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MODELLING THE GEOMETRY OF DISPLACEMENTS CAUSED
BY MINING-INDUCED TREMORS BASED ON InSAR MEASUREMENTS

Mining-induced seismic events generate ground surface displacements that can significantly impact
infrastructure. This study presents a geometric analysis of ground surface displacements caused by mining-
induced tremors using remote sensing techniques, particularly Differential Interferometric Synthetic
Aperture Radar (DInSAR).The research focuses on two seismic events in the Legnica-Glogéw Copper
District (LGCD), Poland, examining displacement fields through SAR imagery from Sentinel-1 satellites.
The Geometry of the displacement field was described with a function of stochastic medium displacement
and Aviershin’s observation. The centre of gravity of the displacement field, its impact radius, and pro-
portionality coefficient for vertical and horizontal displacement were determined. The results confirm the
suitability of this model in describing mining-induced subsidence troughs, with high agreement between
measured and calculated displacement values. Additionally, the study identifies systematic deviations in
DInSAR - derived measurements, suggesting necessary corrections for improved accuracy. The findings
contribute to a better understanding of ground surface deformation process and offer insights into refining
predictive models for mining-induced subsidence.

Keywords: Surface deformation; InSAR data; mining-induced tremor; displacement model; fit of theo-
retical model to displacement field

1. Introduction

Mining is detrimental to all components of the natural environment [1,2]. Nevertheless,

dynamic technology change requires mineral extraction. The general public perceives fossil fuels
as the most dangerous for the environment and climate change. Displacement of large areas of the
surface is not necessarily linked to the extraction of fossil fuels. It can be caused by groundwater
withdrawal for agriculture or cities [3-7] or earth seismicity [8].
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The effects of underground mining recorded on the surface can have diverse causes. Re-
searchers have long attempted to propose an adequate classification of the impacts [1,9,10].
One of them is categorising direct, indirect, and secondary impacts, although direct-indirect
division might seem more reasonable. Direct impacts are any deformation movements related
to a void in the rock mass and its upward migration. Indirect impacts would cover all additional
deformation phenomena observed on the surface related to mining but not caused directly by
mineral extraction. Some are paraseismic tremors [11-15], rock mass drains from aquifer dam-
age, or mine flooding [16]. While the modelling of direct deformations has been relatively well
described [1,9], the modelling of indirect deformation is often difficult to describe. Direct mining-
related deformations can be modelled satisfactorily [17], making it possible to predict extreme
values of indicators, where they will occur, whether they will occur, and what the impact range
will be [18,19]. In the case of indirect deformation, when predictive capabilities are limited, one
can focus solely on describing the effects with measured values.

Mining tremors are the rapid discharge of stresses caused by mining operations, manifested
by the dynamic movement of the rocks forming the rock mass, with Crump being a similar phe-
nomenon. In addition, there is a loss of stability in the excavation, and the rock material is cast
into it. In the case of a tremor, the subsidence trough that is related to the void caused by mining
operations and accumulated in the rock mass. The tremor, through the movement of the rock mass,
accelerates the exposure of this previously accumulated void on the ground surface. Deformations
associated with mining tremors are localised in already existing areas of subsidence [12,13]. Thus,
indirect influences resulting from induced seismic tremors intensify direct influences. The classical
measurement methods for monitoring mining-induced deformations are general land surveying
methods (vertical and horizontal measurements) [20]. Thanks to advances in surveying technology,
deformations can be measured with GNSS [21-24] or integrated networks (combined classical and
GNSS measurements) [25]. The next step on the developmental path of measurements in mining
areas was satellite remote sensing, especially radar interferometry [26-28]. In the case of classical
surveying methods, observations are spatially and temporarily discrete, and any disturbances result
in deformation analysis issues. When surveying networks are elongated enough, indirect impacts
due to rock mass drain can be measured. Still, the necessity to tie in to ‘fixed points’ (outside the
deformation) [18] over large distances is cost- and time-intensive. Classical measurements of
deformations from tremors are problematic. It is difficult to plan the ‘zero’ measurement as the
time and place of tremors are unpredictable. The advent of GNSS streamlined the measurement
of deformations in mining areas. The measurement can be performed continuously with the use
of permanent stations [24]. Regrettably, these are merely individual points in space. Satellite
remote sensing addresses the spatial issue of imaging because a single image can encompass an
entire mining district. The only problem can be the revisit time, which affects the imaging inter-
val. After Interferometric Synthetic Aperture Radar (InSAR) was introduced, first attempts were
made to apply it to deformation monitoring [26,29]. The technology was initially expensive (high
costs of imagery), and revisit times were relatively long (35 days for ENVISAT). Today, these
two fundamental issues grow irrelevant thanks to the abundance of satellites and free access to
Sentinel-1 imagery under the European Space Agency (ESA) programme Copernicus Sentinel.
InSAR measurements yield information on both direct and indirect deformations. Researchers
can integrate satellite imagery with classical surveying [30].

