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Abstract: Subsidence is an important environmental and safety issue in the mining sector, yet
there remain voids in knowledge in terms of management and prediction. This study aims to
improve knowledge on the impact of mining operations on the surface, reducing their effect on the
environment, increasing the safety of mining operations, monitoring stress behavior and predicting
rock mass. Therefore, an analysis was carried out to process and analyze the measured subsidence
data and, subsequently, create a numerical model to predict the surface subsidence of a case study
mine. The model was developed based on a finite element method (FEM). It was achieved by
considering the geological characteristics of the area, the design features of the mine, the surface
subsidence measured over twelve years and the time-dependent behavior of the geological layers.
The correlation obtained between the measured subsidence and the modelling results was very
satisfactory, with a 90% confidence level, over the years analyzed. Hence, the efficiency of the system
was confirmed, enabling the evaluation and the prediction of potential surface effects, and therefore
improving the safety and environmental levels of the mining area.
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1155. https://doi.org/10.3390/ Mineral resources are crucial to providing welfare to society, so it is necessary to
min12091155 find and extract them on a sustainable basis. Nowadays, the mining industry represents

a key factor in the development of societies and communities around ore deposits [1,2].
However, mining activity must be managed properly, since the effects of the extraction
Received: 15 July 2022 process can produce serious environmental problems in the vicinities of the mining area,
Accepted: 9 September 2022 such as acid drainage, heavy metal contamination of soils or subsidence [3,4]. In recent
Published: 13 September 2022 decades, various initiatives have emerged to construct the legal frameworks and legislate
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with regard to jurisdictional claims in In the case of subsidence, it is well known that when mineral extraction is not properly

published maps and institutional affil- ~ planned, it has a high probability of having a direct impact on the surface, affecting not

iations. only mining infrastructures but also urban infrastructures or the communities that live

close to the mining area [8-10]. In addition, subsidence has become of special importance

as it is closely linked to the overexploitation of groundwaters [11-13]. Groundwaters
:)4

represent one of the most important natural resources for ecosystems, as stated in the
Copyright: © 2022 by the authors.  Gygtainable Development Goals (SDGs) declared by the United Nations [14]. Various
Licensee MDPI, Basel, Switzerland.  1ining and geological factors, including the quality and characteristics of the underground
rock and the surface conditions, can influence the subsidence magnitude, shape, mode,
and extent [15]. Therefore, it is necessary to consider the usage of less aggressive mining
methods as part of corporate social responsibility (CSR) [16].
The need for mineral resources pushes the industry towards extracting ores at greater
depths, with buildings and infrastructures on the surface or with challenging bedrocks
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such as soft or weak geological material [17-20]. Thus, long-time deformations related to
underground excavations in areas with weak rocks still require further investigation [21-24].
One of the time-dependent mechanisms that weaken the rock is the creep phenomenon,
commonly associated with evaporite or clay minerals [25-27]. Several studies have been
performed to analyze this behavior by employing 3D modelling [28-31]. However, it
can be complex and time-consuming to analyze different subsidence scenarios in a large
mining area. Consequently, there is a need to investigate optimal numerical analyses
to assess the geomechanical behavior in such scenarios. The option of two-dimensional
modelling requires a method of “pseudo” time-dependent behavior, with two alternatives:
(a) progressively relaxing the tunnel boundary tractions from a range of in situ stresses to
zero at the last stage [32] or (b) modifying the geomechanical characteristics of the original
materials [33].

Subsidence control and prediction have become very relevant in recent decades [34-36].
However, it is difficult to standardize a particular methodology, so it is more common to
find approaches for each specific case [37]. Peng [38] defines six categories of subsidence
prediction methods: theoretical, profile function, influence function, empirical, physical
and numerical modelling. There are some advantages and disadvantages in each case [39].
Nevertheless, it is crucial to monitor and control subsidence evolution using actual data
in order to calibrate and validate any chosen method [40]. Other examples of subsidence
monitoring, control and prediction include interferometry synthetic aperture radar (In-
SAR) [41-43], analyzing subsidence by monitoring its spatio-temporal evolution [44-46].
The impact of subsidence has also been shown by several authors, assessing its environ-
mental implications [47,48]. For example, Bell et al. [49] discuss the effect of subsidence on
the environment in several cases to exemplify types of subsidence assimilated and related
issues—for example, gold mines in the Johannesburg area, chalk and limestone mines in
Suffolk and the West Midlands, and salt mines in Cheshire.

