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Abstract 
The importance of potash is inevitable to life on the planet earth as it is required 
by living mechanisms including plants, animals and human beings. In Europe, 
this vital ore is produced mainly by Germany and Spain, which consists of up to 
10% of the global supply. As a matter of fact, higher demand for potash may be 
required due to population growth. This may lead to increasing potash mining 
activities, which might create instability with regard to the geomechanical 
features of the mining areas and potential environmental and social impacts.  

The main objective of this research is to approach innovative models that can 
describe the geomechanical behavior of the Catalan Potash Basin deposit. 
Including concern about surface subsidence, high deformations and collapses of 
underground potash mining, with the ultimate goal of improving the present 
working conditions and mitigating the environmental impacts. Four Specific 
objectives have been defined; (1) The creation of a model to predict subsidence 
based on the geomechanical parameters of the ore deposit. (2) The Geochemical 
characterization of the pelitic and insoluble phase detected between the saline 
beds and within them. (3) The characterization of the surface subsidence basin, 
including boundary angle and distance of influence. (4) The assessment of the 
deformations in the underground mining facilities. To achieve these objectives, a 
combination of FEM, InSAR, GPS, Laser Scanner and Geochemical techniques 
has been used to predict the subsidence and achieve a better geomechanical 
behavior characterization of it, which have resulted in two main outcomes. First, 
it has been established that numerical 2D modeling is a useful tool for planning 
land management and mining operations, providing the flexibility and 
predictability needed to manage huge surfaces and reduce environmental 
consequences. The approach is also adaptable to other subsurface infrastructure 
types. Second, the subsidence basin has been successfully characterized. Third, 
pelitic layers with insoluble mineralogy within saline lithologies have 
successfully undergone geochemical examination. However, to expand the study 
area to include the entire active ore deposit mineralogy, additional examination 
will be required. Fourth, the laser scanner technique has been satisfactorily 
assessed, it has given important insights into the displacements that occur during 
the early opening of an underground mining drift affirming that it is a suitable 
technique to be implemented for routinely tracking deformations in the 
geomechanical management of the ore deposit. However, it is necessary to 
perform a precise topographic control of the targets used, in order to correctly 
georeference the point clouds produced by the laser scanner. 
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Furthermore, characterization of the subsidence has been successfully assessed 
in the eastern portion of the Catalan Potash Basin. With the help of the methods 
mentioned, it was possible to evaluate a large dataset and identify four unique 
zones, one of which was experiencing residual subsidence. Mining firms may 
choose to use this flexible and effective method and apply it to other studies 
involving subsidence. In the end, based on the results and objectives achieved in 
the study, suggestions for further research have been proposed, which can 
further advance the knowledge in this line of research. 

The structure of the thesis is as follows: Chapter 1 introduces the case study and 
states the objectives and hypothesis developed in the research. In chapter two, an 
extensive and precise bibliographic review is made. Chapter 3 describes the 
methodologies followed in the different investigations developed. Chapter 4 
presents the results and discusses them. Finally, Chapter 5 presents the 
conclusions and proposes future research to improve and complement the 
knowledge obtained. 
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1 Introduction 
Potash is an essential nutrient for earth life since, both, animals and plants need 
it. The name potash is used to refer to a group of various potassium-bearing 
minerals and chemicals. The most important source for potash is called Sylvite, 
which is a potassium chloride mineral (KCl) usually found in relatively pure 
form. It can also be found mixed with halite (NaCl) forming the rock called 
sylvinite (KCl + NaCl), or it can be found associated with carnallite (KMgCl3-
6H2O). The two main industrial potassium ores are Silvite and Silvinite, while 
other significant potassium resources are potash sulphate and potash nitrate 
(USGS, 2022). 
The main global producers of potash are Canada, Russia, Belarus, and China. 
Whereas Germany and Spain are the main producers in Europe, reaching around 
10% of the world’s supply. The main use of potash is as a fertilizer, representing 
90% of the total production (Jasinski, 2021). The main compounds used as 
fertilizer are potassium chloride (KCl), potassium sulfate (SOP), potassium-
magnesium sulfate (SOPM) and potassium muriate (MOP). In addition, 
potassium ores can have other usages, listed below (Sanz et al., 2022). 

-Chemical industry: Potassium nitrate is used to manufacture gunpowder 
and matches. Moreover, potassium chromate can be used as a red colorant 
in fireworks. Also, it is used in soap production due to its mildness and 
because it is more soluble than sodium hydroxide. 
-Medical industry: Potassium chloride is used in heart surgery to stop the 
heart temporarily. Titanyl potassium phosphate (KTP) is used in Nd:YAG 
laser to treat benign prostate enlargement (BPE). 
-Energy industry: In nuclear reactors, sodium and potassium mixture is 
used as a heat-transfer medium. In addition, molten salts, typically a 
mixture of sodium nitrate and potassium nitrate can be used to store 
thermal energy.  
-Food industry: Potassium chloride is used as a substitute for salt to 
control hypertension. Furthermore, Potassium bisulfite is used in alcoholic 
beverages.  
-Animal feed: Potash is used to increase the amount of nutrients of the 
livestock animals. 
-Glass: Potassium carbonate is used in glass manufacturing in order to 
lower the temperature of melting. Furthermore, it confers clarity to glass, 
thus is usually used in glassware, Television and computer monitors. 
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-Other sectors where potash is also used are pharmaceuticals, the 
detergent industry, bleach and leather treatments, the electromechanical 
and metallurgy industry, and aluminium recycling processes. 

Nowadays, some tries had been done to find substitution options for potash ores, 
using unconventional potassium resources such as glauconite ((K, 
Na)(Fe3+,Al,Mg)2(Si,Al)4O10(OH)2) sands and potassium feldspars (K(Si,Al)4O8). 
However, they have been unsuccessful (European Commission, 2022). 
Besides, food demand is expected to increase according to the current increasing 
tendency of the world population. Therefore, it is expected higher demand for 
potash production to fertilize all the needed crops. A feasible estimation may be 
an increase in demand by 13%, from 59.9 Mt K2O in 2018 to 67.8 Mt K2O in 2023 
(International Fertilizer Association, 2019). Accordingly, there is new mining 
infrastructure expected to start in years to come (i.e. Canada, Belarus, China, 
Laos, Spain…). In addition, it is expected the expansion of the existing potash 
mining infrastructure and capacity to meet this increase. 
Overall, it is crucial to ensure a sustainable and responsible extraction of the main 
deposits, particularly from the European point of view. The case study of this 
thesis is located in the Catalan Potash Basin (CPB). The CPB is part of the Cardona 
evaporite formation in the Ebro Valley, Figure 1.1 shows the location of the Ebro 
basin and the CPB is highlighted in red (Cendón et al., 2003). Currently, only one 
deposit in the town of Súria is active, despite three other deposits can be found 
in the CPB, located in the towns of Cardona, Balsareny, and Sallent, respectively, 
all those located around 75 km from Barcelona. Potash mining is closely related 
to the province of Barcelona, as it has been developed for the last 100 years. 
Nowadays, the Súria deposit reaches great depths, from 600 to more than 1000 
meters. These depths inevitably entail associated issues, such as high 
temperatures and in-situ stresses. In these conditions, potash and salt layers have 
an elastic-plastic behavior, reducing the cross-section of the drifts and their 
stability. Although the creep mechanism generates a safety problem for rock salt 
or potash mining, it is not as easy as it could seem to obtain bibliographic 
references applied directly to a potash ore deposit since there is a lack of 
knowledge on the creep mechanism applied to the geological field. Therefore, the 
main motivation of this work is to experimentally investigate the geomechanical 
behavior of the case study, to increase the available knowledge as well as to 
improve the conditions of the area affected by the mining infrastructure and the 
associated subsidence generated. 
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Figure 1.1 Location of the case study. The CPB deposit is highlighted in red.

1.1 Geological structural context
The CPB belongs to the Ebro basin, which extends throughout Catalonia, Aragon 
and Navarra and it is bounded by the Pyrenees, the Catalan Coastal Range and 
the Iberian Mountain Range. The Ebro basin has its origin in the depression that 
during part of the Tertiary was filled by sediments that came from the reliefs that 
delimited it (López-Blanco et al., 2000). The sediments that filled this basin were 
mainly gravels, sands, mud and salts, so the rocks and minerals that are currently 
found in it are conglomerates, sandstones, lutites and evaporites, respectively. 
The potassic salts are distributed only in the Catalan and Navarre regions, 
although with greater thicknesses in the Catalan area (Cendón et al., 2003). The 
sedimentary Ebro Basin is an accumulation of sediments up to 8 km thick, most 
of which belong to the tertiary age. The basin was formed as a result of the 
accumulation of marine, detrital and evaporitic sediments in the topographic 
depression between the Pyrenees, the Iberian range and the Catalan coastal 
range. 37 million years ago, an inland sea was disconnected from the ocean 
(Garcia-Castellanos et al., 2003) due to tectonic uplifts in the present-day region
of La Rioja. This inland sea gave rise to a huge evaporite endorheic basin. This 
situation lasted until about 13 and 8 million years ago (Costa et al., 2009). In this 
period, the lakes had reached an altitude of several hundred meters above sea 
level due to the accumulation of sediments. This lacustrine system found through 
the Catalan coastal mountain range an outflow for their waters and, therefore, 
the system began to drain towards the Mediterranean Sea, forming the current 
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fluvial network of the Ebro River. Figure 1.2 configures a group of four diagrams 
intended to illustrate the formation of the Catalan Potash Basin (CPB), which was 
formed while the Ebro basin was being configured. Since 1960s, several studies 
have been carried out on the subsoil of the CPB (Ayora et al., 1994b, 1994a, 1995; 
Cendón et al., 2003; Costa et al., 2009; Garcia-Castellanos et al., 2003; JM, Rios, 
1963; López-Blanco et al., 2000; Martinez Garcia et al., 2016; Pueyo Mur, Juan José, 
1975; Puigdefàbregas & Souquet, 1986; Rosell & Pueyo, 1997; Rosell Ortiz, L, 1983; 
Sáez et al., 1991; Schütt, 1998; Taberner et al., 1999; Utrilla et al., 1992; Valentí 
Masachs, 1962). 
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The C.P.B dates from the Upper Eocene, and the evolution of the basin is related 
to the uplift of the Pyrenees. Between 42 and 35 million years ago, middle Eocene, 
when the Ebro basin was filled by marine sediments with continental sediments 
at the top, the evaporite formation took place at the transition from marine to 
continental conditions (Cendón et al., 2003; López-Blanco et al., 2000; Taberner et 
al., 1999). The C.P.B subsoil was formed during the accumulation of sediments, 
mud and sands in the shallow sea that, at that period of time, it was connected to 
the Atlantic Ocean. In the south of the region, there were deltas formed by the 
materials dragged from the mountain range. Coral reefs, with very varied fauna, 
occupied the areas close to the coast of that warm sea. About 35 million years 
ago, in the upper Eocene, the sea went restricting until dry, which led to the 
precipitation of evaporites (salt rock, potash, gypsum, anhydrite, ...) (Ayora et al., 
1994, 1995; Cendón et al., 2003; Pueyo Mur, Juan José, 1975). During the 
beginning of the Oligocene, the C.P.B. was a continental basin with rivers that 
produced important sedimentation. Because of the terrigenous sedimentation 
detrital rocks were created, basically the characteristics of reddish sandstones 
and reddish lutites that characterize the central-western and northern sectors of 
the area. The forces produced due to the tectonics movement during the alpine 
orogeny and the different plasticity of the geological materials formed narrow 
anticlines and several folds, separated by a large and smoother syncline. While 
the anticlines were forming, the diapiric intrusion started in the nuclei of the 
underlying evaporites. Nowadays, the diapiric saline formation is only shown in 
Cardona (Garcia-Castellanos et al., 2003; López-Blanco et al., 2000; 
Puigdefàbregas & Souquet, 1986; Sáez et al., 1991; Valentí Masachs, 1962). 
Diapirs are representative of evaporitic formation. The confined salt can deform 
plastically under pressure and temperature, becoming a mobile elastic, thereby 
the salt is forced by the unequal pressures flowing upward through weaker 
overlying strata. The resulting formation takes a characteristic form of an 
elongated mushroom and it is made of relatively pure halite (Sanz et al., 2022). 
Figure 1.3 details a brief explanation of the different stages that led to the 
formation of the CPB relief as it is known today. Showing a geological section of 
Súria, from NNW to SSE, with the sequence of materials formed by alternating 
layers of lutites, red sandstones, limestones and marls. The thickness of these 
layers varies between a few decimeters and several meters. 
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The mineralogy of the Catalan potash basin has been defined with the works 
carried out by different authors (Ayora et al., 1994a, 1994b, 1995; Cendón et al., 
2003; Pueyo Mur, Juan José, 1975; Rosell Ortiz, L, 1983). Figure 1.4 describe the 
different units: 

- Basal Anhydrite Unit (BAU); The Basal Anhydrite Unit contains two 
anhydrite layers, 2 and 9 m thick, respectively, separated by a 2 meters 
thick marl layer. Both anhydrite layers are made up of an alternation 
of anhydrite and carbonate laminae.  

- Lower Halite Unit (LHU); The Lower Halite Unit consists of 90 m of 
coarse-grained halite displaying a banded structure. The lower part 
comprises up to 80 m and it is formed of white-grey halite layers up to 
10 cm thick, alternating with darker halite up to 3 cm thick. In the 
upper 10 m of the LHU, the halite layers are thinner and separated by 
continuous layers of clay and anhydrite. 

- Potash Unit (PU); The Potash Unit consists of a lower Sylvite Member 
and an upper Carnallite Member. The Sylvite Member is mined for 
potash and it is made of centimeter-scale cycles. Each cycle is made up 
of a millimetre-thick clay and sulphate laminae, followed by orange-
red halite, similar to that described for the upper LHU, and finally 
sylvite. The Carnallite Member, with a thickness of 43 m, forms the 
major part of the Potash Unit. It is made up of carnallite beds with red 
halite intercalations progressively more abundant upwards. In mine 
drifts, the uppermost orange-red halite in the Carnallite Member can 
be up to 35 m thick. Carnallite beds are brecciated or massive and 
composed of anhedral red crystals of carnallite in a pink matrix. The 
matrix is a massive aggregate of carnallite with scattered clays, 
anhydrite and halite. Halite beds in the Carnallite Member are similar 
to those of the upper LHU and Sylvite Member.  

- Upper Halite Unit (UHU); The Upper Halite Unit consists of 3 m of 
banded halite and anhydrite. A thick and continual formation of 
conglomerates, sandstones and lutites of continental origin covered the 
evaporite sequence. 
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Figure 1.4 Stratigraphic section of the Catalan evaporitic sequence (Adapted 

from Cendón et al, 2003). 

1.2 Local structure 
The characteristic relief of the Catalan Potash Basin has been based on the 
geological structures that conformed it through the geological eras. The majority 
of these structures are located in the municipalities of Cardona, Súria, Balsareny 
and Sallent. Following, the main ones are described.  

1.2.1 The Mig-món outcrop structure 

The outcrop of “the Mig-món” (the half-world), is a geological structure known 
as the anticline of Balsareny, which is located from the municipality of Balsereny 
to the mountain range of Castelltallat. The rock layers on both sides of the fold 
converge in the middle, producing the typical geometry of an anticline. Due to 
the intensity of this one in the nucleus, the rock layers do not link (Fàbrega et al., 
2007). Figure 1.5 shows the geometry of this anticline, where it can be seen that 
the anticline is asymmetrical, the south flank (on the right) dips more than the 
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north flank. Figure 1.6 shows and scheme of the outcrop to better illustrate the 
geological structure. In addition, Figures 1.7 and 1.8 give an overview of the 
mining area of Súria, where you can see highlighted in purple the distribution of 
the mining infrastructure (the Cabanasses mining shafts), the anticlinal structure 
of the Mig-mon outcrop and the urban area. 

Figure 1.5 Mig-món anticline outcrop.

Figure 1.6 Mig-món anticline outcrop scheme (Adapted from Central Catalonia 
Geopark scheme).
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Figure 1.7 Súria municipality, the Cabanasses mine shafts and the Mig-Món 
outcrop.

Figure 1.8 Diagram of surface and underground mining infrastructures located 
in the municipality of Súria (Adapted from Central Catalonia Geopark scheme).

1.2.2 The Sucova structure 

The Sucova structure can be seen in Figure 1.9. This outcrop gives us a very 
deformed view of the Balsareny anticline. The rocks have been placed almost 
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vertically and form a very closed anticlinal fold (on the right side). On the left 
side of the Balsareny anticline it is seen another anticline, called the Coaner 
anticline, much looser and smaller. The stresses on both sides would have 
originated from the faulted syncline seen in the centre (highlighted with a purple
line), blurred due to a strong crushing of the materials. In this location, it can be 
seen how the sedimentary rocks can behave in a ductile way due to strong 
deformation before fracturing (Fàbrega et al., 2007).

Figure 1.9 General view of the Sucova structure ( Adapted from Fàbrega et al., 
(2007)).

1.2.3 Tordell’s fault

The Tordell’s fault forms the NE end of the long Balsareny anticline. The southern 
block, whose strata are shown crushed and whitish-greyish in color, has been 
displaced above the strata of the reddish-colored northern block (highlighted 
using a purple line and orange arrow). Figure 1.10 shows the geological structure 
of the Tordell’s fault.
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Figure 1.10 The geological structure of the Tordell’s fault. 

1.2.4 Sinkholes of Cardaner river valley 

In the valley of the Cardener river, the salt is covered only by the sediments of 
the river itself. Occasionally, in the vicinity of the Tordell’s fault, there may be 
land subsidence or sinkholes caused by the dissolution of gypsum, salt or 
carnallite, such as those shown in Figures 1.11 and 1.12 (highlighted in purple). 
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Figure 1.11 Example 1 of Cardaner river valley sinkhole. 

 

 
Figure 1.12 Example 2 of Cardaner river valley sinkhole. 

1.3 Extracting method  
The resource is exploited at a depth of around 500 in Vilafruns and 900 meters in 
Cabanasses, by means of an irregular room and pillar system. Figure 1.13 
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displays a theoretical system in a horizontal layer and working faces on two 
different levels. The underground tunnels are placed on two different levels. The 
exploitation zone is placed in the upper levels. While the service tunnels are at a 
lower level, which is used to connect the different parts of the mine and a 
conveyor belt system carries the mineral to the shaft or directly to the surface 
through a ramp. The mineral transmission between exploitation and service 
levels is done by a vertical downhole with a length of approximately 30 meters. 
The exploitation in both mines is done using continuous mining machines, called 
miners, usually equipped with a transversal head, digging and transmitting the 
mineral into a truck that carries the burden to the downhole connection levels. 
Commonly, a loader is used to achieve better mineral transmission between both 
levels, while there is a transmission system formed by a crusher and a continuous 
haulage machine attached to the conveyor belt system at the service level. 
Maintenance of the service tunnel is carried out by smaller miners.

Figure 1.13 Room and Pillar method (Adapted from Hamrin, 1980).
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1.4. Objectives 
1.4.1 General objectives  
The main objective of this study is to approach innovative models that can 
describe the geomechanical behavior of CPB deposit. Including concern about 
surface subsidence, high deformations and collapses of underground potash 
mining, with the ultimate goal of improving the present working conditions and 
the environmental impacts. 

1.4.1.1 Specific objectives  
Following, there are the specific goals established in order to achieve the main 
objective.  

- Approach the geomechanical behavior by studying the main 
geomechanical parameters of each lithology of the CPB deposit. 

- Characterize the main parameters of the CPB subsidence basin.  
- Improve the current land management and subsidence prediction models 

of the CPB deposit. 
- Carry out the geochemical and textural characterization of the 

interlayered clays and other insoluble mineralogy.  
- Evaluate the influence of different mining and geological parameters on 

surface subsidence. 
- Establish where are located the critical areas and which planes are known 

to be the most likely to detach and therefore cause accidents.  

1.5. Hypothesis and methodology 

1.5.1 Hypothesis 1 

The creation of a straightforward model that can predict the surface subsidence 
of the deposit, based on its geomechanical parameters, will provide solutions 
as well as will improvements in the current mining management. 
The combination of the surface subsidence database collected between 2008 to 
2021 and the geomechanical parameters of the lithologies, from the Catalan 
Potash Basin, assessed during 2021, will allow the creation of a model by means 
of Finite Element Methods (FEM). 