The paper presents a geometric analysis of remote sensing imaging of a surface undergo-
ing deformation due to mining-induced tremors [14,31]. Frequent satellite revisits and diverse
orbits (ascending and descending) provide completely new information about the course of
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mining-induced deformation. It is an attempt to describe the geometry of a surface undergoing
deformation as a result of a mining-induced tremor. The conclusions will help to understand the
rock mass and surface deformation process caused by mining-induced tremors.

2. Determination of displacements with SAR imagery

SAR imagery is dynamically gaining popularity in deformation monitoring caused by un-
derground technology, especially the influence of mining exploitation. Preliminary research from
the late twentieth century has moved to an intensive phase and is broadly applied [32,33]. Hardly
a month goes by without a new research paper on the topic. The availability of images shared
by ESA under the Copernicus Sentinel programme drives multifaceted analyses of deformation.
The present paper used data from Sentinel 1 A/B satellites that acquire large quantities of data
from extensive areas that include the effects of mining activity.

Surface deformations were measured using the Differential Interferometric Synthetic Ap-
erture Radar (DInSAR) method. The broad procedure for determining displacement with SAR
data is shown in Fig. 1 [34]. It is rather general and presents key stages of transition from two
radar images to georeferenced displacements.

Primaryimage Secondary image
Initial processing

Resampling and
coregistration

Orbits
parameters

Interferogam
formation

Interferogram
filtering

Phase Unwrapping

Tropospheric
correction

Converting phase
to displacement

Georeferencing

Fig. 1. Identification of displacements in SAR images [34]
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Computations were performed in GMTSAR [35]. Each stage of the computations required
an adequate processing model and a matching set of parameters. Incorrect parameters may dis-
tort results. Thanks to the expertise and classical measurements, knowledge of the course of the
process facilitates proper verification of the computational models and their parameters [34].
Interferogram phase unwrapping was conducted with a Statistical-cost Network-flow Algorithm
for Phase Unwrapping (SNAPHU) [36]. The employed statistical model accounted for potential
land surface deformations [37]. The tropospheric effect was reduced with the Generic Atmos-
pheric Correction Online Service for InNSAR (GACOS) based on the Iterative Decomposition
Model (ITD) [38].

Based on observations from a single path, it is possible to determine displacements in
only one direction — along the line of sight (LOS). At least three satellites moving in different
directions would be needed to obtain a spatial insight into the displacements (in the vertical and
horizontal planes) (1):

U;os1 —sinf, cosey; sing sing; cos6
Uios> —sin#, cosa, sin@,sina, cosb, || F
- Usy (1)
o oo U,
Uiosn —-sin@, cosa, sinf,sina, cosb,
where:
Uros1:Urosos----Uross —  slant displacements from individual interferograms,
ay,0,...,a, — incidence angle (from 20 to 46 degrees for SENTINEL),
0,,0,,...,0, — orbit deviation angle from the direction of the coordinate system

(for SENTINEL, —15 degrees for ascending orbit and —165 degrees
for descending orbit),

Upe, Ugy, Uy —  displacements in the directions of the coordinate system (for example,
aligned with the geodetic coordinate system).

