally deformed coal) should display a surface shape that is a little different from the 
surface shape of an undeformed coal. In the presented work, appropriate research was conducted 
to verify that hypothesis.

2.	M aterials and methods

2.1.	 The origin of the research material

For the purpose of the research, the following coal material collected from three mines of 
the Upper Silesian Coal Basin, Poland. The selected faults were sampled from both sides (right 
and left) and from around the fault fracture. Lump samples were taken that were large enough 
to be placed under the laser profilometer (no smaller than 2×2×2 cm). Their orientation with 
respect to the fault was marked for later orientation under the profilometer. It needs to be stated 
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that the samples were collected under mine conditions, during the regular working hours of the 
facility. Therefore, the locations mentioned above should be treated as approximations. The sam-
ples were collected at small, local tectonic dislocations, whose thrust did not exceed 0.5 m. The 
samples were collected in:

1)	C oal Mine A:
	 A series of three minor local tectonic dislocations was encountered. In the near-fault 

zones, the following coal samples were collected (the mean reflectance of vitrinite, 
Ro = 0,79%, volatile matter content, Vdaf ~26%):
•	 in the area of the fault no. 1: from the spots located 10, 5, 2 and 1 meter to the left, 

from the fault fissure (marked as 0 m), and from the spots located 10, 5, 2 and 1 
meter to the right,

•	 in the area of the fault no. 2: from the spots located 10, 5, 2 and 1 meter to the right 
and from the fault fissure (marked as 0 m),

•	 in the area of the fault no. 3: from the spots located 10, 5, 2 and 1 meter to the left, 
from the fault fissure (marked as 0), and from the spots located 10, 5, 2 and 1 meter 
to the right.

2)	C oal Mine B (the mean reflectance of vitrinite, Ro = 0,98%, volatile matter content, 
Vdaf ~30%):

	 A tectonic discontinuity was observed from which samples were collected: from the 
spots located 10, 5, 3 and 1.5 meter to the left, from the fault fissure (marked as 0 m), 
and from the spots located 10, 5, 2 and 1 meter to the right.

3)	C oal Mine C (the mean reflectance of vitrinite, Ro = 1,17%, volatile matter content, 
Vdaf ~25%): 

	 Samples were collected from the spots located 10, 5, 2 and 1 meter to the left, as well 
as from the spots located 10, 5, 2 and 1 meter to the right of the tectonic fault.

2.2.	 Data acquisition

Over the past several years, the issue of rock fracture morphology has been discussed in 
works related to geology and rock mechanics more and more frequently. Application of laser 
profilometers to that end should be emphasized at this point. In the research described in this 
paper, a laser profilometry stand was used, composed of a laser head of the accuracy of 2 µm and 
measuring range of 5000 µm, a stepping table with the step of 1 µm and range of 50×50 mm, 
and a computer with controlling software.

Prior to the measurement, a coal sample had to be placed manually upon the measurement 
table. The researcher attempted to do it in such a way as to make the median plane of the sample’s 
surface parallel to the plane of the table’s shift. Any errors resulting from inaccurate leveling of 
samples were corrected based on the previously determined regression plane. The sample was 
placed upon a table in such a way as to make the measured axis X overlap the bedding direction 
observed on the coal sample. One feature of the used equipment is that it is sometimes unable 
to obtain information as to the measured point (e.g. when the surface inclines too much or when 
the light reflection index has too small a value). The unmeasurable points were approximated 
by means of the ordinary kriging method [23].

After the instrument completed the task, a table of XYZ coordinates of the measured points 
of the sample’s surface was obtained. The data from the table may be processed and presented in 
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many ways, including presenting the data in the form of an image. Under such an approach, each 
piece of the measurement data can be recorded as one pixel of a picture, in such a manner that 
the location of that pixel’s X and Y will correlate with the location of the measured point, and 
the grayness level of the pixel will correspond to the measured Z value. This approach makes it 
possible to analyze a rock fracture using the entire mathematical apparatus applied in the standard 
methods of image transformation and analysis, and in mathematical morphology.