The FEM model will improve the current approach to predict surface subsidence, 
as well as the geomechanical underground behavior. Likewise, creating a 
suitable tool for underground mining management. 
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1.5.2 Hypothesis 2 
The geochemical characterization and the textural analysis of the interlayered 
mineralogy between the saline beds, as well as other insoluble mineralogy 
within them, will improve the health and safety levels of the underground 
mining infrastructure. 
The sampling will be developed in the underground ore deposit. The techniques 
employed to assess the geochemist characteristics of the samples will be done by 
means of the XRD technique and the textural analysis by means of SEM-EDS 
microscope.  
The knowledge achieved through the characterization will give a key 
information to improve the health and safe conditions in the underground 
infrastructure.   

1.5.3 Hypothesis 3 

The characterization and evaluation of the surface subsidence basin and the 
main mining and geological parameters that influence the settlement process 
will improve land management, and contribute to reducing the current 
environmental impact. 

The surface subsidence basin is going to be characterized by calculating the angle 
of boundary and distance of influences in all directions (North, South, East and 
West). This characterization is going to improve surface land management.  

Various geological and mining parameters will be evaluated over time in the 
characterized subsidence basin. This analysis will help to know which are the 
parameters that influence the subsidence processes over the years, thus helping 
to reduce the current surface environmental impact. 

1.5.4 Hypothesis 4 

The application of laser scanner technology for monitoring the stability of 
underground mine drifts will improve the health and safety of daily 
production activities in the deposit, reducing the possibility of sudden mine 
collapses. 

Two pilot mining drifts will be monitored weekly for 6 months, to test the 
possibility of implementing deformation control through laser scanner 
technology. This application could improve safety in underground mining 
facilities. 

A methodological and periodic control of all mining works, starting with weekly 
laser acquisitions, would allow detection of the evolution of deformations, as 
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well as their rate of deformation. Thus, representing key information regarding 
the prevention of possible unexpected block collapses.  
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Chapter 2 
Literature Review 

 

“Try to learn something about everything and everything about 
something.” – Thomas Henry Huxley 
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2. Literature review  
2.1 Mechanical concepts 
2.1.1 Rheological models and lineal viscoelasticity 
Viscoelastic materials have both, elastic (instantaneous deformation) and viscous 
(deformation depends on time) characteristics. 

Lineal Viscoelasticity theory is based on two basic mathematic laws. Firstly, the 
linearity law, which happens when a function can be graphically represented as 
a straight line. Moreover, a function is lineal when it satisfies that the image of 
the sum is equal to the sum of the images (i.e. f(x+y) = f(x) + f(y)) and when the 

)). Secondly, the superposition property, which states that, for all linear 
systems, the response caused by two or more inputs is the sum of the responses 
that would have been caused by each input, individually (i.e. F produces X and 
G produces Y, then (F+G), will produce the response (X+Y) (Barnes et al., 1989). 

Initially, viscoelasticity formulae were based on integral equations. The material 
response depended not only on the current stress and deformation state but all 
of its preceding stress and deformation events. With the increasing advance in 
computational power, the demand for a high memory was limited. However, this 
inconvenient was solved thanks to the “rheological models”.  

Rheological models replace integral equations with differential equations. 
Therefore, the need to store variables is limited and must be updated at every 
new time interval.  Rheological models for a viscoelastic material are based on a 
parallel combination or series combination of two mechanical devices, a spring 
and a dashpot. 

The two basic models are the Maxwell model and the Kelvin-Voigt model. In 
addition, it is known that when the combination is done in series creep 
requirements are added. However, when the combination is done in parallel, 
relaxation moduli is added (Mainardi & Spada, 2011). 

2.1.1.1 Kelvin-Voigt Model 

When a spring is combined in parallel to a dashpot is known as the Kelvin-Voigt 
model. Figure 2.1 shows a scheme of the Kelvin-Voigt model.  

Kelvin-Voigt Equations are expressed in the following equations (Eq. 2.1, 2.2 and 
2.3): 

( ) = ( ) +     
Equation 2.1 
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( ) = + 1 ,  = , =
1

, =   
Equation 2.8 

 

( ) = + , = , = ,  =  
Equation 2.9 

 

We state the condition 0 <  <   in order , be positive and hence 0 <
 <  <   and 0 <  <  <  . As a consequence, we note that, for the 
Zener or S.L.S model, the retardation time must be greater than the relaxation 
time, i.e. 0 <  <  <   

 
Figure 2.3a, and, b Schemes of Zener model (Mainardi & Spada, 2011). 

2.1.1.3.1 Anti-Zener model  

This model is obtained by adding a dashpot either in series to the Voigt-Kelvin 
model or in Parallel to the Maxwell model. Anti-Zener model equations show 
that this model is obtained by replacing the strain with the strain-rate in Zener 
equations. This replacement is suitable for fluids. Therefore, this model is also 
known as Standard Linear Fluid (Mainardi & Spada, 2011). 

2.1.1.4 Burgers model  

On the one hand, this model can be formed by representing a series combination 
of a Maxwell element with a Voig element, supposing that a spring and a dashpot 
in series represent the creep mechanism. On the other hand, it can be represented 
by two Maxwell elements in parallel, supposing the spring or a dashpot added 
in parallel represents the relaxation mechanism, a scheme can be seen in Figure 
2.4 (Mainardi & Spada, 2011). 
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Burgers Equations are expressed in the following equations (Equation 2.10, 2.11 
and 2.12): 

1 + +  ( ) = +  ( ) 
Equation 2.10 

So, 

( ) = + + 1  
Equation 2.11 

 

( ) = , + ,              
Equation 2.12 

 

, ,   , , , , ,   in terms of the four parameters { , , , }  
    

  

Figure 2.4 Scheme of Burgers model (Mainardi & Spada, 2011). 

2.1.2 “Creep”. Fluency concept 
Fluency can be described as a deformation over a long time period under 
constant load. Saline rocks can respond with both, elastic and viscous 
deformation, this phenomenon can be described as “creep”. (Jeremic, 1994). 

Figure 2.5 shows saline creep over a time period. Therefore, the scheme can be 
distinguished into 3 different stages. The first region shows an instantaneous 
elastic defo
second region is a stationary stage with a constant gradient (Secondary creep). 
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Eventually, in the third region, an accelerated fluency leads to failure (Tertiary 
creep) (Jeremic, 1994). 

When the load is removed on point P of the first Region, the deformation falls 
rapidly to level Q and finally tends asymptotically to zero at point R. The distance 
PQ is equal to the elastic deforma
which is located in the second region, permanent deformation is observed, VO 
(Jeremic, 1994). 

 
Figure 2.5 Creep curve scheme of a saline rock (Jeremic, 1994). 

2.1.3 Discontinuities 
Halite is the mineral form of sodium chloride (NaCl), commonly known as rock 
salt. Halite is a sedimentary mineral. therefore, it can form a monomineral 
sedimentary rock by precipitation of Sodium Chloride. Rock salt can present 
impurities such as clays, oxides, etc. these different impurities can give it 
different colorings from greyish to reddish.  

Sylvite is potassium chloride (KCl), has the same origin as halite, and it can be 
found intercalated with halite in the deposit. Moreover, the mixture of both salts 
can form a rock named Silvinite. As well as Halite, sylvite can present impurities.  

Carnallite is a hydrated potassium magnesium chloride (KMgCl3·6(H2O)) and 
similarly to Halite and sylvite has the same sedimentary origin. It can be found 
with different colorations from yellow to white or reddish. Carnallite usually 
presents a massive structure.  

Impurities can be found within the salt structure, and moreover forming 
millimetric layers between salt blocks. 

It is believed, that these layers behave as discontinuities. Pictures 2.6 a, b, c, and 
d has represented the mechanism of Rock block fall.   
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Figure 2.6 a represents an excavated drift in a saline deposit. Figure 2.6 b, shows 
how the saline strata begin to detach through the discontinuity. This detachment 
of strata causes in the contour of the drift the appearance of fractures (encircled). 
The mechanical behavior of these fractures will be conditioned by the strength 
parameters of the pre-discontinuity joint, which are the cohesion and the friction 
angle. When the situation persists, the fracture progresses through the rock 
matrix (Figure 2.6 c) and finally, the rock block breaks due to the little strength 
between the massif and it, producing the so-called "Liso fall"(Figure 2.6 d). 

Figure 2.6 a, b, c, d Conceptual model of forming and block fall (Camara 
Zapata, 2019). 

In addition, discontinuities can be classified to estimate the shear strength of 
discontinuities. 

2.1.3.1 Shear strength of discontinuities (Sample’s roughness) 

All rock masses contain discontinuities such as bedding planes, joints, shear 
zones and faults. Either in shallow depth or in deep mines, the behavior of a rock 



49 

Assessment and characterization of subsidence in the Catalan Potash Basin Sidki-Rius, N 

 

mass is controlled by sliding on the discontinuities, therefore knowing and 
controlling their behavior is a very important matter. In order to analyze the 
stability of this system of rock blocks, it is necessary to understand the factors 
that control the shear strength of the discontinuities which separate the blocks. 

According to Hoek (2007), the undulations on a natural joint surface have a 
significant influence on its shear behavior. Generally, this surface roughness 
increases the shear strength of the surface, and this strength increase is extremely 
important in terms of the stability of excavations in rock. Patton (1966) 
demonstrated this influence by means of an experiment in which he carried out 
shear tests on 'saw-tooth' specimens such as the one illustrated in Figure 2.7. 
Shear displacement in these specimens occurs as a result of the surfaces moving 
up the inclined faces, causing dilation (an increase in volume) of the specimen. 
The shear strength of Patton's saw-tooth specimens can be represented by 
Equation 2.13: 

 =  tan(  + )                                      Equation 2.13 

 

Where    is the basic friction angle of the surface and 

  is the angle of the saw-tooth face. 

 
the shear strength of saw tooth specimens 

(Hoek, 2007). 

According to Hoek (2007), Equation (13) is valid at low normal stresses, where 
shear displacement is due to sliding along the inclined surfaces. At higher normal 
stresses, the strength of the intact material will be exceeded and the teeth will 
tend to break off, resulting in a shear strength behavior which is more closely 
related to the intact material strength than to the frictional characteristics of the 
surfaces.  

Patton’s experiment does not reflect the reality that changes in shear strength 
with increasing normal stress is gradual rather than abrupt. Barton (1973 and 
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1976) studied the behavior of natural rock joints and the proposed Equation 2.13 
could be re-written as Equation 2.14:  

= tan +    
Equation 2.14 

 

Where; JRC is the joint roughness coefficient and  

JCS is the joint wall compressive strength.  

Barton (1973) developed his first non-linear strength criterion for rock joints, 
using the basic friction angle b, from analysis of joint strength data reported in 
the literature. Barton and Choubey (1977), on the basis of their direct shear test 
results for 130 samples of variably weathered rock joints, revised equation 2.14 
to equation 2.15. 

= tan +  
Equation 2.15 

 

Where; r is the residual friction angle  

Barton and Choubey (1977) suggest that r can be estimated from equation 2.16 

= ( 20) + 20         Equation 2.16 

 

where r is the Schmidt rebound number on wet and weathered fracture surfaces 
and R is the Schmidt rebound number on dry unweathered sawn surfaces. 

Equations 15 and 16 have become part of the Barton-Bandis criterion for rock 
joint strength and deformability (N. Barton & Bandis, 1982). According to Hoek 
(2007) the joint roughness coefficient JRC is a number that can be estimated by 
comparing the appearance of a discontinuity surface with standard profiles. One 
of the most useful of these profile sets was published by Barton and Choubey, 
(1977) and is reproduced in Figure 2.8. The appearance of the discontinuity 
surface is compared visually with the profiles shown and the JRC value 
corresponding to the profile which most closely matches that of the discontinuity 
surface is chosen. In the case of small-scale laboratory specimens, the scale of the 
surface roughness will be approximately the same as that of the profiles 
illustrated. However, in the field, the length of the surface of interest may be 
several meters or even tens of meters and the JRC value must be estimated for 
the full-scale surface. On the basis of extensive testing of joints, joint replicas (N. 
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Barton & Bandis, 1982) proposed the scale corrections for JRC defined by the 
following relationship (Eq. 2.17): 

=
, Equation 2.17

where JRCo, and Lo (length) refer to 100 mm laboratory scale samples and JRCn, 
and Ln refers to in situ block sizes. Because of the greater possibility of 
weaknesses in a large surface, it is likely that the average joint wall compressive 
strength (JCS) decreases with increasing scale. Barton and Bandis (1982) 
proposed the scale corrections for JCS defined by the following relationship (Eq. 
2.18): 

=
,

       
Equation 2.18

Where JCSo and Lo (length) refers to 100 mm laboratory scale samples and JCSn

and Ln refer to in situ block sizes.

Figure 2.8 (N. Barton & 
Choubey, 1977). 



52 

Assessment and characterization of subsidence in the Catalan Potash Basin Sidki-Rius, N 

 

 
Figure 2.9 Example of high rough discontinuity in Cabanasses ore deposit 

(Camara, 2019). 

2.1.4 Rock masses classifications  

Discontinuities also have an essential role in the case of rock mass classification 
systems that are used for engineering design and stability analysis. They are 
based on empirical relationships between rock mass parameters and engineering 
applications (i.e. tunnels, mining infrastructure, and slopes, among others). 
Different classifications can be distinguished, the most commonly used being the 
Rock Mass Classification (RMR) and the Q-system.  

2.1.4.1 Rock mass rating classification  

The Bieniawski geomechanical classification, also known as Rock Mass Rating 
(RMR), is a geomechanical classification system developed by Bieniawski in 1973 
and successively modified in 1976, 1979, 1984 and 1989 (Bieniawski, 1973, 1989, 
1993, 1979). 

It provides a classification of a rock mass "in situ" based on five parameters: 
Unaltered rock strength (uniaxial compression), Rock Quality 
Designation(RQD), joint spacing, joint condition and groundwater conditions. 
Values for these parameters are assigned according to tables. The values for these 
parameters are assigned according to tables, and when added together, the RMR 
quality index is obtained. Then, based on the orientation of the discontinuities, a 
correction factor must be applied. The adjustment factor has different values 
depending on the infrastructure to be applied (i.e. tunnels, foundations or 
embankments.) (Bieniawski, 1993; Lowson & Bieniawski, 2013). 
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2.1.4.2 Q-system  

The Q system of rock mass classification, which expresses the quality of the rock 
mass based on a value called Q (Eq. 2.19), was developed by Barton, Lien and 
Lunde (Barton, 2002; Barton et al., 1974).  

The value Q is defined with the following equation:  

=  
Equation 2.19 

 

=       

  
100% 

   Equation 2.20 

 

Where RQD is the Rock Quality Designation and measures the grade of a rock 
mass based on drill core (Eq. 2.20). The Jn is the rate of diaclases, similarly to the 
RQD, indicates the degree of fracturing of the rock massif. Jr is the roughness 
index of discontinuities and Ja is the alteration index of these discontinuities. 
Therefore, Jr/Ja is the shear strength between blocks. The Jw is the reduction 
factor for the presence of water and the SRF is the index for the stress state of the 
rock mass. Jr/SRF is the influence of the stress state. 

2.1.5 Crystal structure. Grain size 
Halite forms isometric crystals with sizes from millimetric to decimetric in size. 
Within its crystal structure it can be found some impurities, such as secondary 
minerals, solid solutions, vapor or fluids inclusions, pores or grain boundaries, 
(Urai & Spiers, 2017). These impurities give to halite different coloration since on 
pure state is transparent. 

Figure 2.10, shows a microstructure sample from Asse II (Germany), where it can 
be extensively studied common size ranges, crystal morphologies and detecting 
several inclusions of brine (Spiers et al., 1986). 
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Figure 2.10 Policrista

boundaries (Spiers et al., 1986). 

Figure 2.11 shows how the decrease in grain size leads to an increase in creep 
deformation. Several creep compaction tests were carried out with grounded 
pure halite samples in the presence of saturated brine. Different particle sizes 
samples (98, 196 and 275 mm) were performed (Spiers et al., 1990). 

 
compaction curves in brine saturated 

samples (Spiers et al., 1990). 
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2.2 Rehology: Salt deformation mechanisms 
The knowledge of mechanical salt behavior is essential due to its physical 
properties such as high permeability, and viscoplastic behavior. Its properties 
must be controlled since salt can be highly deformed. The mechanical behavior 
of salt is linked to thermal processes and chemical and hydraulic environments 
(Figure 2.12).  

 
Figure 2.12 Characteristic processes and mechanisms of saline materials. 

(Barberán, 2000). 

Under deviatoric stress, salt rocks can be deformed by a range of processes. The 
deformation mechanisms known to operate at temperatures relevant to 
engineering and natural halokinetic conditions (20-200 °C) are summarized in 
Figure 2.13 (Urai et al., 2008).  
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Figure 2.13 Schematic drawing of the microstructural processes that can operate 
during deformation of halite at temperatures in the range 20-

s (Urai et al., 2008).

The halokinesis term refers to all those processes that are connected with the 
movements of salt under the influence of gravity. Furthermore, the term 
halotectonics covers all those processes where compressive tectonic forces are 
also involved (Trusheim, 1960).

These processes can be developed because salt density and strength do not 
increase with burial, usually took place in large and thick salt basins and have 
great practical importance mainly for the oil, rock salt, and potash industries 
(Trusheim, 1960). 

About 100 evaporite basins have been affected by salt tectonics, some examples 
can be found in cratonic basins (i.e. Zachstein or Pricaspian), synrift basins 
(i.e.Hormuz Zagros or Maritime Canada), late synrift or postrift passive margins 
(i.e.Gulf of Mexico) or in continental collision zones and foreland basins (i.e. 
Gachsaran or Ebro Basin) (Roberts & Bally, 2012).

In addition, temperature is an important factor to evaluate the deformation of 
salt, since a thermal increase causes a decrease in viscosity. By using a 
deformation map physical conditions can be illustrated. A deformation map 
usually plots temperature versus differential stress and can be distinguished by 
five categories of deformation mechanisms. (1) microfracturing, cataclasis, and 
frictional sliding; (2) mechanical twinning and kinking; (3) diffusion creep; (4) 
dissolution creep and (5) dislocation creep. These mechanisms are usually helped 
by other important mechanisms, such as recrystallization, that cause less-strained 
lattices (Davis et al., 2011). (Davis et al, 1996). 
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Microfracturing, cataclasis, and frictional sliding produce the formation and flow 
of totally fractured or pulverized rock and crystal fragments, by involving the 
formation, lengthening, and interconnecting of microcracks by frictional sliding 
along grain boundaries or microcracks (Davis et al., 2011).

Mechanical twinning and kinking are two types of deformation less aggressive 
than Microfracturing, cataclasis, and frictional sliding. Deformation occurs by 
bending, not by breaking the crystal lattice (Davis et al., 2011).

Several types of creep can be identified according to Figure 2.14. Each type of 
creep employs a particular strategy in order to change the shape and size of 
crystals as a response to directed stress (Davis et al., 2011).

Diffusion creep changes the shape and size of crystals by way of the vacancy 
movement and atoms within crystals and along grain boundaries. Dissolution 
creep changes the shape and size of crystals by dissolving material from one site 
and reprecipitating the material in another site, helped by fluids along grain 
boundaries or within pore spaces. Dislocation creep operates through an 
intercrystalline slip of the lattice structure (Davis et al., 2011).

each deformation mechanism dominates relative to one another (Davis et al., 
2011).

The deformation by compaction creep is a behavior that has been studied over 
the years. One of the most rigorous studies is the one published by (Spiers et al., 
1990). The viscoplastic creep behavior of compacted salt can be influenced by the 
effects of brine, causing a dissolution/precipitation, mixed with a fluid-assisted 
diffusional creep process (FADC). Furthermore, other studies have been focused
on the hydromechanical properties of compacted salt, during long periods of 
time, and using numerical models (Olivella et al., 1994). Compaction creep (DC) 
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and resistance tests are the most common tests in order to determine the 
mechanical properties of saline materials. The compaction creep process can be 
affected by different parameters such as; impurities like clays or anhydrite, the 
grain size, the grain size distribution, the humidity, the initial and final pore 
index, stress state, the force ratio or the temperature.  

Five are material dependent parameters, and three are externally controlled 
variables. These parameters have been studied by various authors. In the case of 
humidity (Spiers et al., 1990) the content of impurities was studied in Aydin and 
Johnson (1983), temperature (Spiers et al., 1990) and grain size and its distribution 
(Spiers et al., 1990). The effect of stress state, time and porosity was also studied 
in all the previous studies.  