The paper employs the mathematical coordinate system in line with the practice for deforma-
tion research in mining areas. The west-east axis is labelled X, and displacements are labelled U.
The south-north axis is labelled Y, and displacements in this direction are labelled V. The axis
perpendicular to the surface is labelled Z, and vertical displacements are labelled S. As the inves-
tigated problem concerns subsidence, downward vertical displacements are traditionally positive,
while upward displacements are negative.

Eq. (1) is a classic system of n equations with three unknowns solved with matrices. Re-
grettably, SENTINEL imagery offers only two satellites, 1A and 1B. Also, due to the heading
angle values a adopted for Sentinel-1 (near-polar orbit), the N-S component is estimated with
significant error, even when data from several different geometries are available. Thus, a com-
mon approach is to ignore the N-S component when deriving displacement components from
multiple geometries. This gives only two equations. Considering the angle between the orbits
and the coordinate system, the LOS signal can be decomposed to compute displacement along
the X and Z axes. The procedure for determining components of the displacement field from
mining-induced tremors is presented in the diagram in Fig. 2.

The diagram in Fig. 2 shows the path from LOS displacement maps to the description of
tremor-induced surface displacement geometry. The first part of the diagram covers the determina-
tion of displacement vectors and can be applied to various deformation phenomena. The present
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Fig. 2. Determination of tremor geometry from two InSAR images

paper focuses on mining-induced tremors. It is what the other part of the diagram covers. With
remotely sensed displacements as the starting point, one can attempt to describe theoretically
the displacement field caused by tremors. It entails the description of geometric parameters of
the theoretical model of the displacement field formation.

Mining-induced tremors are caused by various mining and geological factors related to
mineral exploitation [39,40]. Many hypotheses for tremor origins have been proposed [41,42].
Mining changes rock mass stress arrangements where substantial elastic strain energy is stored.
After a certain threshold is exceeded, the energy is released. Therefore, the tremor potential
is affected mainly by the parameters of the rock around the excavation (rock strength, ability
to accumulate and release energy, etc.).

The present paper describes the tremor-induced deformation process using images from
a copper ore mining site in the Legnica-Gtogow Copper District (LGCD) [43]. KGHM PM S.A.
has been mining the area since the 1960s. The activity affects many square kilometres of surface.
The mining depths are significant, from 400 to 1200 m. It is a single-seam deposit mined using
the room and pillar method [43]. Apart from direct deformations, the area has been affected by
indirect ones. Water is withdrawn from the rock mass, causing a large-area drainage trough.
Paraseismic tremors have become an inherent part of mining activities in LGMD, and the area
experiences several dozen tremors of diverse energy parameters a year.

The paper focuses on two of them, Tremor A (December 2017) and Tremor B (November
2016). The time intervals between SAR images used to map displacements are several days.
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Fig. 3 below shows the shaping of the displacement field caused by each tremor. An ap-
proximate range radius of 1000 m was used (for larger distances there is a significant impact of
random scattering). The grey contour marks the outline of the mining activities area, while tremor
epicentres (determined from multiple sources) are marked in red. The epicentres were acquired
from the EPOS research project and the mine operator, KGHM.

) TremorA )
Subsidences S [mm] Horizontal displacements (W-E) U [mm]

(LT T T

o ol 0d

T T 1T 1 X tremor epicentre by KGHM : .
0 500 1000 1500 2000 + tremor epicentre by EPOS mining exploatation

Fig. 3. Vertical S and horizontal U displacements caused by Tremors

Tremor A caused a displacement field in the area of mining activity. Directions of horizontal
displacements and arrangement of subsidies unambiguously demonstrate that the displacements
form a subsidence trough. The maximum vertical displacements in the trough reach about 105 mm.
The maximum horizontal displacements were about +60 mm (west to east) and —50 mm (east
to west). Both epicentres are situated in the subsidence trough but several hundred metres from
its bottom. The convergence point for points on the surface is referred to as the centre of grav-
ity. In the case of indirect deformations, displacement vectors are directed towards the centre of
gravity of the subsidence trough as well [44-46].

