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Abstract. In the article a comparison analysis is presented between a
numerical model of the stress and deformation state in a rock mass and an
S-wave velocity model obtained as a result of in situ measurement. The
research was conducted using data from the Jastrzębie and Moszczenica
coal mines. The part of the rock mass examined was strongly disturbed by
multi-seam exploitation of coal. To obtain the S-wave velocity model 6
hours of ambient seismic noise data were recorded using 11 seismometers.
The propagation of the Rayleigh surface wave between the seismometers
was reconstructed utilising the seismic interferometry and the cross
correlation technique. Estimation of a two dimensional model of the Swave velocity field was performed on the basis of dispersion curves of the
Rayleigh wave phase velocity. The stress and deformation field were
calculated assuming a plane state of stress with the use of the elastic-plastic
Coulomb-Mohr strength criterion. Images of the vertical stress, horizontal
stress, vertical strain and horizontal strain as well as the subsidence profile
on the model surface were obtained as a result of the calculation. Analysis
of the results shows correlation between the field of S-wave velocity and
the modelled field of stress and strain.

1 Introduction
Information about the stress and deformation processes developing in a rock mass disturbed
by underground mining is essential in terms of the terrain surface subsidence and its effect
on structures and the environment [1-3]. Moreover, strong seismicity may be induced in
zones with a high stress gradient [4, 5].
One of the parameters that describe the stress and deformation changes in the rock mass
is the velocity of seismic waves [6]. In mines this parameter has mainly been determined by
seismic profiling [7, 8] or active and passive seismic tomography [9-11]. Recently, seismic
interferometry has also been used for imaging [12, 13] and monitoring of the rock mass
influenced by mining [14, 15]. This cost-effective tool can turn seismic noise into a useful
signal produced by a so-called “virtual seismic source” [16].
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A wide range of numerical modelling codes has been used to investigate the stress and
deformation changes induced by underground coal mining [17]. Among these the FLAC
code is a well-known computer code for such analysis of rock engineering problems using
the FVM/FDM approach with a vertex scheme of triangular and/or quadrilateral grids[18,
19]. Application of FLAC codes in the modelling of the exploitation of multiple coal seams
was widely described by Kwaśniewski and Wang [20], Kook et al. [21], Han et al. [22],
Pilecki [23], Wesołowski [24], Zhang et al. [25], Sui et al. [26], Zhu et al. [27].
In this paper, the measured S-wave velocity field and numerically modelled stressdeformation field of a rock mass disturbed by the exploitation of multiple coal seams are
compared. In the initial part of the paper, we show the location of the research area and we
present brief information about the geological and mining conditions in the Jastrzębie and
Moszczenica coal mines in Poland. Then, the methodology of the S-wave velocity model
using seismic interferometry with ambient seismic noise is explained. Next, we describe the
methodology of numerical calculations of stress and deformation fields.
Finally, we analyse the characteristic features of the empirical seismic velocity model
comparing it to the calculated stress and deformation model. The conclusions formulated
correspond to the relationship between changes in S-wave velocity and the stress and
deformation processes induced by mining.

2 Geological and mining conditions
The research area is located at Jastrzębie and Moszczenica mines near to the town of
Jastrzębie-Zdrój in southern Poland (Fig. 1a). The locations of profiles M1-M1’ for
numerical calculations and profile P1-P1’ for the empirical S-wave velocity model, together
with information about the geological and mining conditions, are shown in Figure 1b.
Profiles P1-P1’ and M1-M1’ were located across a pillar used as a protective boundary
between coal mines (Fig. 1b, red dashed line). Underground mining of coal has taken place
in the research area since the 1960’s (Fig. 1b, white line).

Fig. 1. Location of numerical modelling profile M1-M1’ and S-wave velocity profile P1-P1’ at
Jastrzębie and Moszczenica mines; (b) Geological cross-section for M1-M1’ and P1-P1’ profiles. The
white and black lines indicate exploited and unexploited coal seams, respectively. The red dashed line
indicates the pillar between the Jastrzębie and Moszczenica mines (based on [30]).