Humidity is one of the main properties that affect the mechanical behavior of the 
saline material. It should be specified, all the water within the mineral is 
considered brine. The humidity can modify the following effects; its effects on 
the initial void ratio initial humidity content, Long-term compaction creep rates, 
and the moisture content and the development of pore pressure. The humidity 
content is an important factor in the process of compaction creep. Wet salts are 
more compactable quicker than dried salts. (Spiers et al., 1990). 

Many studies have examined the possibility of pore pressure development in 
compacted granular salt. For pore pressures to develop, the humidity must 
become impeded and the pore fluid must become compressed. Studies that have 
been done in the last years (Spiers et al., 1990) show the viscoplastic creep 
behavior of compacted granular salt, which can be influenced by the presence of 
brine as a fluid-assisted recrystallization and diffusional creep process. However, 
the mechanisms are not clearly defined yet. 

The grain size is a parameter with great influence on the behavior of compaction 
creep rate. According to (Spiers et al., 1990) the process of compaction creep rates 
for low stress (<4MPa) is proportional to 1 / d3 (d is the grain size), for high 

portional to 1 / d2. 

On the other hand, the behavior of the material with 30% or more impurities such 
as clays or anhydrite is dominated by the impurity’s properties.  

Finally, there is evidence that an increase in temperature results in a decrease in 
the compaction of the material (Spiers et al., 1990). On the other hand, it is known 
that creep rates in intact salt are sensitive to even small changes in temperature. 
In contrast with other types of rocks, saline rocks show creep deformation at 
room temperature. 
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The difference in sensitivity to temperature of intact versus granular salt material 
reflects the activation energies of the dominant mechanisms involved in their 
deformation. 

2.2.1 Rheological equations for rock salt 

Mechanically, rock salt is as strong as ordinary concrete in the short term but it 
is weak and ductile in the long term. these strength properties are desirable for 
mine and cavern construction, for healing discontinuities and for sealing 
engineered openings. this flow (creep) properties of rock salt are of fundamental 
importance. Steady-state flow properties are crucial to both concerns and 
transient flow properties are especially important in model predictions of the 
closure characteristics, stability and behaviour of underground openings (Carter 
et al., 1993). Rheology is a branch of physics, and it is the science that deals with 
the deformation and flow of materials, both solids and liquids (Schowalter, 1978). 
The rheology of a given crystalline material depends on the dominant 
deformation mechanism, which in turn depends on the time scale and hence 
deformation rate of interest. Many studies have been published on halite. 
According to (Urai et al., 2008) and considering steady state, non-dilatant 
deformation, the main classes of equations for the creep strain rate of halite are 
(Eq. 2.19, 2.20 and 2.21):  
For dislocation creep: 

= ( )  
Equation 2.21 

For solution-precipitation creep: 

=  
Equation 2.22 

And finally, the total strain rate is the sum of the two 

= +  Equation 2.23 

In these equations, written in a form appropriate for axially symmetric 
compressive deformation, A and B are material parameters, QDC and QPS 
represent (apparent) activation energies for dislocation and pressure solution 

1 3 are the maximum 
and minimum principal compressive stresses, D is grain size, and n and m are 
the exponents of stress and grain size respectively. Two important differences 
between equations 19 and 20 are firstly the dependence of strain rate on stress (n 
= 1 for solution-precipitation creep or pressure solution while n > 1 for DC creep, 
see Figure 2.15) and secondly the dependence of strain rate on grain size (Urai et 
al., 2008). 
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-grained wet halite samples 
deforming by solution- precipitation processes, showing a stress exponent n 

close to 1. 
et al., 1990).

At differential stresses below 15-20 MPa and strain rates below 10-6 s-1, both,
uniaxial and triaxial experiments on natural and synthetic rock salt show power 
law dislocation creep behavior, with a stress exponent n of 5-6 at the higher 
stresses and 3.5-4.5 at lower stresses (Hunsche & Hampel, 1999). The rate of 
dislocation creep can vary by approximately three orders of magnitude, caused 
by differences in concentration of impurities in solid solution, amount and 
distribution of secondary mineral phases, grain size, subgrain size, dislocation 
density and fluids in grain boundaries (Urai et al., 2008).

2.2.2 Mechanical behavior of saline materials: transport fluid properties 
and associated microstructures

2.2.2.1 Creep in granular halite (vapor-liquid graphic)

Compaction creep mechanisms of granular salt materials are closely related to 
the time-dependent behavior of salt rocks. The first creep laws were developed 
to describe time-dependent deformations in metals, rubber and glass, under 
constant tresses, presenting a logarithmic creep law (Eq. 2.25).

=
Equation 2.25

Where:
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 Strain/Deformation of the fluid circulation  

 Laboratory constant  

 Time  

Numerous other creep laws have been proposed to describe the strain 
rate/deformation. Nowadays, the most commonly accepted law describing 
steady state creep is a power/exponential combination which considers both 
stress and temperature dependent phenomena, as follows (Eq. 2.26): 

= exp  
Equation 2.26 

Where: 

 strain rate 

A laboratory constant 

 -  

   

 Activation energy required to activate the mechanism 

 Gas constant (Universal gas constant)  

 Temperature in Kelvin degree  

Equations of the above form can be used to describe steady state deformations 
by a single mechanism. 

The four mechanisms of strain for saline materials are; Dislocation climb, and 
dislocation glide; Diffusion mechanisms, including porosity and grain boundary; 
Sliding between grains; Cataclasis. Figure 2.16 shows the relation between 
temperature/temperature melting and strain/deformation, which is caused by 
different mechanisms. Depending on the temperature and the stress level, the 
strain/deformation is caused by two different mechanisms.  

Glide and climb (low and high temperatures), this mechanism is connected to the 
theory of Dislocation. These mechanisms usually occur in intercrystalline 
mechanisms. For high temperatures (T / 
point) would occur cases of diffusion mechanisms. For low stresses and 
temperatures, the most important strain mechanism is based on diffusion aided 
by fluid (fluid-assisted diffusional creep). Diffusion can occur between the crystal 
lattice (diffusion vacancy or Nabarro-Herring creep) or along the boundaries of 
the grain (Coble creep). The salt grains are dissolved at high stress values (grain 
contact) and precipitate at low stress values (pores) (Spiers et al, 1990). 
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Figure 2.16 Strain/Deformation mechanism of saline material. Fluid pressure P 
between (0.1 to 20 MPa). deviatoric force, μ Elastic modulus, T Temperature, 

and Tm Melting Point/Temperature (Spiers et al., 1990). 

The sliding between grain boundaries is a process where the change occurs in the 
shape of the adjacent crystals caused by diffusion and dislocation processes. The 
strain/deformation for each of the mechanisms (except for cataclassic) has a 
characteristic gradient (equation 23). 

The range of every mechanism depends on the conditions of different stress and 
temperatures. A single mechanism law cannot adequately describe the behavior 
of salt over all the ranges of temperature and pressure conditions. 

Although under compaction, the pressure could be the most important 
strain/deformation mechanism for saline materials, this mechanism needs to be 
companied by sliding in the contact boundaries in order to rearrange the grains 
during deformation. Granular salt has porosity, which allows the mobility of 
particles, where the sliding between grains takes on an important role in 
compaction. 

2.2.2.2 Fluid transport in salts 
The fluid transport in the salts is due to its high solubility in the water, the fluid 
present in compacted granular salt, subjected to transport is brine. Brine is 
present in this porous medium in two ways: brine-filled intragranular inclusions, 
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brine-filled pores on grain boundaries, and some hydrated minerals. Water could 
also be present in compacted granular salt as a part of some hydrated minerals 
due to the effect of the differential pressure gradient and under the effect of the 
pressure and temperature gradient. 

2.2.2.3 Brine migration 
Three mechanisms proposed for explaining the phenomenon of brine migration 
are (a) Motion of the brine inclusions by a temperature gradient, (b) Vapor-phase 
transport along connected porosity (c) Liquid transport driven by a stress 
gradient in the salt. 

Brine-inclusion motion by temperature gradient; is the most studied theory and 
the most widely accepted mechanism. The equation was proposed by (Olander, 
1980) (Eq. 2.27). 

=  
( ) +

   
Equation 2.27 

 

Where: 

  ( / )inclusión velocity  

     ( / ) 

    ( / ) average salt concentration in the 
inclusion 

      ( / ) density of the solid salt 

   (º ) 

     (º / ) temperature gradient in the brine 

       fractional undersaturation at hot face 

      fractional oversaturation at cold face 

       ( )dimensión of the thermal gradient 

The first term represents the diffusion of salt within the brine, the second one 
represents the rate kinetics index of dissolution and crystallization each one 
respectively on the hot and cold faces. Although there is some variability in the 
velocity of the brine inclusions within crystals, the major uncertainty is their 
behavior on encountering a grain boundary. According to the theoretical and 
experimental analysis, the movements in these zones are slower. The brine is 
deposited at the boundary grain producing a porosity connection. 
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2.2.2.4 Vapor phase transport within the connected porosity 
The transport of the vapor of brine is produced by water vapor that connects the 
porosity in salt. The potential gradient is the brine vapor pressure. The water in 
the brine is converted to vapor at an evaporation front that recedes into the salt 
with the. The equation 2.28 that governs the rate of evaporation was proposed by 
Hohlfelder and Hadley (1979). 

=  /  /  
Equation 2.28 

 

        ( / · ) 

    connected porosity of the salt 

     (  / ) Knudsen’s diffusion coefficient 

   ( /  ) 

   ( ) 

     ( / ) 

  

   ( ) 

1 = 2,390 ·  10  

1 = 1    

The first term refers to the Knudsen fluid diffusion component; the second term 
is equivalent to the Darcy fluid component. If the sample is subjected to a 
temperature gradient, the inclusions within the brine will migrate from the grain 
boundaries and will add to the total water volume. 

2.2.2.5 Liquid transport by force gradient applied to salt 
The Liquid transport in salts is caused by the brine pressure that is found in the 
interconnected porosity and is determined by the stresses (the bulk pressure) 
applied to the salt itself. This fact is specific to the salts, due to the creep behavior. 
If the brine pressure, which fills the porosity is different from the stress applied 
in the adjacent salt, then the salt responds by creeping until a pressure in the fluid 
and the rock are equal. 

2.2.3 The permeability of granular Salt 
According to Darcy's Law, the movement of the brine in the compacted salt 
describes the fluid movement through the porous medium. It is considered a 
representative volume of porosity, to resolve equation 2.29, it is necessary to do 
a balance of mass in which the change in the volume of brine is equal to the 
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difference between the brine which has flowed in and out of each side of the 
volume minus the quantity of brine which has been abstracted. This gives us the 
relation: 

+ + = 0 
Equation 2.29 

Where:  

   

  

Q    

The equation that relates the permeability, in agreement with Darcy's law, is 
given by modifying the following expression (Eq. 2.30): 

=  
Equation 2.30 

where K is the constant of proportionality and is called brine conductivity or 
permeability. This expression can be expressed in general terms as (Equation 
2.31): 

=  
Equation 2.31 

Where dh / dl is known as the hydraulic gradient.  

A: cross-sectional area of the porous material. 

The quantity dh represents the change in piezometric height between two very 
close points, and dl is a very small distance. The negative sign indicates that the 
flow is in the direction of the piezometric height decreasing. Equation 28 can be 
modified to show that coefficient K (Eq. 2.31) has the dimensions of length/time, 
or speed. This coefficient has been called hydraulic conductivity or the coefficient 
of permeability: 

=
( / )

 
Equation 2.31 

According to Hubbert (1956), Darcy's constant of proportionality, K, is a function 
of the properties of the porous medium and the fluid that passes through it. In 
fact, it is intuitive to think that a very viscous fluid, will move at a lower rate than 
brine in the same type of soil. The drainage is directly proportional to the specific 
gravity of the f
fluid, μ. From this information, we can write (Eq. 2.32 and 2.33): 

=  Equation 2.32 
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=  Equation 2.33 

the density of 
the fluid and g is gravity.  

Two different methods can be used in order to know the quantification of the 
permeability coefficient or hydraulic conductivity. The two types are the indirect 
and direct methods. Indirect methods, are determined by an empirical formula 
and the direct methods, are measured directly in the laboratory. The permeability 
or hydraulic conductivity can be measured with parameters. The difference 
between constant load and variable load is that in the first parameter, the fluid 
needs to reach the equilibrium and in the second case it is not necessary. In this 
case, there is a decrease in the level of the fluid, which passes through the sample. 
The following expression (Eq. 2.32), gives the rate at which the fluid flows down: 

=  
Equation 2.34 

 

If At is multiplied by the area of the vertical tube, it is obtained the water flow 
(Eq. 2.33): 

= =  
Equation 2.35 

 

When Ac is the area of the soil sample, it can be used Darcy's law to calculate the 
flow draining from the permeameter at any time, where h is the hydraulic load 
at time t (Equation 2.36): 

=  
Equation 2.36 

If it is applied the principle of continuity, can be using the expressions given in 
(Eq. 2.37) and (Eq. 2.38) to write (Eq. 2.39):  

=  
Equation 2.37 

If isolating the permeability K (Eq. 2.38): 

=  
Equation 2.38 

If the equation is integrated from t = 0 to t = t with an initial condition h = h0 at t 
= 0 the following expression (Eq. 2.39) is obtained for the hydraulic conductivity 
as of a variable load permeameter: 
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=
Equation 2.39

If the diameters of the vertical tube and the sample are used, it is obtained the 
following equation (eq. 2.40):

=
Equation 2.40

It must be verified that the sample is completely saturated, and it is necessary to 
be sure that there are no air bubbles within it. When there are air bubbles, the 
hydraulic conductivity decreases due to the reduction in the available water area. 

2.2.4 Associated Microstructures on the strain/ deformation mechanisms
Creep is viewed to occur by the dissolution of material at grain boundary 
interfaces under high mean normal stress, diffusion through the grain boundary 
solvent phase, and precipitation at interfaces under low mean normal stress. This 
pattern of mass transfer is illustrated in Figure 2.17 a. The typical microscopic 
structure of saline aggregates is an island-channel system, as in Figure 2.17 b, 
other less known microstructures associated with the dissolution-precipitation of 
salt are shown in Figure 2.18 (Spiers et al., 1990).

Figure 2.17 Schematic diagrams illustrating the 
involved in creep by pressure solution. (a] Compaction creep in a porous or 

creep in a dense polycrystalline material. In both cases, grain boundaries
-channel form (Spiers et al., 1990).
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Figure 2.18. Microstructures graphic associated with salt strain/deformation 

(Spiers et al., 1990). 

Figure 2.19 shows the microstructure of the indentation. This structure shows 
that when the boundaries of two adjacent salt crystals intersect, part of one crystal 
may become part of the other crystal. These structures are common at the apex 
of grains of salt. In Figure 2.19.b, the truncation microstructure is common in 
crystals which have not been able to develop any of their faces or vertex, in many 
cases the adjacent crystal had a higher development speed. In Figure 37. c, the 
salt crystals overgrowth, nowadays the mechanism which produces its 
microstructure is not clear (Spiers et al., 1990). 

 
Figure 2.19 Microphotography obtained in the laboratory. (a) Initial granular 

material (d0 = 275 μm). (b) Compacted salt v = 11%, d0 = 410 μm), the island-
channel microstructure is shown, (c) Compacted salt v = 20%, d0 = 410 μm), 

interdigitation, truncation and overdevelopment structures are shown, (d) 
compacted salt v = 24%, d0 = 175 μm), interdigitation, truncation and 

overdevelopment structures are shown (Spiers et al., 1990). 
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2.3 Geochemistry 
As it is stated in Chapter 01, the CPB is a stratified evaporitic deposit. The 
formation of the several layers that form the deposit is the result of various stages 
of evaporation of an ancient sea. This section will focus on the material that 
constitutes the insoluble part of the saline layers. These insoluble geological 
materials can be found within the salt beds and also between them, thus forming 
thin layers that separate the different types of salts that compose the deposit. 
According to (Cendón et al., 2003) insoluble particles are formed by sulphate 
such as anhydrite and clays. Moreover, Pueyo (1975) define a pelitic fraction 
made basically by phyllosilicates such as clay minerals, stating that the presence 
of this clay phase in the evaporitic deposit has an essential role during both the 
precipitation of salts and the following metamorphic processes, mainly due to its 
high adsorption capacity. The main minerals that constitute the fraction are 
chlorites, illites, talc and silica (Pueyo Mur, Juan José, 1975). 

2.3.1 Sulphates in evaporitic deposits 
It is well known that evaporite deposits are formed by the evaporation of surface 
water in an arid climate. The presence of sulfates such as gypsum and anhydrite 
or carbonates is related to the early stages of evaporite mineral precipitation 
(Hardie & Eugster, 1970, 1970).  

The main cations dissolved in surface waters come from chemical weathering of 
the crust, such as Na+ , Ca2+ , Mg2+ and K+, the abundance of these cations depends 
on their relative abundance in the crustal rocks and their solubility (Spencer, 
2000) . Evaporite minerals are varied, as are their geomechanical behaviors, so it 
is important to take them into account, especially when they are present in the 
rock mass of underground infrastructures (Giambastiani, 2020). Specifically, the 
presence of gypsum or anhydrite has been found to affect the geomechanical 
properties of infrastructures, in various types of locations and geological 
environments (Abu Seif, 2014; Alberto et al., 2008; Alonso et al., 2013; Gutiérrez 
et al., 2008). 

2.3.2 Phyllosilicates 

Phyllosilicates are a group of silicate minerals whose structure is formed by 
parallel tetrahedral silicate layers. These sheets have a negative charge, 
neutralized by exchangeable cations located in the interlayer space and on the 
surface. They can be classified into two categories: one in which the composition 
is 1:1, where there is one tetrahedral sheet for every octahedral sheet present, and 
the second class of minerals has a 2:1 composition with an octahedral sheet 
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between two tetrahedral sheets. The phyllosilicates group include the following 
mineral families; micas, chlorite, serpentine, talc, and clays Figure 2.20. 

 

Figure 2.20. Two main types of clay family structures, tetrahedron and 
octahedron type. The appearance of 
as a sphere-packing model (top row), a ball-and-stick model (middle row), and 

 (Schulze (2005)). 

2.3.2.1 Clays family 
Clay minerals represent the main group of the phyllosilicate family. It is a 
heterogeneous group of hydrous layer aluminosilicates, moreover, the large 
family of clays can be classified into the groups of kaolinite, smectite, vermiculite, 
illite and chlorites (Table xxx02). Geologists usually define clays as a group of 
particles smaller than 2 μm, while engineers and soil scientists define them as 
any mineral particle with a size below 4 μm. Their small size and large surface 
area/volume ratio give them unique characteristics, such as their high cation 
exchange capacity, catalytic properties and plastic behavior when wet (Huggett, 
2015). The properties of clay depend on the chemical structure, the type of 
arrangement of atoms and ions and the type of bands that exist between its layers 
(C. D. Barton & Karathanasis, 2002), these characteristics depend on its potential 
applications and geomechanical behaviour (Arabmofrad et al., 2020; Pusch, 
2006). 

Table 2.1 Phyllosillicates families, reproduced from (Arabmofrad et al., 2020; 
Bergaya & Lagaly, 2013; Johnston, 2018; Kotal & Bhowmick, 2015). 

Layer type Group Subgroup Species 

1:1 (T.O) Kaolin–serpentine Kaolinites Kaolinite, dickite, nacrite, halloysite 

Serpentines Chrysolite, lizardite, amesite 

2:1 (T.O.T) Pyrophyllite–talc Smectite   Pyrophyllite, talc 

Dioctahedralsmectites Montmorillonite, bentonite, laponite, 
sepiolite, nontronite, beidellite 
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Trioctahedralsmectites Saponite, hectorite, sauconite 

Vermiculite Dioctahedral vermiculite Dioct. vermiculite, 

Trioctahedral vermiculite Trioct. vermiculite 

Mica Dioctahedral vermiculite Muscovite, paragonite 

Trioctahedral vermiculite Phlogopite, biotite 

Brittle mica Dioctahedral brittle micas Margarite 

Trioctahedral brittle micas Seybertite, xanthophyllite, brand site 

2:1:1 (T.O.T.O) Chlorite Dioctahedral chlorites   

    Trioctahedral chlorites Pennine, dinochlore, prochlorite 

2.3.2.2 Micas family 
Micas are 2:1 phyllosilicates with strongly retained, non-hydrated interlayer 
cations that balance a high layer charge. Micas are commonly found in many 
rocks, such as shales, phyllites and granites, among others, and in the sediments 
derived from them. The 2:1 layer of micas is made up of an octahedral sheet 
between two sheets of tetrahedra. In addition, micas can be classified as 
dioctahedral or trioctahedral, depending on the types and positions of the cations 
in the octahedral sheets. In the case of dioctahedral micas, where only two of the 
three octahedral cations are filled muscovite is the most abundant. Moreover, in 
the case of trioctahedral micas, all three octahedral positions are filled, and biotite 
is the most common type. The isomorphic substitution in the mica structure 
creates a negative charge, which results in a strong coulombic attraction for 
charge-compensating interlayer cations such as K, which is not exchanged in the 
standard cation exchange-capacity determination. In addition, micas may be the 
precursors of expansible 2:1 phyllosilicates, such as vermiculites and smectites, 
in which micas can be transformed by replacing the interlayer cations (usually 
K+) with hydrated cations (Huang & Wang, 2005).  