Tremor B also caused a displacement field in the form of a subsidence trough. The maximum
vertical displacements were about 85 mm, while horizontal displacements reached —35 mm (east
to west) and +40 mm (west to east). The shape of this trough is elongated along the north-south
direction. The epicentres of this tremor are significantly shifted to the south compared to the
centre of the subsidence trough.
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The shapes of the resulting displacement field show that mining-induced tremors caused
relatively regular subsidence troughs. Furthermore, horizontal displacements indicate that surface
points are shifted towards the bottoms of the troughs. A comparable geometric effect was observed
in the research on stochastic medium models [47]. Therefore, further analysis is founded on the
theoretical model of slot release in a stochastic medium.

3. Slot release

Model research on the displacement field generated by a mining-induced void gained popu-
larity in the mid-twentieth century. It was related to the possibility of repeating model tests for the
same assumed conditions, which was impossible in mining practice. Model research was pursued in
various academic centres. Three different laboratory models of a deforming medium were applied:

— ‘sand’ model (stochastic) [48,49],

— ‘gel’ model (elastic) [50,51],

— analogue model [52,53].

Led by Litwiniszyn and Knothe, the Strata Mechanics Research Institute of the Polish
Academy of Sciences conducted intensive model research [47,49,54-56]. The results were used
to research the theory for deformation forecasting [57]. A model box — with front and back
walls made of glass — was filled with fine sand, and measuring points were placed on top. Next,
a slot in the bottom of the box was opened to release the sand. Finally, the moving medium was
photographed [49,54]. The results allowed the researchers to form equations to describe vertical
and horizontal sand displacement. The studies were conducted for flat deformations (2D). Their
results were consistent with the theoretical hypotheses of the stochastic theory [58].

Extrapolating results for a flat model (slot release) onto a spatial model (point release), the
displacement equations can be:

 for vertical displacements:

2 2
S§=8S, exp —ﬁ(x_xo) +2(y_y0) )

Ts

« for horizontal displacements:

2 2
Uu=-U, % exp _”(x—xo) +(y—y0)

}"U rU
- Z 3)
V=-U, mexp -

I’U rU

where:
S,., U, — parameters of the theoretical model for maximum displacements,
rs, ry — parameters of the theoretical model for vertical and horizontal displacement ranges,
respectively
X0, Yo — 2D coordinates of the centre of gravity towards which surface points are shifted
(point of release).
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Assuming that the formation process of a displacement field caused by mining-induced
tremors is analogous to the formation of a direct displacement field (the same distortion propaga-
tion medium), one can use observations for direct displacements. Therefore, let us assume that

— the range radii of the displacements are the same r = r¢=ry,

— Aviershin’s [59] observation concerning direct proportionality between horizontal dis-

placements and the derivative of vertical displacements is true:

U= —BZ—S
X
os 4
V=-B—
oy
— the coordinate system origin is located in the centre of gravity.
Hence, Egs. (2) and (3) take the following forms:
d2
§=5,exp| —7— 5)
r
2
u=-U, iexp |:—7Z'd—2j|
r r
I (6)
V=-U, Xexp |:—7Z'—2:|
r r
where d is the distance of the computational point to the centre of gravity.
If Eq. (6) and differential coefficient of (5) with respect to x is substituted into Eq. (4).
u,r
B=——"— 7
S, 2w M

Note that Aviershin [59] referred the value of parameter B to the mining depth and proposed
0.16H, while for Polish mining conditions, Budryk [60] proposed to relate the parameter to
the range radius of impacts of Knothe’s theory [61] with the value of 0.40r. The variability of the
coefficient for LGMD was investigated by Kwinta et al. [62] and Hejmanowski and Kwinta [63].

Egs. (5) and (6) can be plotted as shown in Fig. 4. The ‘release point’ or the centre of grav-
ity is marked in red.