This study aims to obtain a method to manage subsidence data, using the global
positioning system (GPS) and InSAR, and predict its potential effect through the numerical
finite element method (FEM).

Case Study

This study was developed based on data from a mine located in northeastern Spain
which extracts potash using a room and pillar method at depths between 500 and 700 m,
varying the extraction rate depending on the arrangement of the stratum. The ore deposit
is made of two different mineable layers, Bed A and Bed B, with an additional intermediate
layer of varying thickness made of salt and clay minerals. Two different drifts are used to
extract the potash ore when the salt layer is more than 5 m thick, while it is mined jointly
when the thickness is less than 5 m. Bed A and Bed B are interstratified layers of sylvinite
rock salt and clay minerals. The average production during the period 2007-2019 was
2,870,570 tons.

2. Materials and Methods
2.1. Data Management

The case study has approximately 700 control points in an area of 50 km?, with
measures taken from 2008 to 2021. These control points are distributed throughout the
geographical area potentially affected by subsidence, obtaining the X, Y, and Z coordinates
of each point using GPS. The post-process method is employed to obtain the coordinates,
using four static differential GPS with double frequency receptors. Two receptors are placed
at two points of known and well-established coordinates, while the other two receptors are
used to perform measurements in the control points, with a minimum measurement time
per point of 12 min. This methodology guarantees an accuracy of 1-1.5 cm in planimetric
and altimetric coordinates, which implies that the maximum possible error between mea-
sures from the same point is 2-3 cm. Consequently, only higher differences are relevant to
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indicate if there is subsidence. Regular quality control measurements are taken to verify
the reliability of the measurements.

InSAR images are also used, since 2016, as an additional control system. Nonetheless,
the surface characteristics of the area, mainly forested and agricultural, still require a
considerable amount of GPS control points to obtain reliable subsidence displacement. In
this case, it was determined that a minimum of 200 points are required. The accuracy of this
type of technology was widely proved [50-52]. The combination of both systems allows for
obtaining extremely reliable information regarding X, Y, and Z surface displacements [39].

2.2. Data Processing

The case study area is defined by the fully exploited zones from 2008 to 2018 based on
the subsidence data collected. The initial year, 2008, is determined as it is the first year in
which surface subsidence data are obtained. The final year, 2018, is determined according
to Sanmiquel et al., 2018 [39], where it is stated that 90% of the surface subsidence for an
active mine occurs within the initial 5 years.

Five profiles are defined within the area of interest. Each profile crosses the area
completely, every 10 m in the direction of the mine advance, east-west, and Metric Points
(MPs) are listed. These MPs show the displacement in the Z coordinate for each subsidence
calculation period. According to Sanmiquel et al. [39], a 400-meter protection area is
determined in order to separate the targeted area from the area exploited before 2008, as no
data is available (Figure 1).
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Figure 1. The mining area, with the two different perimeters, the five profiles and the twelve selected
zones shown. The numbers on the left show the ID of each profile (from 01 to 05). The numbers
enclosed in the orange perimeter show the ID of each analysed zone (01 to 12).

After analyzing all the raw data collected, the MPs are reduced and re-listed every
100 m, since it is considered an adequate distance to appreciate the evolution of subsidence.
Figure 1 shows the targeted area in the enclosed orange perimeter and the mining drifts
excavated during the years 2008-2018 are marked in light green. The light blue perimeter
delimits the area exploited before 2008. Pink lines depict the 5 profiles used to determine
the average subsidence of the targeted area, while dark blue marks the 12 mining zones
selected to test the model, as they have been sorted from north to south and east to west,
respectively. On the other hand, Figure 2 shows the targeted area amplified, so that the
five profiles and the 12 selected mining zones can be seen in more detail as well as the
400-meter protection area.
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Figure 2. The targeted area used for the study and localization of the profiles.

The analysis is initially performed individually, defining how subsidence evolves
over annual and biannual measurements. Subsequently, subsidence values are gathered
together to obtain the profile of maximum subsidence for each MP and perform a statistical
analysis to determine the average subsidence profile of the targeted area, as well as the
level of confidence of the subsidence measured. Figure 3 represents the methodology to
follow and obtain the average surface subsidence profile. The characteristics of the case
study are in brackets.