Finally, in the specific case of sedimentary rocks or soils, mica minerals are 
usually found in clay fractions and are known as illite or "hydrated mica", 
"argillaceous mica" and "sericite" (Huang & Wang, 2005). 

2.3.2.3 Chlorite family 
Similarly, to the mica family, Chlorite has a 2:1 layer structure with an excess of 
negative charge. However, the excess charge is balanced by a positively charged 
interlayer hydroxide sheet instead of K+. The hydroxide interlayer is an 
octahedral sheet and can be di- or trioctahedral (Schulze, 2005). 

Chlorite is a common phyllosilicate mineral that can be found in all types of 
sediments and sedimentary rocks. Its presence can be inherited from previous 
metamorphic or igneous rocks. The name chlorite derives from the green color of 
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most specimens, which include a group of minerals characterized by a wide 
range of chemical and structural variations (Bailey, 1988). When found within 
sediments, they are defined primarily as "clay minerals", in soils that can be an 
indicator of weathering. The occurrence of chlorite in sediments is usually in 
small amounts, its origin can be either detrital or diagenetically formed (Schulze, 
2005) (Hillier, 2003). The petrology of chlorite in the sedimentary environment is 
diverse. The presence of chlorite in sediments is commonly described by the 
associations it forms with other minerals, such as the odinite-berthierine-
chamosite shallow-marine association; the Mg-rich chlorite evaporite/dolomite 
association (Hillier, 2003). 

2.4 Subsidence 
2.4.1 The history of the study of subsidence 
According to the information of the subsidence working group in the UNESCO 
organization (IHD), the oldest known subsidence process happened in the state 
of Alabama (EUA) approximately in 1900. This work was based on 42 subsidence 
processes from 15 countries of the world. Around 1965, UNESCO started its first 
global program for hydrological cycles under the title of World Decade of 
Hydrology, in the following years the study of subsidence became one of its main 
topics. In April 1975, a subsidence working group was based in Paris, the basis 
of which was to investigate the relationship between this phenomenon and 
underground water. In these surveys, new methods and techniques such as 
advanced geographic positioning systems (GPS), SAR and InSAR were widely 
used to locate subsidence in the mid-1990s.  

Subsidence processes can be defined as the downward movement of the earth's 
surface, which can also have a small horizontal displacement vector. They can be 
produced by natural or anthropic causes This height change can be a 
consequence of natural or human activities such as the activity of faults, 
tunnelling, mining, underground water extraction, and oil and natural gas 
extraction, among others (USGS). They can let settlement effects on the ground 
but can also produce collapses in some areas.  

According to their origin, they can be classified into two main groups: 

1. Subsidence due to natural processes: 
a.  Natural voids near the surface, like karstic features.  
b. Solubility of some minerals, for example, salt, potash, or gypsum in 

groundwater. 

*Other origins that can conduct subsidence effects are related to 
alluvial deposits, volcanism, and thermokarst areas, among others. 



73 

Assessment and characterization of subsidence in the Catalan Potash Basin Sidki-Rius, N 

 

2. Subsidence due to anthropic works: 
a. Mining infrastructures  

i. Fluid extraction (i.e. water or oil). 
ii. Underground Mining methods 

iii. Piping methods. 

It is of particular interest to focus on the second group, since the case study is an 
underground ore deposit. Since the nineteenth century, it has been detected 
subsidence processes produced by underground mining (Halbaum, 1905; 
Modeste et al., 2021; Sanmiquel et al., 2018; Van Sambeek, 1997). Nowadays, it is 
known that surface subsidence can be prevented by applying less aggressive 
extractive methods with the environment and, especially, by applying an 
appropriate support mechanism, such as rib and sill pillars, cable and rock 
bolting, plugging of cracks, and backfilling by sand, cement mixed tailing, and 
waste rock (Waltham, 1989; Zhang et al., 2019). However, underground mining 
is still leading to the subsidence process (Rošer et al., 2018; Sanmiquel et al., 2018). 
The subsidence process may be coincident with mining activities or delayed in 
response to time-dependent deformation of the rock mass. Various mining and 
geological factors, such as the quality of the underground and rock components, 
the quality of these geologic materials and surface conditions can influence the 
magnitude, shape, mode and extent of it (Hunt, 1980). 

2.4.2 Subsidence due to underground mining  
According to Brady and Brown (1992), subsidence is produced, with greater or 
lesser impact, by almost all types of underground mining. The downward 
displacement of the surface may be classified into two different types, 
discontinuous or continuous (Brady & Brown, 2006). Discontinuous subsidence 
involves a characteristic profile with step-formation or discontinuities and large 
surface displacement movements in a delimited area. This type can entail a range 
of mechanisms caused by different mining methods. Moreover, can be developed 
progressively or suddenly in a vast range of scales (Figure 2.20). Continuous 
subsidence has a characteristic smooth profile, with no discontinuities or steps. 
The resulting surface displacements are usually of an elastic order of magnitude 
compared to the dimensions of the subsidence zone or depth of drawdown. This 
type of subsidence is usually associated with the extraction of thin, horizontal, or 
flat-dipping reservoirs overlain by weak, non-brittle sedimentary strata. 
Examples of this type may include subsidence processes due to longwall mining 
of coal or other minerals such as evaporites deposited in sedimentary 
environments (Figure 2.21). In the following sections, there is a summary of each 
different type of discontinuous and continuous subsidence mechanism. 
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Figure 2.21 Discontinuous
1989).

Figure 2.22 Continous subsidence diagram of the land that sinks due to the 

deposit by Lee and Abel, Jr, 1983) 

2.4.2.1 Discontinuous subsidence mechanisms
Discontinuous subsidence mechanisms are basically included in caving mining 
methods. Caving mining methods are a type of underground mining method that 
allows a progressive collapse under the gravity effect. There are three main types 
of caving methods; block caving, sublevel caving and longwall, which are 
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described below. These mining methods produce large subsidence areas. 
According to Brown (2003), several geological and topographical parameters can 
influence the extent of the surface subsidence, including the dip and strength of 
the deposit, as well as its plan shape, the strength of the overburden and 
surrounding rocks, the presence of major structural features, such as faults or 
dykes crossing the deposit, and the overburden portion. The depth of mining is 
defined by the undercut level and associated in-situ stress field, surface 
inclination, any previous mining surfaces, and the placement of backfill in a pre-
existing or newly produced collapse or near underground excavations.

Some parameters influence the surface subsidence in caving methods, such as the 
angle of subsidence or break (its complement angle is called the angle of drawn), 
which is the angle that controls the extent of the surface subsidence, this angle is 
defined by the horizontal section and the straight line drawn from the level of the 
undercut to the end of the surface disturbance. The area defined by the angle of 
break is where large-scale deformations happen, and its adjacent zone is where 
small-scale deformations occur. Figure 2.22 shows a section of the resulting 
surface subsidence due to the caving method, with the main geometric 
parameters highlighted.

Figure 2.23 Subsidence produced due to block and caving mining method 
( Brady-Brown, 2006).

As the surface subsidence caused by caving can have different origins, the main 
ones are described following. Firstly, subsidence can be started by the failure of 
the stope roof or wall on inclined surfaces. If it cannot be formed a stable arch 
and self-supporting, the failure may progressively propagate toward the surface, 
as material falls from the roof or the propagating cave, it will bulk and will tend 
to fill the void. When the void is filled with caved material it will provide support 
for the upper surface and so stop the development of the cave, therefore, in this 
case, subsidence is very important to control the extraction ratio. It is most likely 
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to occur if the mechanical properties of the hanging wall material are similar to 
those of soil. Once initiated, propagation of the failure to surface can be very 
rapid. This mechanism was first proposed by Crane (1931), who studied its 
development in an iron mining district located in northern Michigan (EUA). It 
was also studied by Atkinson et al. (1975) in shallow tunnels excavated in sand 
and clay. Secondly, it can also occur due to the unravelling of a discontinuous 
rock mass and it is controlled by the regular discontinuities in the rock mass. To 
continue to propagate this mechanism, a sufficient void must be maintained 
beneath the cave, therefore, also in this case is very important to control the 
extraction ratio. This type of chimney caving can be also considered progressive. 
In 1934 Rice (Rice, 1934) described a graphitic ore deposit. The third mechanism 
is termed plug subsidence. It is governed by structural features that provide low-
shear strength surfaces over which the undercut rock plug can slip under the 
influence of gravity. In this case, the rock mass will suffer an essentially rigid-
body displacement. Therefore, a vertical displacement at the sloped boundary 
will result in a vertical displacement of similar magnitude at the surface. In this 
case, the development of this type of chimney cave is not as strongly linked to 
the control of extraction as the other two types, however, it requires an initial 
void to occur. In the Athens mine, located in northern Michigan (EUA) a plug 
subsidence mechanism was controlled by dykes (Boyum, 1961). In addition, 
sinkholes or dolines can be described as cylindrical or conical holes, and 
sometimes included as a chimney caving subsidence mechanism. Mostly they are 
caused by natural processes like ones formed in karstic environments. However, 
it can be produced due to the anthropic lowering of the water table (De Bruyn et 
al., 2000). In addition, this type of formation can also happen by the sudden or 
progressive collapse of the overlying material into an underground cave or 
infrastructure. Chimney caves are also known as sinkholes (Szwedzicki, 1999).
Finally, another type of mining method that can cause discontinuous subsidence 
mechanisms, is the mining infrastructures of chambers and pillars, in this case, 
the mining infrastructure has to be located in a shallow underground area and 
does not have a good closure process, so it can collapse due to its deterioration. 
According to Brady and Brown (2006) one of the major examples of this type of 
collapse happened in 1960 at the Coalbrook North Colliery, (South Africa), when 
a room-and-pillar mining area of approximately 3 km2 collapsed (Bryan et al., 
1964).

2.4.2.2 Continuous subsidence mechanisms  
Continuous subsidence processes are basically produced when a tabular 
horizontal orebody is mined by methods that give a very high extraction ratio in 
large panels. For the subsidence mechanism to be continuous, the subsidence 
stress (induced by caving), the depth of the mining infrastructure and the 
strength properties of the overlying material has to be such that fracturing and 
discontinuous rock movement are restricted to the immediate surroundings of 
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the deposit (Brady & Brown, 2006). This mechanism can occur in evaporites 
overlain by sedimentary rocks and in the case of longwall coal mining operations, 
among others. 

A continuous subsidence basin can be active for some time after the mining 
infrastructure has stopped. This time dependent characteristic in subsidence can 
be measured through what is called subsidence velocity, it is well-known that it 
will gradually decrease until it stabilizes. Subsequently, it will be formed the 
static or final surface subsidence basin. In Figure 2.24, it can be seen the process 
of development of the surface subsidence basin, these different basins will occur 
as mining infrastructure is excavated. (Peng, 2020). 

 
Figure 2.24 Process of forming surface movem
positions of face advance; s1, s2, s3, and s4 are surface movement basins formed 
when the face is at the corresponding positions of 1, 2, 3, 4, respectively; s04 is 

 depth. (Peng, 2020) 

Furthermore, in Figure 2.25, we can see a typical vertical section through 
workings (National Coal Board, 1975). Where three different subsidence and 
surface slope profiles can be observed for three different panel widths. The 
vertical displacement, s, is called the subsidence, therefore the maximum 
subsidence is shown with an S in capital letter. At the point of maximum 
subsidence, the corresponding area and width are referred to as critical. Areas of 
widths for which S < Smax are described as subcritical. In the case of supercritical 
areas or widths, Smax subsidence is reached over a finite width and not only in a 
single point as in the critical case (Figures 2.25 a, b and c). 
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Figure 2.25 Subsidence National Coal Board, 

1975). 

 
 

 
 

 
 

Figures 2.26 a Supercritical subsidence basin, b Critical subsidence basin and c 
Subcritical subsidence basin (Peng, 2020).  

As we can see in Figure 2.25 (typical section), there is highlighted the angle of 
draw ( ), which can be described as the angle made with the vertical by an 
imaginary line drawn that goes from the base of the mined seam to the point of 
zero subsidence in the surface. Therefore, this angle depends directly on the 
depth of the mining infrastructure and the width of the subsidence basin.  

Apart from the vertical displacement, all points in the subsidence basin will 
develop also the horizontal displacement. The slope of the surface subsidence 
and the developed strains in the surface subsidence vary at all points of the 
subsidence surface. Consequently, for a horizontal seam with a depth (h), 
complete subsidence will occur directly at a point vertically above the centre of 
the zone, if the exploitation of a critical zone reaches what is called critical 
diameter (Dc) and critical width (Wc) (Equation 2.41). 
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= tan  Equation 2.41 

2.4.3 Surface subsidence areas 
According to the in-situ measurements in several worldwide examples, it is 
known that the surface movement basin is larger than the mining gob. The shape 
of the surface subsidence basin depends directly on the shape of the mining gob. 
In addition, if the gob follows an inclined seam, this inclination will affect the 
surface subsidence basin. If the subsidence process is active, the surface of the 
basin will have a heterogeneous shape, in different parts there will not be the 
same amount of deformation. However, when this surface is completely flat, it 
indicates that the zone has reached the final or static subsidence movement basin, 
which according to Peng, 2020 can be divided into 3 zones. Figure 44 shows them.  

 
Figure 2.27 The three zones of a surface subsidence basin (Peng, 2020) 

First, it can be defined as the central surficial subsidence zone or neutral area, 
where deformation and displacement values are close to zero, and usually, it is a 
zone without cracks. In this zone the surface subsidence is uniform and its values 
are maximal. The inner marginal zone or compression zone is located between 
the central zone and the collapsed area. Usually, there is also no presence of 
cracks in this zone. In this case, the subsidence surface forms a concave profile 
producing a compressive deformation, subsidence values may vary and move 
towards the centre of the basin. Finally, there is the external marginal zone, also 
named the tensile zone. This zone is located in the outer part, forming a convex 
profile and producing a tensile deformation. According to Peng (2020), among 
many other authors in the field (Booker & Carter, 1986; Ege, 1984; Galloway et 
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al., 1999; Walker, 1988), the superficial subsidence is not uniform and the 
movement of the ground goes towards the inner central zone. 

Three boundaries can be distinguished in the surface movement basin depending 
on the influence of surface movement, as well as deformation in structures and 
on the surface. The most external boundary is known as the outermost boundary 
and the theory states that is determined by the basin boundary at which surface 
movement and deformation are zero. In field measurements, the boundary value 
is defined by the value of 10 mm of subsidence due to measurement errors. 
Therefore, the outermost boundary contour is determined by the 10 mm value 
points (Peng, 1992). The dangerous limit is defined as the limit of the critical 
value, which means that the infrastructure located within the limit will be 
damaged. The critical values of deformation are tilt (t), strain (e), and curvature 
(k) and their values depend on the country (Peng, 1992). The cracks boundary is 
defined by the line where the cracks in the surface subsidence basin will occur 
(Peng, 1992). 

There can be distinguished three main angles: The angle of draw ( ), the angle 
of critical deformation ( ), and the angle of the outmost crack ( ). The angle of 
the draw is the acute angle between the line connecting the edge of the movement 
basin with the 10 mm subsidence and the gob edge and the horizontal line at the 
gob edge. The angle of critical deformation is the acute angle between the line 
connecting the point of critical deformation on the major cross-section of the 
basin and the gob edge, and the horizontal line at the gob edge. The angle of the 
outmost crack is the acute angle between the line connecting the outmost surface 
crack and the gob edge, and the horizontal line at the gob edge. The three angles 
can be shown in Figure 2.28 (Peng, 1992). 

 
Figure a 

horizontal mining drift. 

2.4.4 Introduction to subsidence of evaporite reservoirs 

Right after the exploitation of potash minerals, it starts convergence movements, 
when stress increases and exceeds the strength of the rock layer, this can break 
and, therefore, fall. This process can produce a collapse due to the formation of a 
block, beam or plate. With the expansion of the mining infrastructure, the area of 
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affection can reach the surface, producing what is known as surface subsidence 
(Figure 2.21). (Peng, 1992). Surface subsidence caused by underground mining is 
a process that depends on time and space. Surface subsidence caused by 
underground mining is a process that depends on time and space. Usually, the 
subsidence process begins with the opening of a mining drift, after reaching a 
maximum speed it slows down and generally with the closure or non-
exploitation of the area a stabilization stage begins. It is noticed that the 
properties of surface subsidence once mining stops are different from what 
occurs when mining is active and, therefore, both scenarios need to be properly 
investigated (Guo et al., 2021; Peng, 1992, 2020). Nowadays, it is well-known that 
subsidence processes depend on geological and mining factors (Hunt, 1980), such 
as the type of deposit where the effect is produced or the mining method used to 
extract the mineral of interest. In the case of evaporitic minerals overlaid by weak 
sedimentary rocks, such as the case study, the subsidence process can be 
classified as continuous, rather than discontinuous (caving mining methods).  

2.4.4.1 Subsidence in C.P.B 
Subsidence processes can cause fissures in the ground that may expand slowly 
and gradually and can lead to catastrophic processes such as collapses. Damages 
caused by subsidence and cracks in the ground are irreparable, costly and 
destructive. As an example, the subsidence phenomenon, by creating a change in 
the topography of the region, can cause significant changes in the hydrology of 
the region, which is one of the basic natural resources (SDGS). For example, huge 
and destructive floods can occur in these areas, unprecedented before 
subsidence. On the other hand, this phenomenon can cause more abnormal 
results by causing changes in the geohydrological situation of the region, such as 
the direction and velocity of groundwater flow or the groundwater balance. 

In addition, subsidence can lead to the destruction of irrigation systems and 
fertile agricultural soils (by lowering their porosity). Furthermore, urban areas 
are particularly vulnerable due to the density of population, buildings and vital 
infrastructures. This phenomenon can damage streets, bridges and highways, 
disrupt water, and gas lines, damage the foundations of buildings, and cause 
cracks in them. Therefore, prediction techniques are needed to evaluate the 
potential effects of subsidence in order to prevent potential issues. In the case of 
the Catalan Potash Basin (C.P.B), subsidence has played a very significant role 
since, at the beginning of the 2000s, an entire neighbourhood located in Sallent 
(BCN) has to be evicted. This municipality is found right above a former mining 
area (Pipia et al., 2007). Since then, the subsidence produced in CPB is measured 
annually, and thus, nowadays we have a large database of subsidence values for 
more than a decade. 
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2.4.5 Subsidence prediction methods 
When in the ground of the surface subsidence there are infrastructures, it is 
essential to define a predicting model to assess the scenarios that can be 
developed, as well as their possible consequences. Therefore, according to the 
National Coal Board (1975), the main parameters to assess are: 

- The maximum subsidence, Smax 
- The maximum ground tilt, Gmax 
- The maximum tensile and compressive ground strains, +Emax max  
- The minimum radius of ground curvature, Rmin 

According to Figure 2.24, it can be found that the tilt and strain are proportional 
to the maximum subsidence and inversely proportional to the cover depth 
(Equations 2.42, 2.43, 2.44). Therefore: 

+ = 1000 ·  · /  Equation 2.42 

= 1000 · · /  Equation 2.43 

+ = 1000 ·  · /  Equation 2.44 

Where K1, K2, K3 are constants of proportionality. 

The curvature 1/R is directly proportional to the strain and indirectly 
proportional to the depth of mining (Equation 2.45), therefore: 

1 = ·   Equation 2.45 

Where K4 is a constant of proportionality. 

One of the most widely used methods for predicting maximum subsidence in 
continuous subsidence processes was developed by the National Coal Board 
(1975). This developed methodology has been very successful in predicting, with 
a 90% confidence level, several subsidence processes in coal basins in the UK, not 
considering the influence of geological features such as faults or the deformation 
of layers (Brady and Brown, 2005).  