2.3.	R oughness and waviness

Upon launching an analysis of the shape of a surface, one should remember that the meas-
ured original surface should be viewed as a combination of two basic components: the waviness 
component and roughness component [24,25].

One of the essential problems connected with the interpretation of the roughness of rock 
fractures is defining the filter determining the borderline between roughness and waviness. The 
impact of the filtration size on the changes of basic parameters of linear roughness as defined 
by ISO was analyzed by Gurau et al. [26]. Selected scientific works suggest using various filtra-
tions to this end, including Fourier transform [27] and wavelets [28], etc. Many authors rely on 
the filtration proposed in ISO standards [24,29]. Some other, non-standard methods of profile 
filtration are also being suggested. Chen et al. [30] propose their own 3D filtration model, and 
Młynarczuk [31] suggested the application of filters used in mathematical morphology.

A morphological filter is defined as an increasing and idempotent transformation. The sim-
plest morphological filters include opening (1) and closing (2) [32]. They are the composition 
of erosion and dilation [33] and are defined as follows:

	 γB (f ) = δB (f ) εBT (f )	 (1)

	 φB (f ) = εB (f )δBT (f )	 (2)

where: ε(f ), δ(f ) – erosion and dilatation of function f, B – structuring element, BT – symmetric 
structuring element.

Combining two morphological filters characterized by an increasing size of the structural 
element Bn lets us obtain the so-called alternating sequential filters-ASF [34]. In the discussed 
research, the authors used one of the varieties of this filter, defined as:

	 Mi (f ) = φBi (f ) γBi (f ) . . . φB2(f ) γB2(f ) φB1(f ) γB1(f ) 	 (3)

2.4.	 Variogram and madogram

In the analysis of the surface shape or texture, the variogram function is frequently used 
[35-37]. Variogram is defined as:

	
      2
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where: h is the lag distance – in direction α – between two points, Z(xi) and Z(xi + h).
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There are three parameters characteristic for the semivariogram i.e. the nugget, the sill and 
the range (Fig. 1). When the semivariogram starting from a non-zero value, this value is called the 
nugget effect. It expresses the variability of quantity at a scale smaller than the sampling interval. 
It can also be caused by low measurement accuracy. The value reached by the semivariogram at 
which no further increase of the function is observed is called sill. It is approximately equal to 
the sampling variance. The distance from zero to the point where semivariogram reaching the 
95% of the sill is called the range. It states the largest distance at which the sampled values are 
correlated with each other [38].

Fig. 1. Important characteristics of a semivariogram (own elaboration)

In the discussed research, a variogram version known as madogram was used. The madogram 
is first-order variogram, defined similarly to the variogram, with the only difference being the 
fact that the square of the difference between the grayness levels of a pair of pixels is replaced 
with a module (Eq. 5).
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In the presented research, particular attention was paid to the madogram’s sill, i.e. the value 
at which a function does not display further growth, having reached that value [39]. Madograms 
are less sensitive to extreme values than variograms. They can be useful in the process of con-
cluding about the anisotropy of data sets revealing outliers which are hard to interpret by means 
of variograms [29].

2.5.	M easurement procedure

Finally, the measurement procedure was as below (Fig. 2): 
•	F rom the material collected in the vicinity of the analyzed faults, samples were selected, 

and the shape of these samples was mapped using a laser profilometer (the samples were 
placed to make the measured axis X overlap the bedding direction).

•	F ields of 256×256 points, located 20 μm apart from each other, were measured. This 
resulted in the total of 65,536 measurement points placed on a field of 5.1×5.1 mm in 
size.

•	U nmeasurable points were approximated using the kriging method.
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•	E rrors caused by inappropriate positioning of the median plane of the samples surface 
in relation to the plane of the table shift were eliminated by determining the regression 
level and making appropriate corrections.

•	T he measurement data was converted into a bit map (a gray image).
•	T he initial filtration of measurement data was performed in order to eliminate the meas-

urement noise.
•	T o identify the roughness components of the measured surfaces, the obtained data was 

filtered using alternating sequential filters of the size of 20 pixels (400 μm). The filter 
result was subtracted from the obtained data.