Figs. 3 and 4 exhibit certain significant similarities. Actual displacements are not ‘per-
fectly’ fitted to theoretical displacements. The differences probably stem from the probabilistic
and deterministic course of the deformation process, but the theoretical model considers only
the deterministic part of the process. Therefore, one can assume for further computations that the
point release model correctly describes the distribution of surface displacements from a mining-
induced tremor.
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Vertical displacements S Horizontal displacements U Horizontal displacements V

Fig. 4. Vertical and horizontal displacement isolines for point release

4. Case studies
The study now proceeds to compute geometric parameters of the displacement field as per

the procedure in Fig. 2. First, the centre of gravity for the displacements had to be determined.
An analysis of Figs. 4 and 5 suggested serious potential errors if coordinates of the epicentres

Tremor_A Subsidences S Tremor_A Displacements U*

U* [mm]

120 +—— ; . 50
0 500 1000 1500 2000 2500 -2000 -1000 0 1000 2000
d [m] x[m]
Tremor_B Subsidences S Tremor_B Displacements U*

S [mm]
U* [mm]

100

120 T T 50 +———— T T
0 500 1000 1500 2000 2500 -2000 -1000 0 1000 2000
d [m] x[m]

Fig. 5. Distribution of displacements as a function of distance to the centre of gravity
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were used. Therefore, the centre of gravity was identified with squares of vertical displacements
(weighted mean). Fig. 5 presents vertical displacements as a function of distance to the centre of
gravity and adjusted horizontal displacements as a function of coordinate x (3D to 2D transition).

Horizontal displacements were adjusted by the factor related to the distance to the x-axis to
represent them in the plot (8). An approximate range radius of 1000 m was utilised, which results
from the shape of the measured subsidence troughs (Fig. 3). This value does not significantly af-
fect the result of the calculation, and increasing it only increases the dispersion of the final result.

2
U*:UCXP{_”%} )

Vertical displacement plots show that the resulting bandwidth depends on the degree of
deformation distortion. A large number of points far from the subsidence trough centre disturbs
the geometric description of the displacements. There is also a systemic factor. Therefore, the
theoretical Eq. (5) has to be modified to (9):

d2
§=S5,exp| —-T— [+5 )
r

In the case of adjusted horizontal displacements, there are many points with minor displace-
ment values (outside the range of significant displacement). The zero is shifted outside the centre
of gravity. There is a systemic factor as well. The modified theoretical Eq. (6) becomes (10):

2
u*=-U, Eexp |:—7Z'x—2:|+U0 sign(x) (10)
r

r

As the impact range radius affects the centre of gravity, and the centre of gravity affects the
impact range radius, computations were iterative. As per the diagram in Fig. 2, the y coordinate
of the centre of gravity was calculated iteratively based on vertical displacements, and horizontal
displacements were used to determine the x coordinate. The stopping criterion for the iterative
process was if changes in the centre of gravity’s coordinates fell below 1 metre.

The case study was performed in 2D for simplicity’s sake. Additionally, this approach takes
into account the substantial impact of points in the central part of the displacement field when de-
termining its geometric parameters. The distance to the centre of gravity was divided into 50-metre
intervals where mean displacements were computed. The method for horizontal displacements
was weighted mean, where the weight was the squared distance to the x-axis. Finally, the centre
of gravity and the mean impact range radius were calculated for each case. Fig. 6 shows results
for Tremor A and Tremor B. The analysis covered displacements up to 1.5 from the centre of
gravity due to the theoretical function behaviour (further displacements are negligible).

Geometric parameters of the model of a theoretical displacement field were determined by
the provided methods. First, parameters for vertical displacements were determined independently
with Eq. (9). Then, the same was conducted for horizontal displacements, Eq. (10). Then, the
impact range radius was set to equal the mean from vertical and horizontal displacements in line
with previous assumptions. Consequently, the theoretical models required two parameters each
for vertical and horizontal displacements that needed to be determined. The parameters of the
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Fig. 6. Determination of the centre of gravity and impact range radius for Tremor A and B

theoretical models of displacements were computed in Grapher by Golden Software. The fit of
the theoretical curves to the measured points is shown in Fig. 7. Black points are mean displace-
ments from the computation ranges. The red line is the deformation according to the parameters
of the computational models.