According to Figure 2.24, the mathematical way to describe the shape of the 
subsidence basin profile can be as follows (Equation 2.46, 2.47): 

= ( , , ) Equation 2.46 

= tan  Equation 2.47 

Where B is called the critical radius of extraction 

x is the horizontal distance of the point from the origin of the coordinates 

c is a constant 
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There are six categories of subsidence prediction methods: theoretical, profile 
function, influence function, empirical, physical and numerical modeling (Peng, 
1992).

- Theoretical methods aim to explain a mechanism that may predict the 
vastness of subsidence. 

- Profile function methods determine a number of standard functions.
- Influence function methods are based on the effect of the extraction of 

infinitesimal elements of an area.
- Empirical methods use graphs and tables.
- Physical methods built a real model at a smaller scale than the extracted 

area.
- Numerical models use finite elements, boundary elements, distinct 

elements and finite difference methods to calculate the displacements and 
subsidence of the ground surface

Figure 2.29 shows the main subsidence prediction methods currently in use. 
These are the traditional curve method, the profile function method, the 
influence function method and numerical modeling using finite element, 
discrete element and finite difference methodologies. (Peng, 1992).

Figure 2.29 Subsidence prediction methodologies are based on four steps; the 
model, the parameters the algorithm and the software. The average prediction 

precision of subsidence is 10% (Adapted from Peng, 1992). 

The model is a formula used to represent the distribution and propagation of 
surface and subsurface subsidence due to underground mining.

- Parameters are constants and are used to show the difference in geological 
conditions.

- The are several subsidence integration algorithms, including Gauss, 
Newton-cotes and Romberg integration. 
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2.4.5.1 Surface subsidence variables and their general relationship 
The three main components that influence the mining subsidence are the 
overlying and underlying rock strata, surface and loose layers. According to Dai 
(2018) and based on the type of movement, directions and properties, nine 
variables of displacement and strain can be defined. Five vertical movements and 
strains, subsidence (S), tilt (i), vertical strain ( ), curvature (K) and twist ( ) and 
four horizontal movements and strains, horizontal displacement (u), horizontal 
strain ( ), shear strain ( ), and deflection ( ) (Peng, 1992). 

2.4.5.2 Typical curve method 

The method of the typical curve (TCM) is based on measured data and it is 
classified as an empirical method. It is a non-dimensional curve in the principal 
cross-section of the surface movement basin. Because its distribution and 
properties are calculated directly from a vast amount of measured data, it is very 
reliable and straightforward to use. However, the MTC is only suitable for 
rectangular or rectangular-shaped mining zones (Peng, 1992). 

2.4.5.3 Profile function method 
A profile function method (PFM) describes the distribution of surface subsidence 
values throughout a profile or cross-section, as well as the deformation 
displacement or curvature (Diez & Alvarez, 2000). The profile is usually 
orthogonal to the boundary of an underground excavation of a geometrically 
simple shape (e.g. square or a rectangle). Profile functions allow a one-
dimensional display of subsidence as a function of distance from the centre of the 
excavation. The profile function for predicting mining subsidence is probably the 
most widely applied method, suitably represented by mathematical equations or 
tables (Peng, 1992). However, the main disadvantage of this methodology is that 
it may not apply to mining infrastructures with an irregular shape with 
significant variances in mining properties (mining height, percentage of 
extraction, depth of excavation) (Bräuner, 1973; Karmis et al., 1987; Peng, 1992). 

2.4.5.4 Probability integration method 
The probabilistic integration method (PIM) is a theoretical method developed by 
Liu and Liao in 1965, which states that the variability and randomness of rock 
movement must be considered. The method is based on the idea that ground 
movement caused by underground mining is a random event, and the mining 
area can be subdivided into micro-units, each unit producing a corresponding 
unit subsidence basin with a normal distribution (Peng, 1992). Some examples 
are given below (Diao et al., 2016; Li et al., 2018). 
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2.4.5.5 Surface subsidence prediction for mountain area 
According to (Peng, 1992). This method is intended for horizontal, slightly 
inclined coal seams with an average dip angle below 30 degrees (Zhou et al., 
2022). The Subsidence expression is shown in equation 2.48: 

( , ) = ( , )
+ , [ ] + [ ] + [ ]
+ [ ] ,  

Equation 
2.48 

( , ) is the subsidence at any point (x, y) in mountain terrain (mm);  

( , ) is subsidence at any point (x, y) in the flat surface under the same 
conditions (mm);  

u(x, y) is the horizontal movement at any point (x, y) in a flat surface in the 
direction of  under the same conditions (mm). 

The major influence radius r is calculated by the following equation 2.49: 

( , ) =  
( , )

 
Equation 2.49 

Where H (x, y) is the elevation of ground prediction point (x, y) in mountain area 
(m). 

is the average elevation of the panel floor (m) 

D (x, y) is the ground characteristic coefficient for the point (x, y) 

'x,y is the inclined angle of the ground surface at any point (x, y)  

 is the calculation direction angle, from the positive x-axis to the reverse 
clockwise direction. 

In Equation 2.50 P(x) and P(y) are described, they are slip effect functions for the 
main cross section across strike and dip directions. 

( ) = 1 +
1
2

+ +  
Equation 2.50 

A, P, and t are slip influence parameters. Their reference values are A=2 , P=2 and 
t=  

2.5 Numerical modeling 
Nowadays, numerical modeling is widely used to simulate rock mass behavior 
in various geotechnical contexts. Numerical methods used in geomaterial 
modeling involve the finite element method (FEM), boundary element method 
(BEM), finite difference method (FDM), and discrete element method (DEM) (C. 
C. Li, 2017). 



86 

Assessment and characterization of subsidence in the Catalan Potash Basin Sidki-Rius, N 

 

In the early 1960s, Clough in the book “The finite element method in plane stress 
analysis” introduced the expression "finite element" (Clough, 1980, 1990, 1960). 
One of the essential contributions to the FEM development was done (Turner et 
al., 1956), who presented the application of finite elements for the analysis of 
aircraft structures. In addition, stated that FEM is a computing tool used to obtain 
approximate solutions to boundary value problems in engineering (C. C. Li, 
2017). 

The FEM methodology allows the continuous to be discretized into a finite 
number of elements. Moreover, the characteristics of the continuous domain can 
be approximated by ensemble similar properties of the discretized elements per 
node. The FEM method has been used for a large range of problems in applied 
science and engineering and has developed very quickly over the years (Rao & 
Morris, 2006). 

The FEM can be adapted to meet certain accuracy specifications without the need 
for physical prototypes in the design process. Thus, with the help of the software, 
different designs and materials can be modeled in a matter of hours. In addition, 
the FEM method allows for easy modeling of irregular geometric shapes, as is the 
case with some geological bodies or terrain. Another advantage of the FEM 
method is that it can solve the problem with a high degree of accuracy. In 
addition, the designs use boundary conditions to define how the model should 
respond. The boundary conditions can include point forces, distributed forces, 
among others. Another advantage of this system is that it is very visual, so any 
vulnerability in the design can be easily detected thanks to the detailed 
visualizations, and It allows a detailed and very accurate structural analysis 
(Adams & Askenazi, 1999), (Zienkiewicz et al., 2005) (Chakraverty & Pradhan, 
2018). 

2.5.1 Subsidence Prediction in Ebro Basin and Catalan Potash Basin 
(C.P.B) 
Subsidence in the Ebro basin is basically related, on the one hand, to processes 
associated with water systems (Concha et al., 2010). On the other hand, it is linked 
to processes related to evaporite formations. These, in turn, can be divided into 
processes associated with karstic formations (Galve et al., 2008; Gutiérrez et al., 
2008, 2008; Torrijo et al., 2020; Universidad de Zaragoza et al., 2017) or 
underground mining (Campos de Orellana, 1996; Sanmiquel et al., 2018). 

2.5.2 Finite Element Method (F.E.M.)  
The finite element method originated between 1940 and 1960 to develop an 
analysis of structures. The concept of "element" is derived from the techniques 
used in stress calculous, where a structure is divided into several substructures 
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or elements to analyze them more easily. Since then, the finite element method 
has evolved. Nowadays, the most widely used finite element method is the one 
based on the study developed by (Turner et al., 1956). This study focused on the 
properties of triangular elements in plane deformation problems. In recent years, 
finite elements have been applied with great success to a variety of problems. 

The finite element method is a common technique to solve differential equations. 
As mentioned earlier, the finite element method is based on dividing into smaller 
regions the domain in which the differential equation is defined. By using a low-
order polynomial function, the solution of the differential equation can be 
approximated on each element. 

According to Whiteley ( 2014), if thinking about a differential equation, defined 

on the interior of the ellipse + = 1  Eq. 2.51: 

+ = 1                                                                 
Equation 2.51 

It is applied Dirichlet boundary conditions on the boundary of the ellipse where 
0,    2.52:  

( , ) =                                               Equation 2.52 

And Neuman boundary conditions on the boundary of the ellipse where 
0.    2.53:  

( ) · = sin 2( + )                           Equation 2.53 

The vector n that appears in Neumann (Cheng & Cheng, 2005) boundary 
conditions is a normal vector, it has a unit length and is perpendicular to the 
plane of the ellipse.  

Firstly, to calculate the finite element solution of the differential equation, the 
domain of the differential equation defined should be divided. Therefore, this 

means to divide into elements the interior of the ellipse + = 1  into 

elements. Figure 38 shows the domain divided into triangular elements. 
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Figure 2.30 Portioning of the domain into triangular elements (Whiteley, 2014). 

Secondly, once the ellipse is divided, it can be calculated the finite element 
solution of the differential equation, which is a linear approximation to the 
solution of each element. Figure 39 shows it. 

 
Figure 2.31 

equation (Whiteley, 2014). 

There are three key features that make the finite element method very useful. 
Firstly, the finite element method can deal with domains that are of arbitrary 
shape. Secondly, boundary conditions with derivatives are easy to handle (i.e. 
Neumann boundary conditions). Finally, if it is required to reach a more accurate 
finite element solution, two options can be used. On the one hand, the domain 
can be divided into smaller triangular elements. On the other, it can be increased 
the degree of the polynomial approximation in each element (Whiteley, 2014). 
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2.5.2.1 Finite element method from a practical point of view 
The FEM is a numerical method of solving differential equations. The solution 
obtained by FEM is only approximated. Only coinciding with the exact solution, 
is a finite number of points called nodes. The set of nodes is obtained by dividing 
or discretizing the structure into elements. The FEM method finds the solution in 
the rest of the domain by interpolating node values (Logan, 2011, 2022).  

The first step in any FEM simulation is to discretize the initial geometry of the 
structure, or part, using a collection of finite elements. Each finite element 
represents a discretized portion of the physical structure. The finite elements are 
linked by shared nodes. The set of nodes and finite elements is called a mesh. The 
number of elements per unit length, area or volume of a mesh is the mesh density. 
Once the nodal displacements are known, the stresses and strains of each finite 
element can be calculated. 

A complete analysis with FEM software usually consists of three distinct phases: 
pre-processing, simulation and post-processing. In the preprocessing stage, the 
physical model of the problem must be defined and, moreover, an input file must 
be created. The model can be settled up graphically using FEM software or also 
it can be imported from another type of software such as 2D or 3D CAD. Once 
the model is defined, it should be discretized and meshed. Then, the boundary 
conditions are applied and the materials are defined. 

Once the simulation has been completed and the displacements, stresses and 
other key variables have been calculated, the results can be evaluated. The 
evaluation is generally performed interactively using the FEM software 
visualization module. This module has a variety of options for displaying the 
results, including graphical representation with colored contours, animations, 
graphical representation of deformed models and others. deformed models, etc. 

2.5.3 Finite element method (F.E.M.) applied to underground 
infrastructures 
The finite element method is a good tool to analyze the ground movements due 
to the excavation of underground infrastructures. Nowadays, numerical 
modelling is highly used in the engineering field, as well as the implementation 
of the FEM methodology in the analysis of the ground movements and 
deformations due to excavations. However, it has to be carefully assessed when 
to use them (Augarde et al., 2021; Potts et al., 2001; Singh et al., 2010). Several 
factors can influence the accuracy of the finite element method solution, 
including the degree of simplification and the assumptions made on the problem, 
the approximation of geological and hydraulic boundaries, initial stresses, the 
constitutive model used, the construction process and the geometry of adjacent 
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structures. Therefore, they have to be reviewed and carefully applied (Wongsaroj 
et al., 2005). 

To use the finite element method to model a deposit, is necessary to set a 
geomechanical design for it. For example, from the mining area to the surface if 
the surface subsidence is to be modeled (Fredrich et al., 2000; Kolivand & 
Rahmannejad, 2018; Paraskevopoulou et al., 2012). The design has to include the 
geometry of the ore deposit, the different geological layers that form it and their 
properties.  

One of the main advantages of the method is that it is very versatile and a wide 
range of geological geometries that can be defined, as well as the different 
geological materials and their geological properties, also the overburden, can be 
modeled very accurately (Geertsma & Opstal, 1973; Parmar et al., 2019). Another 
advantage of the finite element method is the ability to model structures with 
challenging geomechanical behaviors as in the case of the Ameland salt deposit 
(Ketelaar, 2009; Marketos et al., 2015). 

Although FEM methodology makes it possible to reach a very accurate 
prediction of vertical displacements, as well as horizontal gradients, it also has 
some associated limitations, such as computational time. One of the possible 
solutions is not to simplify the geological setting to make easier the calculation 
process (Geertsma, 1973; Ketelaar, 2009; Paraskevopoulou et al., 2012). 

2.5.3.1 Constitutive models for rocks 
Although the mining infrastructure excavation process happens in 3D, it is often 
simplified by opting for the use of 2D finite elements due to the complexity of the 
problem. To be able to analyze what impact have mining infrastructures on an 
outcrop, it is important to define and use accurately the appropriated constitutive 
models of failure. Therefore, they are one of the most important components of 
numerical solutions in practical engineering problems. 

2.5.3.1.2 Failure criteria 
Failure criteria are mathematical approximations representing models that allow 
estimating the strength and predicting the failure of a material (i.e. rock or soil) 
from its strength properties and applied stresses. These failure criteria are the 
basis of the empirical methods that allow the evaluation of the strength of a rock 
mass. According to Mehranpour & Kulatilake (2016), the main failure criterion 
for intact rock failure criteria: Mohr–Coulomb, Hoek–Brown, Modified Lade, 
Modified Wiebols and Cook, Mogi and Drucker–Prager. The most common rock 
failure criteria are The Mohr-Coulomb and Hoek and Brown criteria. Although 
the Mohr-Coulomb and Hoek-Brown criteria do not take into account the 
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intermediate principal stress, they are the most widely used criteria due to their 
simplicity on the one hand and their extensibility to rock masses on the other. An 
explanation of both is given below. In the case of this thesis, the Hoek-Brown 
criterion has been used. 

2.5.3.1.2.1 Mohr-Coulomb theory 

The Mohr-Coulomb (MC) criterion is a mathematical model that describes the 
response of brittle materials to shear stress or normal strain, such as concrete, or 
particulate aggregates such as soil. According to Nadai (1950), the MC criterion 
is based on the two theories that give it its name, on the one hand, it is based on 

I III, and the 
shape of the failure envelope, 
nonlinear (Labuz & Zang, 2012; Mohr, 1900). On the second hand, Coulomb’s 
condition is based on a linear failure envelope to determine the critical 
combination o (Coulomb, 1776; Labuz 
& Zang, 2012). 

The Mohr-Coulomb failure criterion is represented by the linear envelope of the 
Mohr circles that occur at rupture. The relation of that envelope is expressed as 
follows in Equation 2.54 (Coulomb, 1776).  

= tan( ) +  Equation 2.54 

c is the intercept of the failure 
envelope with the  axis, and tan( ) is the slope of the failure envelope. The 
quantity c is often called the cohesion and the angle  is called the angle of 
internal friction.  

MC criterion can be written as a function of major  and minor  principal 
(Jaeger et al., 

2009). Equations 2.55 to 2.58 describes the criterion. When all principal stresses 
are compressive, experiments demonstrate that the criterion applies well to rock, 
where the uniaxial compressive strength is much greater than the uniaxial tensile 
strength (Labuz & Zang, 2012).  

Therefore: 

= sin  Equation 2.55 

= cos  Equation 2.56 

Where: 

=
2

 Equation 2.57 

=
2

 Equation 2.58 
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Some modification is needed when tensile stresses act because the theoretical 
uniaxial tensile strength predicted from MC is not measured in experiments 
(Labuz & Zang, 2012). 

2.5.3.1.2.2 Hoek and Brown criterion 

In 1980, Evert Hoek and E. T. Brown developed the criterion for the design of 
underground excavations (Hoek & Brown, 1980). The Hoek-Brown failure 
criterion is an empirical criterion used in rock mechanics to predict rock failure 
(Hoek & Brown, 1990). The main idea of the Hoek-Brown criterion was due to 
the existence of joints in the rock to be able to weigh the intact properties of the 
rock by adding factors that reduced those properties. Furthermore, including a 
quantification of the relationship between the stress state and the Bieniawski rock 
mass ratio (RMR) (Bieniawski, 1989, 1993). In 1988, the criterion was extended to 
apply to slope stability and surface excavation problems (Hoek & Brown, 1988) 
and in 2002 an update of the criterion was presented that included improvements 
in the correlation between the model parameters and the geological strength 
index (GSI) (Hoek et al., 2002). Nowadays, the Hoek-Brown failure criterion is 
extensively used in mining engineering design (Bastidas et al., 2022; Lawongkerd 
et al., 2022). 

Following there are shown the equations for the generalized Hoek and Brown 
criterion (Equation 2.59 – 2.62) : 

= + +  
Equation 2.59 

Where , ,   are the rock mass material constants, given by: 

= exp [( 100)/(28 14 )] Equation 2.60 

= [( 100)/(9 3 )] Equation 2.61 

=
1
2

+
1
6

 
Equation 2.62 

2.6 Global Positioning System (GPS) 
The Global Positioning System is a satellite navigation system and it is the only 
system that can determine your exact position on earth at anytime, anywhere and 
in any air. These satellites were built and placed in orbit by order of the U.S. 
Department of Defense. The first GPS satellite was placed in Earth orbit in 1978, 
some 44 years ago. This system was initially prepared for military use, but from 
1980 onwards it was released for public use and finally, in 1994, a network of 24 
satellites was formed, the number of which has now reached 31 (Vatansever & 
Butun, 2017). 
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The services of this system are available in any meteorological conditions and 
any part of the world at any time of the day and night. The high accuracy of this 
system and its universality is one of the reasons why it is used in various sciences. 
This system became operational in 1983 with the launch of the first GPS satellite. 
With the implementation of the GPS system, all previous satellite positioning 
systems were gradually withdrawn. GPS is an operational and always ready 
system that is effective in all weather conditions, the frequency of the waves sent 
by GPS satellites is in megahertz, and weather conditions do not affect these 
waves. This system is active 24 hours a day and the location can be determined 
by it at any time and in any place. However, their position can be accurately 
determined 24 hours a day and anywhere in the world. Therefore, nowadays, 
anyone with a GPS receiver can be able to get freely an accurate GPS signal 
(Vatansever & Butun, 2017). 

Currently, the 31 active GPS satellites, which are located in an orbit 20.200 km 
above the Earth and are continuously monitored by ground stations around the 
world. Each of these satellites called NAVSTARs, weighs approximately 1 kg. 
These satellites, which cover the entire surface of the Earth at the same time, are 
divided into 6 orbit planes, they have an inclination of 55°, the orbit radius is 
26600 km, and the orbit period is 12 hours. Therefore, every 24 solar hours during 
the day and night, the satellite passes over the horizon of a place twice. As we 
know, solar day and night are 4 minutes longer than astronomical day and night, 
so each day the satellite is 4 minutes ahead of the previous day. The orbit of the 
satellites places them between 60 degrees north latitude and 60 degrees south 
latitude. This means that signals from the satellite can be received anywhere on 
Earth at any time. The power consumption of each satellite is less than 50 watts. 
These satellites obtain their energy from the sun through solar batteries, each of 
which measures 5.5 meters. They also carry batteries for times of solar eclipse or 
when moving in the Earth's shadow (Blewitt, 1997). 

2.6.1 The GPS segments 
According to  Li et al., (2010), There exist four GPS segments. 

- the Space Segment: includes the constellation of GPS satellites, which 
transmit the signals to the user. 

- the Control Segment: Responsible for the supervision and operation of 
the Space Segment. 

- the User Segment: Includes the user hardware and processing software 
for positioning, navigation and timing applications. 
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- the Ground Segment: Includes the civilian tracking networks that 
provide the User Segment with reference control, accurate ephemerides 
and real-time services (DGPS). 