Period of the analysis Sorting field profiles

Specifying research area
(from 2008 to 2018) based on the proposed (five profiles)
period

Analysis of raw data to set Listing detected subsidence
analysis points optimum vertical displacement

Defining point groups by length (10 meters intervals)
MP (MP in 100 meters intervals)

Defining average Sorting the average profiles
subsidence profiles per MP by MP to obtain the average

profile of the area of interest

Figure 3. The methodology followed to reach the average surface subsidence profile.

2.3. Numerical Model Definition

The numerical model was generated using indirect time-dependent behavior mod-
elling, using the RS2 v11.003 software (Toronto, ON, Canada). After analyzing the ge-
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ometries of the drifts and the extraction ratio, an initial model was run. The total size of
the model is 225 m by 666 m, with a minimum of 37.5 m of walls on each side; therefore,
150 m of exploitation is modelled. The model size is based on the stratigraphic column
size proposed by Orellana et al., 1996 [53]. The models developed by Xu et al. [31] and
Parmar et al. [30] have been used to define the wall width. The drifts are designed with an
average geometry section, 6 m in height and 8.157 m in width, based on real mine planning.
The mesh consists of 6 nodal triangles, while it is graded and densified around 150 m
of the mined area, as well as in the areas of lithological variations to adequately capture
displacements adjacent to the drift wall. No support material was placed in the drifts. The
Mohr-Coulomb constitutive model was adopted for the analysis.

The model was designed based on the stratigraphic column taken from Campos de
Orellana [53] and subsequently modified by Cendon et al. [54], adding two horizons of
Anhydrite and Halite on top of those, known as roof salt. RS2 model is presented in
Figure 4, where all the materials can be seen. The first lithology consists of sedimentary
material such as sandstones, limestones and lutites, the second group of lithologies consists
of two layers of anhydrite. These two groups of stratums correspond to the overburden
part of the model. The following layers are defined by the potassic seams, formed by
carnallite, Bed B, intermediate salt, Bed A, and footwall salt, and finally comes the last
lithology formed by the lower salt. Figure 4 is not to scale, the top and bottom have been
cut off, only showing the middle part of the model, which is considered the representative
part of it. The geomechanical values of the lithologies were determined by laboratory and
field testing, while some data were taken from Campos de Orellana [53]. Table 1 shows the
values of geomechanical properties for each lithology.

Soes, Limestones, Lutites (Sed

. Material)

ntermediate sa
. Abed
Footwall salt /

Figure 4. Example of an RS2 model with the geological and drifts characteristics.

Table 1. Values of geomechanical properties for each lithology.

Sedimentary Anhydrite Anhydrite Potassic Potassic Footwall

Lithology Material 01 Material 02 Upper Salt Layer 01 Layer 02 Salt Lower Salt
Unit weight
N/ 29.7 235 237 19.8 21 21 21
Poisson ratio 0.3 0.26 0.29 0.145 0.215 0.2 0.2
You“g(lili’;;’dulus 4 %107 3.09 x 106 53 x 10° 519 x 106 219 x 105 138 x 106 1.38 x 10°
Te““tili:)ength 6040 2680 3900 2330 2650 2500 2500
Friction angle 33 30 35 36 45 45 35
(degrees)
Cohesion (kPa) 13,600 9755 3800 2100 3277.5 2900 2900
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The materials with time-dependent behavior are the following lithologies: carnallite,
Bed B, intermediate salt, Bed A and footwall salt. Seven stages have been defined, each
one representing a two-year period. As can be seen in Figure 5, in the first stage, the
original properties of the geological materials have been used, while Young’s modulus
of the materials with time-dependent behavior was reduced from the second stage on-
wards. Figure 6 illustrates the methodology to define Young’s modulus decrease. The
first modulus reduction was defined according to Paraskevopoulou et al. [21], while the
following reductions are determined by an iterative approach (Figure 6), comparing the
actual subsidence data and RS2 values.

1st stage 2nd stage 3rd stage 4th stage Sth stage 6th stage 7th stage

 Footwall salt

Figure 5. Example of the seven stages and their associated Young’s modulus (E).

First E reduction Comparison
using values from . between real
& Model calculation .
Paraskevopoulou et subsidence values
al, 2012 and RS2 values

Iteration & ‘

New E reduction . .
‘ Interpolation using

. using the RS2 values
interpolated values

Figure 6. The methodology followed to define Young’s modulus decrease.