The parameters of the theoretical models are summarised in TABLE 1. It also presents values
of the measure of fit, R-squares for vertical displacements (R 3) and horizontal displacements (R (2]).

Summary of computed geometric parameters of the theoretical models

TABLE 1

Parameter Tremor A Tremor B
7 [m] 949 871
S,, [mm] 87.5 68.8
So [mm] 10.0 9.6
Ry 0.9980 0.9904
U, [mm] 104.9 88.4
Uy [mm] -12.7 -7.9
R} 0.9506 0.9624
B [m] 0.17H (0.197) 0.15H (0.20r)
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Fig. 7. Fitting the theoretical models to the displacements for Tremor A and B

The results in TABLE 1 and Fig. 7 show very high goodness of fit of the theoretical dis-
placements to the ‘measured’ ones. The fit of vertical displacements is better than for horizontal
ones. The range radii are large. Direct impact range radii in this mining area are minor. A constant
displacement factor is present for vertical and horizontal displacements. The calculations show
that values of vertical displacements are about 10 mm too high for both tremors. Likewise, a sys-
temic factor was detected for horizontal displacements, but it varied between the tremors. The
systemic factor for Tremor A was about 13 mm, and for Tremor B, about 8§ mm. TABLE 1 also
includes results of Aviershin’s B coefficient (1947). They are consistent with values proposed by
Aviershin but smaller than average values used for direct deformations in LGMD [63].

A comparison of the results of measured and theoretical displacements (tremors A and B)
can be shown in Fig. 8. Vertical displacements S were determined according to relation (9), while
horizontal displacements were determined according to relation (11):

2
U=-U, Eexp|:—ﬂd—2:| +U, sign(x) (11)
r r

The calculations included the parameter values summarised in TABLE 1. For each case
and each displacement, the difference between the measured (InSAR) and calculated (model)
displacements is shown.

Differences between measured values (InSAR) and model values may be due to the er-
roneous assumption of non-occurrence of displacements in the NS direction for measured data
(distortion of the true displacement picture).
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Fig. 8. Differences between measured and theoretical displacements — tremors A and B

5. Summary

Underground mining causes surface deformation. It can progress gradually over extended
periods or happen rather dynamically. Surface displacements caused by mining-induced tremors
are among those dynamic phenomena. A permanent displacement field (subsidence trough) in the
tremor area can damage objects on the surface. Such a subsidence trough caused by a tremor is
linked to a mining void in the rock mass. Science has yet to learn how to predict parameters of
such tremor-induced subsidence troughs. Nevertheless, a past dynamic event (tremor) can be
used to determine geometric parameters of its effects (a displacement field).

The present paper described a tremor-induced displacement field with a displacement model
used in stochastic medium modelling, Egs. (4)-(6). The model can determine the reach of the
subsidence trough based on the impact range radius r and identify the dependence between hori-
zontal and vertical displacements with Aviershin’s model. The results of the fit of the theoretical
model to the displacement field from InSAR data demonstrated the correctness of the theoretical
model. The R-squared fit measures are excellent.

The computations determined the most probable centres of gravity of the subsidence troughs
(Fig 6) towards which points on the surface move. The B coefficient determines the vertical
coordinate of the subsidence trough’s centre of gravity.

The study identified systemic factors for displacement distributions that result in displacement
values about 10% higher despite the reduction of tropospheric effects and should be removed
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when LOS displacements are determined. Furthermore, the determined differences between the
measured values and the model show the influence of omitting the horizontal component of
the NS during the decomposition of the LOS signal.

The results are very interesting, and more cases should be analysed and juxtaposed with
results for direct displacements. Another interesting future research would be to look for rela-
tions between tremor epicentres recorded with geophysical instruments and the location of the
centre of gravity of a subsidence trough according to remote sensing data. Such research can
undoubtedly contribute to a better understanding of the physics behind deformations caused by
mining-induced tremors.
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