2.6.2 How the GPS system work 

Position can be determined by two main methods, the GPS positioning, and GPS 
point positioning. The first one is based on trilateration, which is the method of 
determining position by measuring distances to points at known coordinates. At 
least, trilateration requires 3 ranges to 3 known points. On the other hand, the 
second one requires 4 “pseudoranges” to 4 satellites (Vatansever & Butun, 2017). 

2.6.3 GPS Satellite hardware  
There are 31 GPS satellites, but this number is variable due to the launch of new 
satellites to replace older decommissioned satellites. All the prototype satellites, 
known as Block I, have been decommissioned. Between 1989 and 1994, 24 Block 
II satellites were put into orbit (1989-1994). Starting in 1995, these began to be 
replaced by a new design known as Block IIR. The nominal specifications of the 
GPS satellites are as follows  

- Life target: 7.5 years  

- Mass: ~1 ton (Block IIR: ~2 tons)  

- Size: 5 meters  

- Power supply: solar panels 7.5 m2 + Ni-Cd batteries  

- Atomic clocks: 2 rubidium, 2 cesium 

The orientation of the satellites is constantly changing, so that the solar panels 
face the sun and the antennas face the center of the Earth. Signals are transmitted 
and received by satellite via microwaves. The signals are transmitted to the user 
segment at frequencies L1 = 1575.42 MHz and L2 = 1227.60 MHz. The signals are 
received from the Control Segment on frequency 1783.74 MHz. The information 
flow is as follows: the satellites transmit signals to the user, which are encoded 
with information about their clock times and positions. These signals are then 
tracked by the Control Segment through receivers located at special tracking 
stations.  This information is used to improve the positions of the satellites and 
predict where they will be in the near future. This orbital information is 
transmitted to the GPS satellites at 1783.74 Mhz, which in turn transmits it to the 
users, and so on.  The orbital information on board the satellite is updated every 
hour (Blewitt, 1997). 
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2.6.4 How the position of satellites is known
Each satellite transmits a signal in the direction of the Earth. The user's GPS 
receivers can read the encoded signal through the "Navigation Message". It is 
included in the message the orbit parameters, usually called the “broadcast 
ephemeris”, from which the receiver can calculate satellite coordinates (X, Y, Z). 
These coordinates are Cartesian in a geocentric system, known as WGS-84, which 
has its origin at the Earth centre of mass, Z axis pointing towards the North Pole, 
X pointing towards the Prime Meridian, which crosses Greenwich, and Y at the 
right angles to X and Z to form a right-handed orthogonal coordinate system. 
The algorithm which transforms the orbit parameters into WGS-84 satellite 
coordinates at any specified time is called the “Ephemeris Algorithm,” which is 
defined in GPS textbooks  (Leick 1991; Blewitt, 1997). 

It should be aware that the time at which the signal is transmitted is encoded in 
the signal, using the time according to an atomic clock on board the satellite. The 
time at which the signal is received is recorded by the receiver using an atomic 
clock.  The receiver measures the difference between these times.

pseudorange = (time difference) × (speed of light)  2.56

The Navigation Message gives the satellite clock error, in polynomial form. The 
user can estimate the unknown station coordinates together with the unknown 
receiver clock error. Since there are 4 unknowns, a minimum of 4 pseudorange 
measurements are needed (Blewitt, 1997). 

2.6.4.1 Example of Calculation of user position
Considering four satellites the user position in three dimensions ( x,y,z) can be 
measured following the equation 2.57. 

ujj ctus                 2.57

Where j, which refers to the satellite, changes from 1 to 4. Equation (2-8) expands 
to a series of equations with y unknowns:

Equation 2.63

Equation 2.64

Equation 2.65

Equation 2.66
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Where x, y, z, j determines the position of the satellite in three dimensions. These 
non-linear equations can be solved by using one of the following three methods: 
Closed-form solutions,  linearization and  Kalman filter method (Cooper & 
Durrant-Whyte, 1994; Grafarend & Shan, 2002). 

2.6.5 Differential GPS methodology (DGPS)  
This method requires at least two GPS receivers that have a line of sight to the 
same satellites. It also requires an additional antenna for the DGPS receiver to 
record the GPS signal. The concept behind this process is that two nearby 
receivers will have similar atmospheric errors. One of the receivers needs to be 
precisely fixed in a known position, it will be called a reference or base station 
and it calculates its "position" based on the received GPS signals. It calculates the 
difference between the measured position and the actual position and transmits 
the correction data to the nearby DGPS receiver. This system can provide an 
accuracy of one meter (Vatansever & Butun, 2017). 

2.7. InSAR Technique  
According to the European Space Agency (Ferretti et al., 2007), Synthetic 
Aperture Radar Interferometry is a technology that has been proposed and used 
as an effective tool to study the phenomena that cause any type of ground 
movements or change, some natural examples are earthquakes, volcanoes, 
glaciers, landslides, salt diapirs, floods, some anthropic examples are the release 
of underground water and oil, underground collapses, fires, or even plant 
growth. Therefore, its applications include investigating and identifying natural 
and human hazards (Antonielli et al., 2021; Hussain et al., 2022; Zhang et al., 
2022). 

The basis of this methodology is the use of phase information of the radar 
reflection from the ground so that the changes created on the ground surface 
cause a phase difference in the two radar images. Therefore, it is required to 
capture in two different times the same area (Ferretti et al., 2007). 

Interferometric Aperture Radar or InSAR is a technology that was invented to 
study the ground surface movements after the 1992 Landers, California 
earthquake, using ERS-1 images, which were taken over several months, it was 
possible to obtain an image that shapes changes due to the earthquake. Since 
then, many works have been done using the images of JERS, ERS, Space Shuttle, 
SIR-C, X-SAR and RADARSAT satellites to study earthquakes, volcanoes, 
glaciers, landslides, land subsidence and border deformation (Massonnet & 
Feigl, 1998). 
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2.7.1 Synthetic Aperture Radar 
The Synthetic Aperture Radar (SAR) radar system uses an antenna beam in the 
direction perpendicular to the direction of movement and has high accuracy in 
the angle. The output of SAR technology is a high-precision image. Due to the 
creation of accurate images, this type of radar has many applications in geology 
and geography as well as in military affairs (Ferretti et al., 2007; Moreira et al., 
2013). 

In the SAR system, the radiation and reception of the signal take place in almost 
the same place in space, the reactions that are important in the SAR geometry are 
the reflections of the radiated radar waves. This type of interaction is called 
backscattering. The transmitted signal and echo received from a specific scatterer 
consists of two components, amplitude and phase. The echo range is determined 
by the efficiency of the scatterer and the geometrical factors of the system. In the 
simple scattering reaction, the echo phase is determined from the phase of the 
transmitted signal, the dielectric properties of the environment and the location 
of the scatterer relative to SAR. The SAR receiver records information from the 
ground and splits it into separate echoes. Echo or returning waves are created by 
the effect of scatters. The surface of the earth is made up of scatters, which are 
objects, such as trees, earth, and ice, which react with radio waves emitted from 
the satellite (Chen, 2016). 

Two different imaging mechanisms are used in the SAR system. First, each 
radiated pulse sweeps the surface of the earth to the width of the swath. In this 
case, perpendicular to the satellite's flight path, the earth reflects the energy to 
the radar. Because the earth is formed by a continuous range of scatterers, the 
reflected energy is continuous as an echo. This echo is digitized at the same time 
as the sampling frequency. In the second mechanism, the imaging of the targeted 
area is in the direction of flight and the speed vector of the satellite platform is 
digitalized. The time scale of the cross-track and along-track systems has a 
difference that makes it possible to separate them. The raw SAR data and the 
subsequent corrected SAR data are in the form of a two-dimensional matrix 
whose coordinates include the range R, the distance from the SAR and the 
azimuth X representing the location of the scatterer in the direction finder. The 
name of the ground range is used for the range component in the Y direction. The 
two-dimensional components of the matrix form a pixel or image component. 
About raw SAR data, complex values are assigned to each pixel, which consists 
of phase and amplitude, or real or image components (Ferretti et al., 2007). Figure 
2.32 shows the geometric parameters of the SAR methodology. 







100 

Assessment and characterization of subsidence in the Catalan Potash Basin Sidki-Rius, N 

 

The first term on the right side is the phase relationship resulting from the 
circular path between the sensor and the center of the separation element and the 
scattering phase Øscat. Two SAR co-registered images will have similar pixels in 
each image will correspond to a similar point on the ground. Interference is 
obtained from the corresponding combination of two SAR images from the same 
area (Equation 2.69), and the interferometric phase is equal to (Equation 2.70): 

)),,,(exp(),(),(),(),( 2121int222111222111 xxRRjxRsxRsxRsxRsi  Equation 2.69 

 

),(),(4),,,( 22,11,2121int xRxRRxxRR scatscat  Equation 2.70 

By simplifying and assuming Øscat,1 is equal to Øscat,2, a residual noise phase 
will appear due to the difference in radiation angles of both acquisitions 
(Equation 2.71). 

noiseR4
int  Equation 2.71 

In addition, other sources of noise phases may exist and there is more 
information on the relative size of Ø noise. The phase difference for any point on 
the earth in the interference view is a number that changes between zero and 360 
degrees. The adjacent ground point obtains another value of the phase difference, 
which indicates the specific effect of the path change. 

In addition, other sources of noise phases may exist. For example, in a set of 
points on the ground, the 360-degree range of phase change can be displayed 
with 256 grey levels and as fringes with different levels. An interference image is 
made of a large number of such fringes. A fringe can be considered a set of 
counters, each of which represents a single grey level. The fixed phase difference 
in a fringe is directly related to the fixed path difference. In other words, the path 
difference is also a function of the height of the earth, because it affects the 
distance between the earth and the satellite. Therefore, the constant path 
difference can be attributed to the constant height. 

According to Figure 2.33, having H and range information, if the angle is 
accurately known, z can be obtained for any point on the ground. Only by 
combining the information of the second SAR image, we can get the exact value 
and then z. 

The geometry of SAR interferometric imaging is similar to stereographic images. 
However, SAR interferometry uses interferometric phase information instead of 
using stereographic techniques to determine the height. Based on the relations of 
cosines (Equations 2.71, 2.72): 
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Equation 2.71 

Equation 2.72 

The value of the phase angle (and as a result the phase difference in an 
interferometer) varies from 0 to 360 degrees. To calculate the height model and 
the height of an area, the interference fringes should be folded. For example, an 
integer multiple of 360 degrees should be added to the phase difference in each 
pixel. If the ground is flat, the distortion of such interference leads to the creation 
of an image with a constant grey intensity. If the interference is from a 
mountainous area, the distortion will lead to an image with increasing grey 
intensity with increasing height. 

2.7.3 Movement measurement 
According to (Bechor & Zebker, 2006; Hu et al., 2014; Wegmüller et al., 1998), it 
is possible to calculate the movement measurement of two observations using 
InSAR technology. Although there may be differences in the amount and 
direction of motion, in a separating element, to maintain logical motion, the 
velocity vectors must be equal. This change requires a large-scale ground 
deformation of less than a kilometer, as in the case of events such as earthquakes, 
glacial movement, or subsidence. Equation 2.73 can describe the phase with the 
range change added directly to the interferometric phase as equal to: 

noisemotiontopoint  Equation 2.73 

At the same time, the total interferometric phase includes topographical effects, 
earth ground movement, and atmospheric variable effects between observations 
and noise can be described as Equation 2.74. 

atmosnoisemotiontopoint  Equation 2.74 

 

2.7.4 Surface displacement caused by natural events  

The primary application of SAR interferometry is topography estimation. 
Nevertheless, one of the advanced applications of this method is in identifying 
surface displacement caused by natural events such as earthquakes and 
landslides, subsidence or unnatural ones such as subsidence caused by 
groundwater extraction. In this method, SAR images are used at two different 
times to identify the surface displacement in that period. First, an interferometer 
is created and with it the topography before the accident is determined. Then, the 
interference shows the second view of the topography after the phenomenon 
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happened. By differentiating one interference view from another, the fringes 
related to the usual topography are removed and what remains is the change 
created in the topography or displacement. Some examples can be found in 
(Wang et al., 2020; Wegmüller et al., 1998). Nowadays, there are two methods for 
differential interferometry. 

The first option is by using three, or more, data sets. In this method, an 
interferometer uses the phase difference of the first and second images and the 
interferometer of the second image. The phase difference between the second and 
third images is created. Then, the resulting two interference views are separated 
so that the interference of the differential view is obtained. 

A second option can be by using two sets of data, together with an elevation 
model. In this method, the interference of the view is created by using an initial 
digital elevation model (and accurate satellite location information at the time of 
imaging, orbital vectors). Then, the interference of the next view is subtracted 
from the interference of the initial view to eliminate the effect of the height of the 
ground. Therefore, what remains indicates change or displacement. Figure 2.35 
shows the steps of forming a surface displacement map. 

2.7.5 Background of the study of subsidence in the CPB 
It is known that the Catalan Potash Basin is undergoing a process of subsidence. 
Therefore, in 2008 a study was started to control the speed of it. Determining the 
horizontal and vertical displacements of the land areas affected by the mines, 
located in the Súria area (Pou4- Cabanasses mines) and Sallent-Balsareny area 
(Vilafruns mine). For this purpose, a combination of two methodologies will be 
used, Global Navigation Satellite System (GNSS) and Interferometric Synthetic 
Aperture Radar (InSAR). 

The methodology applied until the 2016 campaign was based solely on the 
topographic measurement of a total of 1200 control points between the two 
defined zones, defining 600 control points in Súria and 600 control points in 
Sallent-Balsereny. The design of the campaigns was biannual, so it was defined 
that in odd years the control points in the Súria area would be controlled and in 
even years the Sallent-Balsareny area would be controlled. 

Since the 2017 campaign, it was decided to use a combination of two 
methodologies. On the one hand, the classic topographic measurement is based 
on a Global Navigation Satellite System (GNSS), using dual frequency receivers; 
and on the other hand, the differential interferometry DInSAR. This combination 
made it possible to reduce the number of control points to be measured 
topographically in each zone, therefore, from 2017 onwards, points in both zones 
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can be measured annually. Currently, in 2022, 78 control points were calculated 
in the Sallent area and 145 in the Súria area. 

The coordinates of these points are calculated with the post-processing software 
called Magnet Tools and, then, compared with the coordinates available from the 
previous year's campaign. MAGNET Tools (TOPCON) is a topographic software 
that allows the processing and adjustment of topographic survey data collected 
from total station and GNSS equipment. 

2.7.5.1 Methodology used to quantify the subsidence produced in the CPB  
Considering 600 control points in the targeted area and an accuracy altitude and 
precision altitude should be + - 2 cm, it was determined together with the ICGC 
that the method that best adapted to these requirements was a method based on 
a Global Navigation Satellite System (GNSS), specifically, the method that uses 
“the static differential in post-processing”, based on 2 dual-frequency receivers 
located at 2 points of known coordinates (base receivers), and the other 2 
receivers (mobile receivers), also dual-frequency, located at 2 points to be 
measured. The minimum measurement time for each control point was 
determined to be about 12 minutes. It is very important that the receivers placed 
at the points to be measured coincide in time with the 2 base receivers placed at 
the 2 known points. This is because later, in post-processing, a triangulation is 
established from the data collected by the 2 receivers placed at known points and 
the data from the receiver or receivers located simultaneously at the points whose 
coordinates are to be calculated. The information stored by the GNSS receivers is 
processed in the work of the Cabinet as follows. First, the measured data is 
downloaded to the computer using the specific software called Topcon Receiver 
Utility (TRU). Then, the points are calculated in post-processing with the Magnet 
Tools (Topcon) software by least squares triangulation. 

The two base points of Sallent, called Sallent and Vilafruns, and the two base 
points of Súria, called POU4 and Cabanasses or C1, are located within the 
company's facilities. The bases were built in concrete with a metal base with a 
forced centered screw. At the beginning of each campaign, the bases must be 
remeasured, since the 2 base points in the Súria area and the 2 in the Sallent area 
are affected by subsidence displacement due to mining activity. Until the 2019 
campaign, the starting bases in the Súria area (Cabanasses or "C01" and "POU4") 
were remeasured from the geodetic vertices "Castelladral" and "El Putxot", 
located outside the zone of influence of the Cabanasses mine. On the other hand, 
the starting points in the Sallent area (Sallent and Vilafruns) were remediated 
from 2 geodetic points of known coordinates called "Puente" and "Torre", located 
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outside the zone of influence of the subsidence process generated by the Sallent 
mine. 

From the 2020 campaign, due to the great evolution of the ICGC CatNet network, 
it was possible to supply data from the permanent GNSS stations of the same 
network. Thus, it was possible to recalculate the coordinates of the starting bases 
of the Súria area, and those of the Sallent area from the data downloaded from 
the ICGC website of 4 permanent GNSS stations coinciding in time with the 
measurements of more than 5 hours of duration of the indicated bases of Súria 
and Sallent. The measurement of these stations "C01" and "POU4" of Súria, and 
the bases "Sallent" and "Vilafruns", also with a measurement duration of more 
than 5 hours, is performed annually. 

In both cases, the data per second of the selected period were downloaded from 
each of the 4 permanent GSS stations of the ICGC, coinciding with the times of 
the data measured together with the time of the GNSS receivers, in both cases. 
Then, the coordinates of the 2 bases of each enclosure were calculated, from the 
resolution of the Magnet Tools software, by least-squares Magnet Tools software, 
by the minimum squared method. The coordinates of the ICGC permanent GSS 
stations used to calculate the starting points for the Súria and Sallent areas are 
shown below. 

2.7.5.2 Quality control methods 

2.7.5.2.1 Software-based quality control method 
The quality control methodology is based on the Magnet Tools post-processing 
software. To start the quality process, it is necessary to enter in the quality section 
of the software the value of 2 cm as the maximum tolerance. Therefore, in those 
points where the data set is not able to reach an error of less than 2 cm, a warning 
will be issued. Consequently, in these cases, it will be necessary to re-measure 
the control point in question. The causes of measurement errors may be due to: 

- Human error due to improper leveling of the GNSS receiver. 
- Signal interference between the receiver placed at a control point and the 
satellites of the constellations used due to the proximity of the control 
point to slopes, walls, trees, high-voltage power lines that can induce 
electromagnetic interactions, etc. In this case, the repetition of the 
measurements is performed twice. If the second repetition also fails to 
achieve the minimum required quality, the control point is eliminated. 

2.7.5.2.1.1 Remediation of control points method 
This method of quality control consists of measuring a randomly chosen point 
twice, 1 or 2 weeks apart to compare the two measurements and see if the 
difference in measurements is less than the established tolerance interval of ±2-4 
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Figure 2.35 Different measurement techniques depending on the object size. 
(Fuentes, 2010), in blue located the study case.

The product of a laser scanner is eventually a Point Cloud. This consists of 
measured three coordinates for a number of points which are referred to as an 
origin defined by the scanner position at the time at which the scanner was taken 
(Fuentes, 2010). Terrestrial laser scanning can be applied to a wide variety of 
applications. Depending on the range distance to the measured object, 
applications can be divided into three different categories according to (Rics,
2006):

- Less than 1m - Sub-millimeter accuracies can be obtained
- Between 2 and 100 meters - Average accuracies of about 5mm
- Up to about 2 km - An accuracy of centimeters can be achieved. Typical 

applications in deep excavations and tunnels fall into the second category.

2.8.1 Basic principles

2.8.1.1 Parts of a terrestrial laser scanner

The pulsed laser beam is sent from the range finder electronics unit and meets 
the polygonal mirror element which rotates at a relatively high speed (Figure 
2.37). The laser beam is reflected off the mirror surfaces such that it is scanned 

the upper part of 
the 
neighbouring profile, and so on until a full horizontal circle has been covered. In
terrestrial laserscanning, the object is scanned from several measurement stations 
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such that there is only a small overlap between the point clouds generated at each 
station. GPS can well serve the purpose of locating these stations. From one 
station one obtains the polar coordinates   and s. The data recorded from one 
station is, in terrestrial laser scanning, normally called a scan (Kraus, 2004). 