•	 Madograms heading towards the X axis were determined on the obtained images.

Fig. 2. Schematic diagram of the measurement procedure

3.	M easurement results

Figs 3-5 present madograms for the coal samples collected in the Coal Mine A, where a series 
of three local tectonic dislocations was encountered. It needs to be stated that the distance between 
the 2nd and 3rd fault was ca. 14 m, which is why the samples collected in the spot located 10 m 
away to the left side of the fault no. 3 corresponded to the samples collected in the spot located 
some 5 m away to the right side of the fault no. 2. This could have led to certain misreadings of 
the results obtained for the left side of fault no. 3 and the right side of fault no. 2.
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Fig. 3. Madograms for the Coal Mine A, fault no. 1: a) left side (hanging wing), b) right side (footwall wing)
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It can be observed that, in the case of the samples collected in the vicinity of fault no. 1 and 
fault no. 2, the madogram sills are largely dependent on the spot where they were collected. The 
madogram sills obtained for the samples collected to the right side of fault no. 3 also decrease 
as the distance to the fault is reduced, with the only exception being a sample collected in a spot 
located 2 m away from the fault. Some poorer results were obtained for the left side of fault 
no. 3, where the sample collected in the spot located 2 m away from the fault displays parameters 
that differ significantly from the expected ones, and madogram sills for other samples are not 
distinctly separated.

When analyzing how the madogram course changes with the distance to the fault, one should 
pay attention to the fact that, in the majority of cases, such a relationship does occur. Still, such 
an analysis should be limited only to studying the local changeability within a single fault, or 
even in relation to one side of a fault. At the same time, madogram courses for various faults 
should not be compared.

The values of madograms determined for the samples collected in the Coal Mine B are 
presented in Fig. 6.

The results are the worst that have been obtained during the discussed analysis, as the madog-
ram sill is not fully related to the distance from the spot where a sample was collected. Still, it was 
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Fig. 4. Madogram for the Coal Mine A, fault no. 2 – right side (hanging wing)
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Fig. 5. Madograms for the Coal Mine A, fault no. 3: a) left side (footwall wing), b) right side (hanging wing)



750

confirmed that the madogram sills of the samples collected in spots located significantly further 
from a fault (i.e. ca. 5-10 m) are higher than those of the samples collected in the direct vicinity 
of a fault. This relationship is manifested in virtually all samples analyzed in the present paper.

In the Coal Mine C, eight coal samples were collected: four from the area to the left side 
of a fault, and four from the area to the right side of a fault. An attempt to collect a solid sample 
from the fault itself (at a 0 m) ended in a failure. Fig. 7 presents madogram values determined 
for these samples.
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Fig. 7. Madograms for the Coal Mine C: a) left side (footwall wing), b) right side (hanging wing)

When analyzing the results obtained for the samples collected in the Coal Mine C, it can 
clearly be seen that madogram sills determined for these samples decrease as the distance between 
the spot at which they were collected, and the fault gets reduced.

The obtained results point to a relationship between the madogram sill and the distance of 
the collected sample from a fault. For the majority of the samples collected in the Coal Mine A, 
for both series of the samples collected in the Coal Mine C and (to a slightly lesser extent) for 
one series of the samples collected in the Coal Mine B, one can observe a visible trend involving 
decreasing the madogram sill with the diminishing distance to the fault. Therefore, it seems that 
there exists a measurable relationship between the shape of a coal fracture surface and a distance 
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Fig. 6. Madograms for the Coal Mine B: a) left side (footwall wing), b) right side (hanging wing)
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from the fault, and the discussed measurement method makes it possible to describe these changes 
in a quantitative way, in the majority of cases.