The Carboniferous formation is composed of clastic rocks such as sandstones,
mudstones and hard coal seams. This formation dips from south to north at an average
inclination of 7 degrees. Miocene and Quaternary sediments occur above these seams from
a depth of about 170 m to the ground surface. These sediments are composed of gravels,
sands, clay and sandstones.
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3 Methodology
3.1 S-wave velocity model
An S-wave velocity model was calculated on the basis of seismic interferometry with the
use of ambient seismic noise. The array contained 11 broadband seismometer stations
Guralp CMG-6td. The stations were deployed on the ground surface along profile P1-P1’
(Fig. 2a). The time of 6 hours of ambient seismic noise data with 100 Hz frequency
sampling were recorded and processed according to the methodology presented by Bensen
et al. [28]. The main processing procedures contained: detrend, bandpass filtering (0.5–10
Hz), 1-bit normalisation, spectral whitening and cross-correlation of all available
combinations of station pairs. The example of cross-correlation functions (CCFs) for station
G1 as a virtual seismic source is shown in figure 2b.
Because the main energy of seismic noise comes from the northerly direction from
traffic on active roads, working mine surface machines etc., the only positive part of the
CCFs shows a Rayleigh surface wave (Fig. 2b). Based on various combinations of CCFs,
14 dispersion curves were identified along profile P1-P1’ (Fig. 2c, d). Each dispersion
curve was inverted to a 1D S-wave velocity model by using the gradient algorithm of Xia et
al. [29]. The depths of the main geological formation (Fig 1b) were used in the inversion
procedure. Finally, the 2D S-wave velocity model along profile P1-P1’ was interpolated
and correlated with the geology and mining information (Fig. 3).

Fig. 2. (a) Location of stations G1-G11 along the profile P1-P1’; (b) an example of CCFs for a virtual
source in station G1; (c) an example of the identification of the Rayleigh wave dispersion curve; (d)
all dispersion curves computed along profile P1-P1’ (based on [30]).
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3.2 Numerical modelling
3.2.1 Physical model
The physical model was constructed on the basis of the geological cross-section along the
M1-M1’ profile (Fig. 1b). The model was 1200 m long, 840 m deep and consisted of 29
geological layers. The 12 coal seams were included in the model with the exploited
working faces marked.
The information about the material properties was established on the basis of analogy
with data from the coal mine and expert opinion. Averaged values of the material properties
for each layer were assumed when carrying out the calculations (Tab. 1).
Table 1. Material properties.
Young’s Modulus [GPa]
Poisson ratio [-]
Bulk density [kg/m3]
Cohesion [MPa]
Tension [MPa]
Angle of internal friction [deg]

Miocene
1.5
0.25
2000
0.3
0
38

Sandstone
19.3
0.38
2700
27.2
1.17
27.8

Shale
11.1
0.29
2700
38.4
14.4
14.4

Hard coal
0.75
0.25
1922
0.15
0
20

3.2.2 Calculation model
Numerical calculations were conducted assuming a plane state of stress with the use of the
elastic-plastic Coulomb-Mohr strength criterion. A two dimensional state of stress was
modelled in a quasi-spatial nature. The two horizontal components of the main stress have
equal values. The values of the primary vertical and horizontal stress components were
changeable in the range of model depth [23]. On the laterals and the bottom edges of the
model, displacement boundary conditions were established. The horizontal displacement
was constrained along the vertical boundaries of the grid and no displacements were
allowed at the base of the model. Motion of the nodes on the model surface was permitted
in both directions. The dimensions of the grid elements approached the size of 2 x 2 m.
The calculations consist of 24 stages. In the first stage the model was calculated to
obtain the equilibrium state assuming the gravitational distribution of primary stress. In
subsequent stages, parts of the coal seams were excavated chronologically. After the
excavation of one part of the coal seam, calculations were allowed until the vertical
displacements in the roof reached the value of 95% of the height of the seam. The values of
the properties of backfill material were equal to 75% of the values assumed for hard coal
layers. In the next part, the model was calculated to obtain the equilibrium state of
secondary stress. Images of vertical stress, horizontal stress, vertical strain and horizontal
strain as well as the subsidence profile on the ground surface were obtained as a result of
this calculation. The calibration of the numerical model was undertaken using a comparison
of the subsidence curve along the M1-M1' profile with geodetic measurement data. The
subsidence profile thus calculated approximately coincided with geodetic measurement data
(Fig. 3). In the middle part of the curves one can see the location of the pillar on a profile
with much smaller values of subsidence.
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Fig. 3. The comparison of the subsidence curve for measured and calculated data.

4 Results and analysis
The S-wave velocity cross-section along the P1-P1’ profile is presented in Figure 4. The
largest velocity increase is observed in the top of the Carboniferous formation. Along the
pillar (Fig. 4, between red dashed lines) and within the Quaternary and Miocene
formations, the velocity decreases by about 100 m/s in comparison with the exploited area.

Fig. 4. An S-wave velocity model along the P1-P1’ profile; the red arrows above the cross-section
indicate locations of 1D S-wave profiles; the yellow dots indicate seismic events greater than 105 J
occurring during the most recent mining activity in seams 510/1 and 510/2 (based on [30]).