 

 
Figure 2.36 Operating diagram of a terrestrial laser scanner (Shand and 

Tooth, 2008) 

The theoretical principles that apply to terrestrial laser scanning are different 
depending on the type of technology that is being used. According to Fuentes et 
al (2010), Laser scanners can be divided into three categories, depending on the 
technology they use to carry out the scan. Table 2 shows these different types, their 
typical applications and accuracies and operating ranges. As can be seen in Table 
2.3, for small objects at very close range, the triangulation scanners are the best 
suited. However, these have seen little application in civil engineering. On the 
other hand, they would in principle be feasible for crack monitoring and 
laboratory work. Their economic viability against other more traditional 
methods needs further assessment. Phase shift scanners offer traditionally the 
greatest speeds of data capturing, whereas their accuracies are at least 
comparable to the time of flight scanners. However, their range is still somewhat 
shorter than that offered by the time of flight-based scanners: 

- Triangulation: this technique consists in using a laser which sends light 
into an object via a mirror. Distances can be calculated by triangulation, 
using the reflection of the laser beam from the scanned object that will 
reach the sensor, located at a known distance from the mirror. 

- Time of flight: It measures the time that it takes for the light since it is 
emitted by the instrument until it comes back to the sensor after having 
reflected in the object. From this time, and knowing the speed of light, the 
distance can be calculated. 

- Phase shift comparison: The laser emits light in three different phases and 
compares continuously the differences between the emitted light and the 
returned light. It uses the differences to calculate the distance. 
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Figure 2.37 Example of basic principles of terrestrial laser scanner data 
acquisition (Wang et al, 2014).

Knowing the direction and the angle of the light (cos( cos( cos( )
allows determiningthe relative position x y z (Equations 2.76, 2.77, 2.78)of a
reflective surface to the device (Wang et al, 2014)

x = dco Equation 2.76

= ( ) Equation 2.77

z = ( ) Equation 2.78

2.8.1.3 Georeferencing

According to Kraus (2004), the laser scanner's position (X0, Y0, Z0), for example
with the help of GPS in static mode, and angular 
determined. From these parameters, and the polar coordinates , s, the X, Y,
and Z coordinates in a global coordinate system can be derived as in equation 
2.79:

= +
sin cos
sin cos

cos

Equation 2.79

,

It is particularly noticeable that no synchronization of the transformation
parameters is required in terrestrial laser scanning and that the polar coordinates 
are derived from two deflection angles. If the location coordinates and 
orientation angles are unknown (free stationing), then these parameters must be
determined indirectly from control points (indirect sensor orientation). In this
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regard, we initially assume that, in every station scan, a number of control points 
can be located and identified by small retro-reflecting targets, due to the high 
contrast between these targets and their environment, the signals can be 
automatically identified in the intensity image. 

After scanning and location of the control points, and using the 4 nearest scanned 
points, the coordinates can be determined by means of a bilinear transformation. 
The transformation parameters Xo, Yq, Zo and    for one measurement 
station can be determined from at least 3 well distributed control points. 

The advantage of indirect sensor orientation can be appreciably increased by 
simultaneously connecting all scans in a measurement project. For the full set of 
scans, only a few more control points need to be determined in the object 
coordinate system. To connect scans, retro-reflecting targets are again required 
which can, however, be automatically found and identified in their overlapping 
areas. Figure 2.39 illustrates three scanner stations connected through common 
measured points. After converting polar coordinates to Cartesian coordinates 
(Equation 2.80), each scan has its own local Cartesian coordinate system (Figure 
2.39 shows this only for the middle station). In addition, Figure 2.39 shows the 
global X, Y, and Z object coordinate in which a number of retro-reflecting control 
point targets must be measured. 

=
sin cos
sin cos

cos
 

Equation 2.80 

The indirect sensor orientation for a complete set of scans, each with local 
Cartesian coordinates derived from the original polar coordinates, corresponds to 
the spatial block adjustment with independent models. 

 

Figure 2.38 Connection of multiple laser scanning stations (Kraus, 2004) 

2.8.1.4 Data collection 

Rics (2006) presented the main aspects to be considered in data collection: 



112 

Assessment and characterization of subsidence in the Catalan Potash Basin Sidki-Rius, N 

 

- Type, size and number of targets needed for coordinate transformation 
and registration. 

- Scanning positions to avoid gaps in the data. 
- Stability of the scanning stations. 
- Document the survey with photographs that will aid significantly in the 

scan interpretation. 
- Health and Safety considerations. 

The determination of the data collection positions is critical to the success of the 
project. The requirements of the survey are on some occasions in conflict with 
some of the other activities on site. Since exact planning is impossible on a 
construction site, it is recommendable to have some redundancy in the scans at 
the expense of more data to be managed. However, the amount of data must be 
manageable and computing power will need to be provided in order to cater for 
this. A further reason to have some redundancy in terms of the number of 
positions is the reduction of the possibility of obstruction moving plant, materials 
and people; by taking more scans it is very likely that a moving plant will have 
changed position and therefore the obstructed part will be covered (Fuentes, 
2010). 

The presence of gaps in the point cloud in a scan can only be remediated through 
a number of assumptions, which in most cases reduce the accuracy of the 
measurements and their reliability, depending on the size of these gaps. The 
assumptions vary from surface extension and extrusion of points to the creation 
of additional data. In deformation monitoring, gaps in the point cloud of the 
structure being monitored are generally not acceptable (Fuentes, 2010). 

Documentation of the survey is always good practice; recording positions, date 
and time of the day, etc. Although important in laser scanning, documenting the 
survey with photographs taken at the same time helps with the interpretation of 
the point clouds and readings extraction (Fuentes, 2010). 

2.8.1.5 Point Cloud Registration 

For the initial processing and editing of the scanned data, a professional 3D point 
cloud processing software Leica Cyclone version 7.3 (Leica Geosystems AG, 
Heerbrugg, Switzerland, 2011). was used. For the subsequent editing and 
modelling, the following software was used the point cloud processing and 
analysis software Leica 3DR version X (Leica Geosystems AG, Heerbrugg, 
Switzerland, 2011). 

There are typically five different methods that can be used to carry out the 
registration of different scans, these are (Fuentes, 2010): 
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- Survey the position of the scanner (i.e. coordinate the origin of the point 
cloud). 

- Use control targets. 
- Use natural features. 
- Use surface matching algorithms. 
- Other algorithms (such as Iterative Closest Points - ICP). 
- Combination of two or more of the above. 

The most common system is the use of targets, which is applied in this study case. 
A good spread of the targets over the whole measured site is desirable. A typical 
point cloud processing software would provide an estimate of the accuracy of the 
registration process (Fuentes, 2010).  



114 

Assessment and characterization of subsidence in the Catalan Potash Basin Sidki-Rius, N 

 

 

 

 

 

 

 

Chapter 03 
Materials and methods 

 

“Put your heart, mind, and soul into even your smallest acts. This is the 
secret of success.” — Swami Sivananda 
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3. Materials and Methods

3.1 Subsidence Management and Prediction System
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. Figure 3.1 
represents the methodology followed to obtain the average surface subsidence 
profile. The characteristics of the case study are in brackets.

Figure 3.1. The methodology followed to reach the average surface subsidence 

The method used to model the geomechanical behavior of the potassic deposit 
through the finite element method is detailed below. It is divided into 7 sections; 
GPS and INSAR technology, the definition of the Targeted area, development of 
the subsidence average profile, numerical model design, design of mining drifts, 
numerical model definition, and Young's modulus decreasing methodology.

3.1.1 GPS and InSAR technology
The case study has 700 control points in an area of 50 km2, with measurements 
from 2008 to 2021. The control points are distributed throughout the geographical 
area potentially affected by subsidence, obtaining the X, Y and Z coordinates of 



116 

Assessment and characterization of subsidence in the Catalan Potash Basin Sidki-Rius, N 

 

each point by GPS. The method used to obtain the coordinates in post-processing 
is based on the use of four static differential GPS with dual frequency receivers. 
This method requires locating two receivers at two points of known and well-
established coordinates, while the other two receivers are used to take 
measurements at the control points, with a minimum measurement time per 
point of 12 minutes. This methodology guarantees an accuracy of 1-1.5 cm in 
planimetric and altimetric coordinates, which implies that the maximum possible 
error between measurements of the same point is 2-3 cm. Consequently, only 
differences greater than these errors are relevant to indicate whether subsidence 
is present.  Periodic quality control measurements are made to verify the 
reliability of the measurements.  

Since 2016, InSAR images are also used as an additional monitoring system. 
However, the surface characteristics of the area, mainly forestry and agricultural, 
still require a considerable number of GPS control points to obtain a reliable 
subsidence offset. In this regard, a minimum of 200 points are required. The 
combination of both systems allows to obtain of highly reliable information on 
the X, Y and Z surface displacements (Bahuguna et al., 1991), the accuracy of this 
technology has been widely demonstrated (Bürgmann et al., 2000; Bitelli et al., 
2015; Rateb & Abotalib, 2020). The combination of both technologies has allowed 
the development of a displacement surface for each period. The analysis is 
initially performed individually, defining how subsidence evolves over annual 
and biennial measurements. The analysis is done by biennial periods from 2008 
to 2016, while annual periods are used from 2016 onwards. 

3.1.2 Targeted area 
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), where it is stated that 
90% of the surface subsidence for an active potash mine occurs within the initial 
5 years. Figure 3.2 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. 



117

Assessment and characterization of subsidence in the Catalan Potash Basin Sidki-Rius, N

3.1.3 Subsidence average profile

The average subsidence profile could be developed based on the displacement 
surfaces done using GPS and InSAR technology. Five profiles are defined within 
the area of interest in each of the displacement surfaces. Each profile crosses the 
area completely, every 10 meters in the direction of the mine advance, East-West,
a Metric Point (MP) is listed. These MPs show the displacement in the Z 
coordinates for each subsidence calculation period. According to Sanmiquel et al. 
(2018), 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 3.3). After 
analyzing all the raw data collected, the MP points are reduced and re-listed 
every 100 meters, since it is considered an adequate distance to appreciate the 
evolution of subsidence. Figure 3.2 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 3.3 shows the targeted area amplified, 
therefore, the five profiles and the 12 selected mining zones can be seen in more 
detail. The analysis is initially done individually, defining how subsidence 
evolves over annual and biennial measurements. Subsequently, subsidence 
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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 3.3. Mining areas
twelve selected zones can be seen.

3.1.4 Numerical model design
The model has been designed based on the stratigraphic column taken from 
Campos de Orellana (1996) and subsequently modified by Cendón et al. (2003), 
adding two horizons of Anhydrite and Halite on top of those, known as roof salt. 
The first lithology consists of sedimentary material such as sandstone, limestone 
and lutites, and 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 
Carnalite, 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 was 
taken from (Campos de Orellana, 1996). Table 3.1 shows values of geomechanical 
properties for each lithology. In order to model the deposit using FEM 
methodology, the stratigraphic column has been simplified as shown in Figure 
3.4. Therefore, the potassic seams have been simplified into 4 lithologies; Upper 
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Campos de Orellana (1996). Several studies have been used in order to define the 
wall width (Xu et al., 2013; Parmar et al., 2019). The mesh consists of 6 nodal 
triangles, while it is graded and densified around 150 meters 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 has been placed in 
the drifts. The Mohr-Coulomb constitutive model has been adopted for the 
analysis. RS2 model is presented in Figure 3.6, where all the materials can be seen. 

Figure 3.6. Example of an RS2 model with the geological and drifts 
characteristics.

3.1.4.3 Young's modulus decreasing methodology
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 two years. As can be seen in Figure 6, 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 has been 
reduced from the second stage onwards. Figure 3.7 illustrates the methodology 
to define Young's modulus decrease. The first modulus reduction was defined 
according to Paraskevopoulou et al. (2012), while the following reductions are 
determined by an iterative approach (Figure 3.6), comparing the actual 
subsidence data and RS2 values.
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Young’s modulus decrease.

The factor used in each stage to reduce modulus is included in Figure 3.8, 
weakening the material properties of the model as a time-dependent behavior. 
The determination of 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 done randomly in order to achieve 
more representativity of the procedure proposed and its usage.

Figure 3.8 Example of the seven stages and their associated Young’s modulus 
(E).

The decrease of the Young modulus is characterized by being in the first three 
stages very pronounced and more reduced in the following four stages (Figure 
3.9). The first three stages correspond to the first 6 years, according to Sanmiquel 
et al. (2018), while the first 5-year period is where 90% of the subsidence is 
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concentrated. On the contrary, in the later periods, the subsidence process is 
more stable, entering what is known as the residual subsidence period.

Figure 3.9 Young modulus decrease.

3.2. Definition of characteristic subsidence parameters. A 
case study in the Catalan Potash Basin
The following three sections will provide a description of the methodology used. 
Firstly, the creation of the database was done based on GNSS and InSAR 
techniques. Following this, a specific methodology was designed based on CAD 
software, coupled with the aforementioned techniques. The definition of nine 
sections allowed the study of 74 subsidence profiles, which provided an accurate 
analysis of the selected area. Finally, a methodology was successfully developed 
to approximate the subsidence basin profile by a Gaussian distribution using the 
least squares method.

3.2.1 Database creation 

An analysis was carried out to identify the typical values defining the surface of 
a subsidence basin, the angles and the governing function. The model has been 
developed based on the classical equations that define the parameters for surface 
subsidence (National Coal Board, 1975). For this purpose, the topographic 
characteristics of the terrain were considered by means of measurements carried 
out over nonconsecutive twelve years in the period from 1995 to 2021. In Table 
3.3, a correlation between periods and methodologies employed is shown. The 
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Figure 3.10. The nine sections are located in the case study area, in pink.

The proposed methodology allows to calculate of the distance of influence by
establishing the start and end parts of each subsidence profile and the total depth 
for each subsidence profile. In Figure 3.11, accumulative subsidence basins 
profiles of section 01 are shown, each color indicates a different period in order 
to observe its evolution over time, it can be noticed that the subsidence profile 
becomes better defined as the time period increases, since with time mining 
infrastructure increases. Mining subsidence is a phenomenon that is closely 
related to the mining excavation ratio, among other geological and mining 
parameters (Hunt, 1980; Salmi et al., 2017; Sasaoka et al., 2015; Diao et al., 2019). 
Points in red indicate points of zero subsidence (start and end point of subsidence 
basin). Taking these points and the mining map into account from 1995 to 2021, 
it was possible to determine the distance of influence, which is the shortest 
distance between the point of zero subsidence and the nearest mining drift 
allowing the determination of the distance of influence for all subsidence profiles. 
However, to calculate the total depth from the surface to the drift, it was 
necessary to check the cartographic maps available from the Cartographic and 
Geological Institute of Catalonia (ICGC) since the depths indicated on the mining 
map are referenced to sea level. 
The boundary angle is defined by the zero-subsidence point and the total depth 
of the mining drifts. Considering this definition, it can be calculated following 
the mathematic relationship stated by the National Coal Board (1975), as shown 
in Figure 3.12. The determination of the characteristic boundary angle for the area 
of interest was carried out through statistical calculation. Finally, Figure 3.13
shows the process of the methodology used up to the reaching point of the 
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characteristic boundary angle and distance of influence.

Figure 3.11. Example of 11 subsidence basins from 2003 to 2021.

Figure 3.12. Mathematic relationship scheme.

Figure 3.13. The methodology proposed to calculate the limit boundary angle 

3.2.3 Characteristic function of the subsidence basin

The effect of underground mining drifts on the surface topography is inevitably 
associated with the resulting ground movements in a subsidence basin. A 
considerable amount of data is available from field measurements of surface 
settlement profiles on tunnels in clays. Figure 3.14 has been used to summarize 
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the settlement trough adopted from several research, where the surface vertical 
settlements and horizontal stress and displacement are shown (Schmidt, 1969; 
Peck, 1969; National Coal Board, 1975; Clough and Schmidt, 1981; O´Reilly and 
New, 1982; Rankin, 1988; Peng, 1992). The green field settlement profile, which 
can represent the profile of a subsidence basin over a single tunnel, can generally 
be approximated by the error function or normal probability curve (also known 
as Gaussian curve) as follows (Equation 3.1): 

S (x) = exp
x

2 i
 Equation 3.1 

where Svmax is the maximum surface subsidence at the centre line of the tunnel or 
drift, Sv is the surface subsidence at displacement distance x from the tunnel 
centre line, x is the horizontal distance from the center line, it is the horizontal 
distance from the center line to the inflexion point in the subsidence basin. 

Alternatively, O'Reilly and New (1982), based on monitoring data from several 
tunnels in the UK, were able to prove that the horizontal surface displacements 
occur in the transverse direction of the excavation axis and, assuming that, the 
resulting displacement vector is oriented towards the tunnel, the horizontal 
movement can be expressed as follows (equation 3.2). 

S =  
x S (x)

z
 Equation 3.2 

Where z0 depth of the tunnel or drift center line, Shx is the horizontal movement 
at displacement distance x from the tunnel center line. 

The horizontal displacement corresponds to the inflexion point of the subsidence 
basin. The horizontal deformation can be calculated by deriving the 
aforementioned expression (equation 3.3). 

(x) =
S (x)

z
x
i

1  Equation 3.3 

Where the I parameter is the inflexion point of the subsidence basin,  is the 
strain or horizontal deformation, and  is the surface subsidence at offset 
distance x from the tunnel center line. 
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Figure 3.15. Example of strain curvature (Adapted from (National Coal Board, 
1975).

3.3 Statistical Model Definition
Considering the area of interest based on the average angle of the draw and the 
distance of influence for the period 1995-2021 in section 3.2, it was possible to 
design a final area of interest for testing the statistical model.

The statistical model started with the definition of the geological and mining 
characteristics that may influence the subsidence process. These characteristics 
were evaluated at 120 points, these points were determined by designing a 500m 
x 500m mesh (Figure 3.16), using MDT and AutoCAD software. This mesh was 
used in all the accumulative subsidence basin surfaces. Therefore, it was possible 
to define the X, Y, and Z coordinates in 120 points.
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Figure 3.16 Area of interest with 120 po

3.3.1 Characteristics of the statistical model

3.3.1.1 Fault
Faults are flat or slightly curved fractures through which significant 
displacement has occurred as a result of rock mass movements. In several works, 
faults are considered a geological characteristic that directly influences 
subsidence processes (Burbey, 2002; Nie et al., 2013). In the subsidence process 
due to mining infrastructure, some authors consider that mining works can 
increase the fault influence regarding the subsidence process (Xie et al., 1998; 
Donnelly, 2009). To know how the fault affects the mining management and 
design is important to know the type and main characteristics of the fault, such 
as direction, dip and length. Therefore, analysis points have been defined in the 
entire area where the fault intersects the mining infrastructure.

3.3.1.2 Topography
The topography of the study area is an essential parameter to consider when 
assessing, predicting and managing subsidence processes. Therefore, several 
works use it to evaluate surface subsidence, for instance (Zhou et al., 2022), where 
a practical prediction model based on the optimization of combined slope-slide 
parameters is proposed to evaluate landslides and the surface collapses. 
According to Akcin, (2021), a risk assessment decision matrix based on the 
geographic information system model (RADM-GIS) was applied to assess the 
spatial risk of surface subsidence and building damage due to active 
underground coal mining located in Turkey. The main characteristics to build the 
model are mining tunnels and production panels, topography, geology and land 
use of the area. Thus, the area has been divided into zones based on its 
topography.

3.3.1.3 Overburden
The overburden is the material above an economic mining area, including the 
rocks, soil and ecosystem above the ore body. It is the part that connects the 
underground to the surface and, therefore, represents a key parameter to 
consider in order to properly manage and predict surface subsidence processes 
(W. Guo et al., 2021), (Lawson et al., 2017).
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3.3.1.4 Typology 
In a subsidence basin due to underground mining, it is essential to manage its 
progression. Three types of subsidence can be defined according to the 
development of mining extraction (Modeste et al., 2021; Wang et al., 2018). It is, 
therefore, essential to detect where are the areas with an active subsidence 
process and those with residual subsidence. It is essential to detect between active 
zones and those with residual subsidence. According to Sanmiquel et al. (2018), 
90% of subsidence occurs in the first five years. Thus, it has been possible to 
differentiate between each point, whether it was within the active area or the 
residual subsidence basin. 

3.3.1.5 Percentage of filling 
Mine backfilling is the procedure to fill the cavities created by the underground 
extraction of minerals. This procedure is widely used to reduce or prevent surface 
environmental impacts such as surface subsidence, the potential hazard of 
tailings storage or, in addition, to improve productivity (Van Sambeek, 1992; Zhu 
et al., 2016). Nowadays, backfilling is being used to improve the productivity of 
the mining operation in the case studied. However, using the available data, the 
impact on the evolution of the subsidence process will be evaluated. 

3.3.1.6 Extraction ratio 
The percentage of mineral extraction in an ore deposit has a direct influence on 
the movements produced on the surface, such as surface subsidence (Bell et al., 
2000). Therefore, it will be considered as a parameter to be evaluated to determine 
its relationship with the evolution of the subsidence basin year by year. 