The next stage of the research was to fit the model curves to the measurement data. The 
results of this model fit are presented in Figs 8-12.
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Fig. 8. Results of the model curves fit for the Coal Mine A, fault no. 1: a) left side (hanging wing),  
b) right side (footwall wing)
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Fig. 10. Results of the model curves fit for the Coal Mine A, fault no. 3: a) left side (footwall wing),  
b) right side (hanging wing)
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Fig. 11. Results of the model curves fit for the Coal Mine B: a) left side (footwall wing),  
b) right side (hanging wing)
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Fig. 12. Results of the model curves fit for the Coal Mine C: a) left side (footwall wing),  
b) right side (hanging wing)

As a result of fitting the model curves to the measurement data, information on the values 
of the madogram thresholds was obtained. The results are presented in Tables 1-3. 

The analysis of the obtained results also shows that, for all the discussed cases, the madogram 
sills of the samples collected in the spots located furthest from the fault (i.e. 10 m away) are higher 
than madogram sills of the samples collected in a fault itself. This relationship is presented in 

Table 1

Madogram sills for samples from the Coal Mine A

10 m 5 m 2 m 1 m 0 m
fault 1 – left [µm] 62.4 60.3 36.3 26.4 22.4

fault 1 – right [µm] 36.0 33.4 33.0 28.5 23.8
fault 2 – right [µm] 29.7 29.3 27.4 23.2 15.4
fault 3 – left [µm] 22.6 26.4 52.5 22.6 18.0

fault 3 – right [µm] 41.3 31.0 38.9 17.6 14.2
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Table 4. At this point, it needs to be stated that the measurement data in this research was matched 
with model curves based on which the madogram sills were established. When analyzing the faults, 
one can see that in the immediate vicinity of the faults (0 m-1 m), the madograms have higher 
values in the footwalls (see Table 1). This observation should be the subject of further research.

Table 4

The relationship between the madogram sill established for the samples collected in the spots located 10 m 
away from the fissure and madogram sill established for the samples collected in the direct vicinity  

of the fissure (0 m for the Coal Mines A and B, and 1 m for the Coal Mine C)

Coal Mine A Coal Mine B Coal Mine C

Place of measuring
fault 
no. 1  
– left

fault 
no. 1  

– right

fault 
no. 2  

– right

fault 
no. 3  
– left

fault 
no. 3  

– right

fault  
– left

fault  
– right

fault  
– left

fault  
– right

Madogram sill (10 m)/
madogram sill (fissure) 2.8 1.5 1.9 1.3 2.9 1.9 2.2 3.2 2.5

4.	C onclusions 

In the described research, a new measurement procedure was proposed, which allows to 
indicate the approaching local tectonic fault, based on the analysis of the coal surface. As part of 
the research, appropriate profilometric measurements were carried out, roughness components 
were extracted and then the madograms and its characteristic parameters were determined.

The analysis of the results shows that the distances from the fault at which a given coal sam-
ples were collected and the obtained values of madogram sills are interrelated. In all the analyzed 
cases, the madogram sills for the coal samples collected at the fault are below the madogram 
sills obtained for coals located away from the faults. It was also observed that, in a lot of cases, 
the madogram sills decrease as the distance between the spot where a sample was collected, and 
a fault becomes shorter. For the tested coal samples, in the immediate vicinity of the fault, it 
was even a 3.2-fold decrease compared to the madogram sills determined at a distance of 10 m 
from the fault. Therefore, the authors believe, that the proposed measurement method can detect 
a change in the coal structure as the distance to the fault gets reduced.

Table 2

Madogram sills for samples from the Coal Mine B

10 m 5 m 2 m 1 m 0 m
fault – left [µm] 39.1 97.3 39.3 86.5 20.7

fault – right [µm] 45.2 50.7 20.4 14.2 20.7

Table 3

Madogram sills for samples from the Coal Mine C

10 m 5 m 2 m 1 m
fault - left [µm] 104.3 62.7 46.7 32.4

fault - right [µm] 49.1 44.3 22.8 19.7
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The usefulness of the proposed method is also demonstrated by the fact that the measure-
ments do not require lengthy preparations and may be conducted directly in the coal mine, even 
without collecting samples (i.e. directly on the side wall of longwalls or headings).

To summarize, it can be stated that the described measurements come as useful in the pro-
cess of detecting local fault zones and may likely be applied to the task of evaluating the level 
of threat of rock and gas outbursts in coal mines.
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