The factor used in each stage to reduce Young’s modulus is included in Figure 5,
weakening the material properties of the model as a time-dependent behavior. The deter-
mination of the geomechanical characteristics of each stage is verified using the surface
subsidence values. Once all the steps of the initial model were verified, it was tested in
12 selected mining zones, all of them included in the target area. The selection of these
zones was performed randomly in order to achieve better representativity of the procedure
proposed and its usage.

3. Results and Discussion

The technique to indirectly assess the time-dependent behavior allows for obtaining
the following outcome. Results related to the definition of the average subsidence profile
are presented, followed by the results obtained with RS2. Figures 7 and 8 show how subsi-
dence evolves, at point MP 03 (which corresponds to the first 300 m), in the five profiles
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tested between 2008 and 2021. The relative values are represented in Figure 7, showing
the magnitude of surface subsidence year by year. On the other hand, Figure 8 displays
the cumulative evolution of subsidence at point MP 03 during the period studied, obtain-
ing a representation of the maximum values of subsidence and how surface subsidence
evolves from year to year. In both figures, it can be observed how the maximum vertical
displacement occurs during the years 2012 to 2016, with the period 2012-2014 the one
with the steepest slope, hence the one with the maximum subsidence. This behavior is in
accordance with previous studies performed in the area [39]. From 2016 onwards, it can
be observed how the vertical subsidence is progressively reduced until it became stable
during the period 2018-2021.
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Figure 7. Relative subsidence values in MP 03.

Profile 4 shows the clearest subsidence evolution since it can be observed how the sub-
sidence velocity evolves progressively in the first stages, increasing until reaching its maxi-
mum value of it in the period 2014-2016, followed by a reduction in the period 2016-2020,
until reaching the stabilization of the subsidence velocity in the period 2020-2022. This
subsidence trend is possible due to the fact that it is the profile located in the south part
of the mine (Figure 1), being the least influenced by the whole group of mining drifts and
excavations. Its analysis shows how the subsidence increases until reaching the maximum
vertical displacement in 2016. From this date forward, vertical displacement is gradually
reduced, reaching a stabilization stage during the period 2018-2021. On the other hand,
the other profiles are located in areas where mining was more sustained in the period
2019-2020 and forward, making it more difficult to see the stabilization progress.

The average subsidence profile of the area of interest can be determined by means
of the average subsidence profile from each MP. Figure 9 shows the average subsidence
profile with a 90% confidence level. It can be seen that the maximum variability of the
analyzed values is detected around the years 2016 and 2020 since these are the years in
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which the raw subsidence data have the greatest variability. The data detailed in Figure 9,
and processed, have been used to define the decreasing Young’s modulus (Figure 5). As
can be seen in Figure 6, the reduction in Young’s modulus in each stage varies from that
observed by Paraskevopoulou et al. [21], since it was adapted to the subsidence conditions
of the case study. Nevertheless, the fundamental procedure applied remains the same.
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Figure 8. Maximum subsidence values of MP 03.
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Figure 9. Average subsidence profile together with a 90% confidence level.
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Surface subsidence values have been used to calibrate the FEM model by comparing
them with vertical displacement values located on the surface of the model. Figure 10
shows one example of the stages obtained after the FEM post-process calculation, where
it can be seen how the vertical displacement evolves throughout the stratigraphy that
forms the ore deposit. These values, in all the evaluated mining areas, are homogeneously
shown on the surface of the model, as can be seen in Figure 10. Yet, the actual subsidence
values show variations in all the evaluated MPs. Thus, the average subsidence profile
must be used to verify and calibrate the model (Figure 9). The model is proposed to enable
the analysis of subsidence scenarios depending on the extraction ratio, depth and size
of the drifts in a very user-friendly approach. The idea is that both the parameters to be
introduced and those returned by the model are as simple as possible to be applied in the
day-to-day life of a mining company, which represents the main advantage of the model.
Therefore, the predicted values of the vertical surface displacements are considered average
values. The model was tested in 12 different cases, and as a result, all tests were verified
with real subsidence data.