3.4 Geomechanical and geochemical parameters of saline 
Lithologies 
3.4.1 Sampling 
The set of samples consists of a total of 50 units, divided among the 7 lithologies 
that form the deposit. Appendix 12 shows the locations of each lithological 
group. The lithologies chosen for the study can be divided into two types; the 
layers containing potassium, which constitute the main block of economic 
interest of the mining operation, and the lithologies containing a greater presence 
of clay discontinuities, since they are the most likely to constitute a risk of falling 
blocks in the mining infrastructure. At the beginning of the sample analysis, they 
have been visually inspected and photographed. The visual study consisted of 
summarizing the physical characteristics of each of the lithologies and inspecting 
the discontinuities and possible recrystallizations (Appendix 1). Twenty samples 
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this drawback, each sample has been examined, verifying the surface of 
discontinuities before assessing it with Barton’s comb. 

Figure 3.18 Discontinuity surface of a sample from the intermediate salt 
lithology.

3.4.2.2 Particle-size analysis (PSA) methodology 
PSA is a measurement of the size distribution of individual particles in a granular
sample such as soil, in this particular case, it spans a large size range, varying
from stones and rocks (exceeding 0.25m in size) down to submicron clays (<1 
μm). Various systems of size classification have been used to define arbitrary 
limits and ranges of soil-particle size. Soil particles smaller than 2000 μm are 
generally divided into three major size groups: sands, silts, and clays. Geologists 
and geomorphologists typically use the Wentworth classification scheme
(Wentworth, 1922), shownin Figure 3.19 (Gee and Or, 2002).
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Figure 3.19 Udden-Wentworth grain-size  scheme (Wentworth, 
1922). 

Particle-size analysis data can be presented and used in several ways, the most 
common being a cumulative particle-size distribution curve. An example is 
shown in Fig. 3.19. The percentage of particles less than a given particle size is 
plotted against the logarithm of the effective particle diameter. Particle-size 
distribution curves, when differentiated graphically, produce frequency 
distribution curves for various particle sizes. Frequency curves usually exhibit a 
peak or peaks representing the most prevalent particle sizes. 

 
Figure 3.20 Example of  particle size distribution well and poor graded 

(Hillel, 1982). 

In order not to damage the crystalline lattice of the material, the saline material 
has been crushed with the help of a rubber hammer to develop the granulometric 
analysis. All samples have a similar weight and they have been shredded during 
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Particle size distribution is a very useful tool in geotechnical engineering. It is an 
indicator of other engineering properties such as compressibility, shear strength, 
and hydraulic conductivity. The samples are analyzed, calculating the uniformity 
coefficient or Hazen coefficient (Cu) defined by (Hazen, 1892), and the curvature 
coefficient (Cc)according to (Iglesias, 1997). Both coefficients are calculated as it 
is shown in equations 3.4 and 3.5. The uniformity coefficient evaluates how 
uniform a sample is. A sand sample is considered as follows. 

If Cu < 6 The sample is uniform 

6 < Cu <20 The sample is less uniform Cu > 20 � The sample is heterogeneous 

A gravel sample is considered as follows. If Cu < 4 � The sample is uniform 

4 < Cu <20 The sample is less uniform Cu > 20 � The sample is heterogeneous 

Coefficient of uniformity 

=                                                 
Equation 3.4 

D60: Size of the sieve in which 60% of the particles pass through it. 

D10: Size of the sieve in which the 10% of the particles pass through it 

The particle size distribution can also be characterized by its curvature, or more 
specifically, by the coefficient of curvature Cc. 

Coefficient of curvature 

= ( · )                         
Equation 3.5 

D30: Size of the sieve in which 30% of the particles pass through it 

If 1<Cc<3 Sample well-graded 

3.4.2.3 Determination of natural density methodology  

Due to the inconveniences of the dissolution of the samples, it is used the 
hydrostatic balance method to obtain the estimated value of natural density. The 
performance of this test is regulated by the UNE 103.301-94 standard. According 
to the UNE standard, the density of soil is determined as the ratio between the 
mass and the volume of the soil. to perform the test, the sample must have the 
just content of humidity and tiny particles to allow paraffin coating. To develop 
this test, 4 samples from Cabanasses were used, each sample from a different salt 
lithology; intermediate Salt, Upper Salt, A potash bed and Transformed salt. All 
samples are irregular; therefore, their volume is unknown. 
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Figure 3.24 Scheme of natural density test, from (Yubero, 2008).

The following is shown in Figure 3.24 The hydrostatic bascule was built using 
laboratory material; a bascule with a precision of 0.001gr, a stick of glass, 2 meters 
of wire, adhesive tape, a hanging basket, a container, and 15 litres of distilled 
water.

Figure 3.25 Hydrostatic bascule built with the laboratory material.

Subsequently, the difference between the values of W2 and W1 will correspond 
to the mass of the paraffin added on the surface of the sample, Wparaffin. Its 
volume, Vparaffine., In cm3, is given by the quotient between the Wparaffin mass 
and paraffin density in g/cm3.

W = ; =
WParaffine

Paraffine

g
cm3

Equation 3.6
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Volume of a Paraffine Cone 
Frustum  122,766 cm3 

 

 

 

 

=
3

+ +                                                    
Equation 3.10 

= ( )

( )
=

108,878
122.766

=
0,8868

         
Equation 3.11 

 
The second way to calculate the density of the paraffine is using an irregular 
volume of paraffine which is introduced in a tank full of water, therefore the 
volume of its solid will be the same as the volume of water left over the tank (Eq. 
3.12). To submerge the paraffin solid, a weight since the paraffin does not 
submerge needed to remain on the surface of the water.  
 
V1: Volume of the irregular paraffin solid with a weight of 133cm3 

V2: Volume weight= 12cm3 

Vp: V1-V2= 121cm3 

= ( )

( )
=

108,878
121

=
4949
5500

0,8998
            

Equation 3.12 

Finally, the average of the two values is: 0,8933g/cm3 

3.4.2.4 Humidity Methodology test  
3) is defined as the ratio of the pore water weight to the 

weight of solid grains, for a unit volume. Its value is expressed in% and can reach 
values greater than 100%. 

= · 100%                Equation 3.13 

It is impossible to determine the humidity due to its saline and the water that fills 
the pores is brine (Water with a high content of salt). For this reason, two 

 (weight of pure 
brine (weight of brine/weight 

of Solid particles). The weight of the solid particles does not include the weight 
of dissolved salts that precipitate when the sample dries. 

Two weights are considered in determining humidity; first the total weight of the 
wet sample (WWet), equation 3.14. Secondly the weight of the sample after drying 

dried), equation 3.15. From these two weights 
and the dissolved salts concentration, [c] in grams of salt/grams of water, both 
humidity can be calculated as: 
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elements present in the sample, for qualitative and, in some cases, semi-
quantitative chemical analysis. In the SEM system, different detectors amplify the 
signal emitted by the surface of the sample when it is swept by a thin beam of 
electrons. The intensity of the amplified signal is displayed on a computer screen. 

The images that can be obtained by SEM can be reached using the magnification 
of 10,000 or up to 50,000 times the size of the object. For the present study, the 
microscopic images have been produced from the backscattered electrons (BSE) 
emitted by the sample, whose intensity depends on a coefficient that is a function 
of the atomic number of the elements that make up the sample. It is because of 
this property that these images can be called compositional images or SEM-BSE. 
Additionally, as a consequence of the interaction of electrons with matter, it emits 
X-rays as a continuous spectrum along with several characteristic peaks, which 
depend on the elements present in the sample. Thanks to this phenomenon, it is 
possible to obtain qualitative, point or area chemical analyses, through the use of 
X-ray energy dispersive spectrometry (EDS). 

3.4.2.7.2 X-ray powder diffraction (XRD) 
X-ray powder diffraction (XRD) is a method of structural analysis, which allows 
minerals to be identified by their crystalline structure. It is therefore not a 
chemical analytical method, but it allows indirect estimating of the composition 
of the sample analyzed, with a good approximation of the content of major 
elements. This is because practically all minerals are crystalline, they have their 
chemical components (atoms, ions, molecules) regularly filling the space. 
Eventually, all crystals can develop polyhedral outer forms, although much of 
the mineral mass does not necessarily manifest this property. The regular 
distribution in space of the mineral components is described by the crystalline 
lattices, which reveal the periodic repetition of the mineral cell. The cell is the unit, 
in the shape of a parallelepiped, which is repeated identically and fills the entire 
space of the crystal  (Melgarejo et al., 2010). 

The unit cell forms crystalline lattices and these contain oriented lattice planes 
which are denoted by h, k, and l and this spacing, corresponds to the succession 
of these parallel planes which is called dhkl. Bragg's law of diffraction establishes 
that the X-rays are reflected on the crystal planes according to an angle  that 
depends on the spacing dhkl, this law allows us to obtain for each mineral, the 
values of their spacing and thus compare them with standard mineral diffraction 
patterns for identification. 

The method used in this study to perform these analyses is the method known as 
the crystalline powder method. The preparation of the samples for analysis was 
done by milling the material until obtaining an impalpable powder in an agate 
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mortar. Once the material was milled, it was mounted in an aluminum sample 
holder and placed on the diffractometer support. This diffractometer has 
performed the -ray 
diffractogram in which the intensities of the data are collected as a function of the 
diffraction  

The samples were pulverized in an agate mortar until obtaining a fine powder, was 
placed in a sample holder and taken to analyse The X-ray diffraction analyses were 
made in a diffractometer located in the Science and Technology Centers of the 
University of Barcelona (CCiT-UB). 

Mineralogy was determined by X-ray powder diffraction (XRPD). Measurements 
were taken using an automatic X’Pert diffractometer (PANalytical, Almelo, The 
Netherlands) graphite -
1.54061 Å, powered at 45 kV and 40 mA, scanning range 4–100° with a 0.017°  
step scan and a 50 s measuring time. Identification and semiquantitative 
evaluation of phases were made on PANanalytical X’Pert HighScore software, 
Version 2.0.1 (PANanalytical, Almelo, The Netherlands). Calculation of the 
Hinckley crystallinity index was obtained according to the instructions of 
Hinkley (Hinckley, 1962; Garcia-Valles et al., 2020). 

3.5 Laser Scanner post-processing 
3.5.1 Cyclone software (Leyca Geosystems) 

3.5.1.1 Cyclone REGISTER 360 (Leica Geosystems)  
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Chapter 4 
Results and discussion 

 

“All sorts of things can happen when you are open to new ideas and 
playing around with things.” — Stephanie Kwolek 
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Chapter 5 
Conclusions 

 

 

“Patience is bitter, but its fruit is sweet” – Jean-Jacques Rousseau. 
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5.1. Findings and hypothesis fulfilment 

5.1.1 Hypothesis 1 

The creation of a straightforward model that can predict the surface subsidence 
of the deposit, based on its geomechanical parameters, will provide solutions 
as well as improvements in the current mining management. 

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. 

5.1.2 Hypothesis 2 

The geochemical characterization and the textural analysis of the interlayered 
mineralogy between the saline beds, as well as other insoluble mineralogy 
within them, will help to improve the health and safety of the underground 
mining infrastructure. 
According to the obtained diffractions, SEM-EDS and XRD analysis a first 
estimation of the mineralogy can be stated. The minerals that could be detected 
are basically minerals from the potassium feldspar group, as well as from the 
chlorite group. Percentages of quartz, magnesite, gypsum and muscovite were 
also detected, and a small amount of iron oxides. Therefore, the minerals that 
form the insoluble particle fraction, are basically phyllosilicates. 

This result gives a first approach to the whole variety of minerals that form this 
phase. It shows the importance of continuing the analysis to achieve a more 
accurate and clear result of the set of minerals forming the pelitic phase of the ore 
deposit.  
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5.1.3 Hypothesis 3 

The characterization and evaluation of the surface subsidence basin and the 
main mining and geological parameters that influence the settlement process 
will improve land management, and contribute to reducing the current 
environmental impact. 

The research developed introduces a new approach to characterize and predict a 
subsidence basin at any point in a targeted area. This new methodology allows 
working with large amounts of data, straightforwardly, to determine the main 
parameters of any subsidence basin. Therefore, having the potential to be used 
in other subsidence basin case studies.  

Based on the methodology used, the analysis of 74 subsidence profiles has been 
done. Considering them, the area of interest has been divided into four different 
zones, according to cardinal directions, namely North, South, East and Southwest 
areas. The eastern zone is considered under a process of residual subsidence, 
while the other three belong to an active subsidence process. In that case, it has 
been possible to calculate their boundary angle and distance of influence. The 

eventually reaches its minimum v
influence is inversely proportional to the boundary angle trend and, therefore, it 
has the smallest value in the northern part with 240 m, in the southwestern part 
has a value of 624 m and the maximum value is 988 m in the southern area. In 
addition, the presented methodology also allows to successful approximate the 
subsidence curve to the Gaussian function using the least squares method, 
moreover, the characteristic parameters, such as the key parameters "i"," x", and 

that governs the subsidence process has been accurately calculated, allowing it 
to properly approximate its deformation at any given point in the area of interest. 
Furthermore, it can be stated that the forecast and prediction of the targeted 
subsidence basin have been accurately enhanced, resulting in an increase in 
safety levels, not only in the mining area but also in its surroundings.  

Finally, the presented method can constitute an appropriate complement to 
upgrade the management of land subsidence in mining companies, not only for 
its adaptability and simplicity but also due to its effective, accurate and 
functional approach. 
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5.1.4 Hypothesis 4 
The application of laser scanner technology for monitoring the stability of 
underground mine drifts will improve the health and safety of daily 
production activities in the deposit, reducing the possibility of sudden mine 
collapses. 

The performance of the laser scanner technique has given a first approach to the 
results that can be achieved, showing that it represents a strong and accurate tool 
to quantify the displacements that happen in the mining drifts.  

The implementation of this method gives the information to the mining 
technicians to detect weekly deformations, thus, making it possible to calculate 
their deformation rate.  

This knowledge gives the possibility to notice if a mining drift is under a high or 
low deformation process, therefore making it possible to apply the required 
preventive measures. 

5.2 Implication of the findings: Further research and 
improvements 
The study offers some approaches to improve health and safety conditions and 
land management, as well as presents some characteristic values and expressions 
for modeling the behavior of the underground and surface environment. These 
results, obtained from two case studies, can also be used as reference values for 
other potash mines with similar operating characteristics. 

Despite the results obtained, model improvements and continued research 
would be required to strengthen the current results and broaden the scope of the 
research in terms of improved working conditions and a more effective 
subsidence management system. Weaknesses, potential improvements and the 
need for additional research are discussed in the following paragraphs. 

5.2.1 Hypothesis 1 

The creation of a straightforward model that can predict the surface subsidence 
of the deposit, based on its geomechanical parameters, will provide solutions 
as well as improvements in the current mining management. 
To improve the knowledge of the geomechanical behavior of the basin, an 
analysis to understand the development of the horizontal displacement based on 
the numerical model currently proposed should be carried out. 

Moreover, it should be planned to update, during the following years, the 
numerical model using more sections to better approach the subsidence 
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movements in the targeted area, as well as to develop numerical modellings for 
other strategic areas of the Catalan Potash Basin, such as the main active ore 
deposit in the western area of the basin.  

In addition, it is going to be evaluated a possible correlation between the 
underground displacement that the numerical model predicts and the 
displacement that currently happens in the active ore deposits. Nowadays, it 
does not exist any prediction model used in daily mining activities and it could 
be a useful tool to predict possible areas where high deformation will happen, 
increasing the health and safety levels of the mining activity. 

Finally, it is suggested to analyze geomechanically all the lithologies that form 
the ore deposit, in order to not use bibliographical values, to create a more 
realistic approach. 

5.2.2 Hypothesis 2 

The geochemical characterization and the textural analysis of the interlayered 
mineralogy between the saline beds, as well as other insoluble mineralogy 
within them, will help to improve the health and safety of the underground 
mining infrastructure. 
Nowadays, the analysis has been developed in a punctual targeted area. To have 
broader results, it is going to be carried out a characterization of the whole pelitic 
and insoluble mineralogy included in the saline lithologies. 

To have more accurate information about the clayey material, it is going to be 
carried out analysis such as fluorescence (FRX) to know the chemistry of the 
pelitic materials interlayered within the saline lithologies. Additional analysis 
such as Differential thermal analysis (DTA) and thermal gravimetric analysis 
(TG) will allow us to determine the difference in thermal behavior between a 
substance and a reference material. Besides, ATD analysis tells us whether a 
reaction or physical change is endothermic or exothermic, while TG analysis tells 
us when a sample loses or gains weight. Moreover, a thin layer analysis should 
be done to complement the outcomes of the other performed techniques. 

On the other hand, analyzing the clay layer through which the block has fallen 
could give an important insight. Locating these layers and checking if there is 
any correlation in the block falls that have happened up to now. Furthermore, to 
analyze the existing clays in the advance active zone, in order to detect possible 
unstable layers. 



219 

Assessment and characterization of subsidence in the Catalan Potash Basin Sidki-Rius, N 

 

5.2.3 Hypothesis 3 

The characterization and evaluation of the surface subsidence basin and the 
main mining and geological parameters that influence the settlement process 
will improve land management, and contribute to reducing the current 
environmental impact. 
To characterize the whole subsidence basin is suggested the analysis of the whole 
group of active and abandoned ore deposits in the Catalan Potash Basin, 
updating the characterization of active and residual zones year by year to better 
predict the possible subsidence basin. 

Determine which mining and geological characteristics that most influence the 
subsidence process in both active and abandoned mining areas of the CPB. Based 
on this analysis of parameters, determine the areas of risk of higher subsidence, 
and renovate the analysis periodically as the mine progresses. 

5.2.4 Hypothesis 4 
The application of laser scanner technology for monitoring the stability of 
underground mine drifts will improve the health and safety of daily 
production activities in the deposit, reducing the possibility of sudden mine 
collapses. 

The laser scanner is a powerful tool that gives advantages regarding 
underground health and safety to production activities. However, it has to be 
properly and carefully used. It has been detected that in various cases, the 
topography of targets was not well updated, thus, locating the cloud point in the 
wrong position, preventing the comparison of the mining drift mesh with others. 

In addition, another inconvenience of the laser scanner due to its high precision, 
if mining production machinery is, near the laser scanner, it can produce an error 
in the acquisition of the point cloud, causing a double mesh error. Therefore, 
when the laser scanner is under point cloud acquisition, it is highly 
recommended to have as few production machines powered on as possible. 

5.3 Conclusions 
It is confirmed that the Numerical 2D modelling is a useful tool to provide land 
management solutions as well as improvements in mine planning. The 
possibility to complement the model with more targeted areas and 
straightforwardly create new models gives enormous flexibility to predict and 
control vast surfaces in order to manage the affection for the environment. 
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Moreover, the methodology can be adapted to any other type of underground 
infrastructure.  

The geochemical analysis of the pellitic materials interlayered and the insoluble 
mineralogy within saline lithologies has been developed successfully. The results 
state that the mineralogy of this material is extensive, thus, more analysis should 
be performed to determine all the minerals existing in it. Moreover, it is necessary 
to continue the analysis to increase the tested areas to have a broader result that 
can include all the extensions of the current active ore deposit. It can be stated 
that the study of the geochemical characterization of the insoluble and pelitic 
materials has given key information to improve the current health and safety 
levels of the underground mining infrastructure. 

The subsidence characterization of the east part of the Catalan Potash Basin has 
been developed satisfactorily. Four different areas, including one under a process 
of residual subsidence, have been determined. The methodology implemented 
allowed us to work with high amounts of data straightforwardly. Its effectiveness 
and adaptability make this methodology a useful tool to be implemented for any 
mining company. Moreover, it has the potential to be used in other studies with 
a subsidence process undergone it. 

By approximating the subsidence curve to the Gaussian function, the prediction 
of the subsidence process in the eastern zone has been updated. It has been 
possible to approximate the algorithm that governs the subsidence process, 
allowing it to adequately approximate its deformation at any point in the zone of 
interest. In this regard, the existing knowledge on the subsidence process has 
been increased, improving safety levels not only in the mining area but also in 
the surrounding area. 

Finally, the usage of the laser scanner technique has given a good approach to 
understanding better the typology of displacements existing during the first 
stages of opening an underground mining drift in the case study. The technique 
is intuitive and has a straightforward approach to make it suitable to be used 
during the production stage, to control periodically the deformations in the 
mining facilities.  
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