This is caused by the deformation process of the rock mass due to exploitation. At the
top of the Carboniferous layer the largest velocity with an average value of about 1200 m/s
is seen in the pillar. In the same formation, but in the exploited area, the velocity shows a
significant decrease with an average value of about 970 m/s. Generally the S-wave velocity
field in the exploited area is much more complicated than within the pillar. The velocity
increase in the pillar at the top of the Carboniferous layer can be caused by the
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concentration of stress and/or local geology. Moreover, a strong stress gradient around the
pillar can induce seismic events. The irregularly-shaped border of the Carboniferous layer
above the exploited area is the reason for mining multiple-seams of coal. The curve of
subsidence correlates with the velocity of the Carboniferous formation.
The vertical stress field after the exploitation of the last coal seam 510/2łd is presented
in Figure 5a. The vertical stress reaches the highest values of the order of -90 MPa (minus
denotes compression) in the area of the safety pillar with coal remnants localised at a depth
of about 440 m. The values are nine times greater than the primary stress values in that
area. Concentration of compressive stress appears in almost the entire pillar and ranges
from the floor of the Miocene formations to the bottom of the model. Beyond the pillar
strong concentrations of compressive vertical stress are observed near the edge of the mined
areas. The destressed zone appears in almost the entire section of the modelled rock mass in
the vicinity of the exploited areas. The values of vertical stress are several times smaller
than the values of the primary vertical stress. Destressed areas range from the surface to the
bottom of the model at a depth of 840 m.
A comparison of the vertical stress field with the S-wave velocity field is presented in
Figure 5c. The S-wave velocity increases in the area of higher values of compressive
vertical stress in the pillar, which lies at a depth from 160 to 200 m.
The horizontal stress field, which is mostly compressive, is presented in Figure 5b.
Strong concentration of horizontal stress appears mainly in sandstone layers and has much
larger values than the primary horizontal stress. The maximum value of stress is about -186
MPa and appears in the roof layer of the 415/1-4 seam in the area of the pillar at a depth of
350 m. Zones of tensile horizontal stress which values reaches about 9 MPa are also
observed in the model. These zones are located in the floor layers of the 409/5, 417/1-2 and
505/1-2 seams within the pillar. In addition, directly above the roofs of the exploited seams
one can see a significant decrease in compressive stress values which sometimes change to
tensile stress.
A comparison of the horizontal stress field with the S-wave velocity field is presented in
Figure 5d. The highest values of compressive horizontal stress are concentrated within the
pillar at a depth from 160 to 200 m. In the pillar area, where the values of stress are greater,
the S-wave velocity increases.
The vertical strain field is presented in Figure 6a. The sign before the values of strain
denotes the direction.The areas of highest values of vertical strain are localised in the zones
of goaf. In addition, the fields of high values of strain appear within the pillar at a depth of
from 60 to 180 m.
A comparison of the vertical strain field with the S-wave velocity field is presented in
Figure 6c. The area of high values of strain within the pillar at a depth from 60 to 160 m is
partially correlated with decreases in the S-wave velocity.
The horizontal strain field is presented in Figure 6b. The areas of the highest values of
horizontal strain are localised within the pillar from surface of the model to a depth of 220
m below the ground surface. In addition, the fields of high values of strain appear near the
sidewalls.
A comparison of the horizontal strain field with S-wave velocity field is presented in
Figure 6d. The strain decrease at a depth of from 60 to 160 m within the pillar corresponds
to a lesser increase in the S-wave velocity.
Based on the obtained results it can be summarised that in the areas with strong
concentrations of stress and strain the S-wave velocity fluctuates. It could be connected
with the changes in elastic properties of the rock mass.
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Fig. 5. (a) Vertical stress field, (b) Horizontal stress field (black dashed line indicates the range of the
S-wave velocity model) (c) Comparison of the vertical stress component and S-wave velocity (black
isolines) (d) Comparison of the horizontal stress component and the S-wave velocity (black isolines).

Fig. 6. (a) Vertical strain field, (b) Horizontal strain field (black dashed line indicates the range of Swave velocity model) (c) Comparison of the vertical strain component and S-wave velocity (black
isolines) (d) Comparison of the horizontal strain component and S-wave velocity (black isolines).
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5 Conclusions
This article presents the results of a comparison between the numerical calculations of the
stress and deformation state in a rock mass disturbed by multi-seam coal exploitation and
an empirical model of the S-wave velocity obtained on the basis of the seismic
interferometry method. Based on the outcomes of the research conducted, the following
conclusions were drawn:
1. In the areas of increase of vertical and horizontal stress within the pillar, which
consisted of coal seam remnants, the velocity of the S-wave is greater in comparison
with the destressed zones of the rock mass.
2. In the areas of high values of vertical and horizontal strain within the top part of the
pillar, the S-wave velocity decreases.
3. The limited range of the S-wave velocity model does not allow comprehensive imaging
of the disturbed rock mass to be carried out.
4. The preparation of 3D models: numerical and empirical S-wave velocity would allow
one to obtain more detailed results.
5. Presented methodology can be useful to study subsidence process and monitoring of
bent layers.
This article was prepared as a result of the LOFRES Project No PBS1/A2/13/2013 performed
within the 1st call of the Applied Research Programme co-financed by the National Centre for
Research and Development in Poland. We thank the editor and two anonymous reviewers for
valuable comments and discussions.
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