Vertical

Displacement

min (stage): -548x10' m
550% 107"

495x 107

440 %107
385x107*
-330x 107"
-275%107*
220x 107!
1.65x107*

1.10x107*

-550x1072
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B
»
N
£
8o
2
-

19999950503

Figure 10. Example of the FEM post-processing stage achieved using RS2.
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Table 2 shows the values obtained for the twelve mining zones tested, the average
subsidence profile with a 90% level of confidence. It can be seen that in most of the stages,
the values obtained with the RS2 model are within the level of confidence (Figure 11).
In the first stage, the vertical displacement obtained by the FEM model ranges between
—14.2 and —15.2 cm, being slightly out of the interval of —8.7 and —9.7 cm defined by the
level of confidence of the actual values. This may be due to the values used as original
material properties from laboratory tests could have some variation from their real in
situ characteristics. However, the variation is still quite small and corrected over time
with the subsidence evolution model. The main limitation is detected in the final stage,
where subsidence stabilization should be modelled. However, achieving this trend requires
recovering the initial properties in the last stage, which leads to an inconsistency with
Young’s modulus reduction technique. Another disadvantage of the software used is the
need to simplify the model design. Therefore, if much detail is required, this fact can
represent a limitation. In the case of the twelve models tested, only the main geological
structures were detailed.

Table 2. Average subsidence values with a 90% confidence level and values of the sections assessed.

Mining Zones Tested with RS2 Software (cm)

Stage  Average Subsidence +10% ~10%
Value (cm) Error (cm) Error (cm) 01 02 03 04 05 06 07 08 09 10 1 12
01 ~9.197 ~10.117 ~8.277 ~14.200 ~15.000 —15.000 ~15.200 ~15200  —15000  —15.000  —15.000 ~15.200 ~15.200 —15.000 ~15.200
02 ~20.096 ~22.106 ~18.086 ~19.000 ~19.000 ~20.000 ~19.900 21000  -19.000  —19.000  —20.000 ~20.900 ~19.900 ~19.000 ~19.900
03 ~57.531 —63.284 ~51.778 ~54.200 ~54.000 ~56.000 ~60.000 —62.000  —55000 55000  —56.000 —62.700 ~59.000 ~54.000 ~59.000
04 ~100.116 ~110.128 ~90.104 ~99.000 ~98.000 -99.000  —110.000  —114.000 -99.000  —100.000  —99.000  —117.000 ~110.000  —98.000 ~110.000
05 ~155.067 ~170.574 ~139.560 ~152.000  —150.000 ~152.000  —162.000  —171.000  —152.000 —152.000 —152.000  —181.000 ~162.000  —143.000 ~162.000
06 ~198.082 ~217.890 ~178.274 ~200.000  —200.000 ~200.000  —219.000  —228000 —200.000 —200.000  —210.000  —238.000 ~219.000  —200.00 ~219.000
07 ~209.125 —230.038 —188.213 —257.000  —247.000 —257.000  —276.000  —285.000 —260.000 —260.000  —260.000  —304.000  —280.000  —250.000 ~276.000
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Figure 11. Average subsidence profile with the results of the sections analyzed.

Another factor to consider is the subsidence measured on the surface, using GPS. As
mentioned in the methodology, it has a potential error between 2 and 3 cm. This means
that the differences between real and theoretical values could be accepted when a range of
+5 cm is not exceeded and can, therefore, be considered accurate.
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Based on the results from the numerical modeling, the 2D FEM method allows han-
dling the nonlinear and inhomogeneous properties of rock masses that produce the time-
dependent behavior. The model is a useful tool for the prediction of subsidence in mining
infrastructures [30,31], as well as for analyzing and testing the time-dependent behav-
ior [21]. It was detected that the most affected areas by subsidence are those with the widest
mining galleries. This type of gallery is usually built when it is necessary to connect two
parts of the mine infrastructure. In these cases, it is recommended to use underground
supports and to have sufficiently wide pillars to limit their effect on the surface. In order to
gain knowledge and improve the approach proposed, it would be interesting to test other
areas, either potassic deposits or other rock types, with time-dependent behaviors.

4. Conclusions

The approach proposed gives the possibility to determine the evolution of subsidence
over time. The system allows the generation of average profiles at different points and an
average subsidence profile of an area. The system also provides crucial information on
mining activity behavior and gives the possibility to analyze the subsidence velocity of a
representative period in a very simple and straightforward way, which represents one of
the major strengths of the assessed technique. The tested numerical method has sufficient
capacity to evaluate the time-dependent behavior of the potash and salt layers, using an
indirect method—a 2D FEM model.

Although the model has some limitations in achieving subsidence stabilization in the
final stage, it was proven as a particularly useful tool, especially during the years of mining
activity. The model is able to analyze potential extraction scenarios and measures taken to
reduce the subsidence whenever it is necessary and, therefore, reduce the environmental
impact of the mining extraction and increase the operational safety levels.
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