
Introduction

Water that floods the mining complexes is drained on 
a constant basis when a mine is still active, but the situation 
changes the moment the mine is closed. Mines that are closed 
usually flood as a result of stopping the drainage from 
existing and liquidated mine workings. 

Closing a mine by flooding may lead to unexpected 
occurrences related to secondary movements of rock 
mass and surface caused by that flooding. Quakes may 
also occur, despite the cancelation of mining exploitation 
in the area covered by the influence of old mining activity.

Research shows that during the flooding of a mine 
a relative uplifting of a surface can often be observed. 

It should be noted that the uplifting is relatively small, 
considering the initial subsidence of the surface caused by 
the mining of a deposit. This phenomenon was observed 
in Germany many times with registered measurements. 
So far, geodetic surveys have proven that such uplifts do 
not exceed 0.3 m [1-5].

Small uplifts of terrain surface, especially in built-up 
areas, may be a result of mining damage. For this reason, 
broader analysis will be needed, which will show the 
causes and effects of flooding of closed mines and allow 
for the development of an effective method for predicting 
uplifts of a mining area. 

This article presents the influence that flooding mine 
workings has on the surface of a mining area using 
computer simulation. The evaluation of potential changes 
to the surface and scale of this phenomenon has been done 
using as examples the exploitation of mine deposit layers 
702, 705, and 718 of the old Gliwice and Pstrowski mines.
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Materials and Methods

Computational Method

The Fast Lagrangian Analysis of Continua (FLAC) 
software from Itasca Consulting Group has been used 
for the purpose of numerical modeling in this study. 
The software was developed by Peter Cundalla and his 
co-workers from the University of Minnesota and Itasca 
Consulting Group in 1986, and it is based on finite 
difference method [6].

The software is used for building numerical models 
of rock mass and simulating the behavior of soil and rock 
media, which are subjected to plastic flow and cracking 
after reaching the plasticity point or strength limit. The 
software is especially recommended for solving issues of 
rock engineering. It is used for evaluating the behavior 
of rock mass in working mine areas as well as modeling 
discontinuities in rock media and simulating the behavior 
of rock massive and buildings with dynamic forces.

Plasticity of the rock mass in the model is taken into 
consideration by presuming that in the area restricted 
by specific planes, the rock mass behaves in linear and 
elastic fashion and it is plastic beyond that area. Plasticity 
in FLAC software is based on the presumption that a 
total increase of deformation is divided between elastic 
deformation increase and plastic deformation increase.

For the purposes of numerical procedure, the increase 
of deformation, which is determined by Hooke’s Law, is 
calculated first, and then the stress is calculated based 
on the value of deformations. If stress values exceed the 
boundary plane (which defines the specified strength 
criteria) then it is assumed that plastic deformation 
occurs. In such a case, only elastic deformations take part 
in calculating further stress increase.

In the finite difference method each derivative in a 
system of equations is described by algebraic expression 
presented as set of variables (stress and deformations). 
These variables are registered in discrete points of the 
model but they are not defined in the range of each zone 
of differential grid.

The utilization of finite difference method leads to the 
transformation of a differential equations system in an 
algebraic equations system. These systems change after 
each calculation step. FLAC software uses an explicit 
method of consecutive steps to solve the differential 
equation system. The explicit method is based on using 
small time increases, which are selected in such a way 
that during each calculation step there is no displacement 
between two adjacent zones. Despite using small 
calculation steps it is a very effective method that does 
not require high computing power.

The most of the software based on finite elements 
utilizes an implicit method of global rigidity matrix 
of individual elements. This process requires mutual 
“communication” between each element of the grid. Thus, 
achieving equilibrium of the studied system requires a 
higher number of iterations and in consequence higher 
computing power.

The feature of FLAC method of finite difference 
is the fact that it does not require preparation of global 
rigidity matrix. Updating the coordinates of the finite 
difference grid’s nodes takes place with every calculation 
step. According to Lagrange’s calculation scheme, the 
increases of displacements are added to the coordinate’s 
grid each time, which is deformed along with the model, 
compared to Euler’s formula, where displacements and 
deformations of the model take place in relation to the 
stationary grid.

Therefore, solving the equations of individual nodes 
of the grid designates speed of displacement, which is 
the basis for calculating deformation increases. Despite 
the fact that the software dynamically solves movement 
equations, the main solution of the problem is achieved the 
moment the model reaches equilibrium or the unbalanced 
strength reaches an acceptable value.

Geological and Mining Conditions

Rock mass consists of Quaternary, Tertiary, and 
Triassic rocks, which are the overburden and Coal 
Measuring rocks. The latter are the coal-bearing rocks. 
Quarternary is 20 m thick on average and is present in the 
whole mining area. The maximum thickness of 60 m is 
reached in the Bytomka River Valley. It mostly consists of 
clays, silts, and sands of various grain size as well as gravel. 
Tertiary is only present in the form of local patches, 5-40 m 
thick. It mostly consists of Miocene clays. Carboniferous 
layers that form the deposit are represented by rudzkie, 
siodłowe, porębskie, jaklowieckie, and gruszowskie 
layers. Layers 702, 705, and 718 were directly mined in 
the studied area as outlined below:
–– Seam 702: four faces were exploited to a height of 

0.8-1.0  m; the faces were exploited in 1962-66 at a 
depth of 130-240 m using the longwall system with 
controlled roof fall and backfilling strips mined out 
from the roof of the layer.

–– Seam 705: seven faces were exploited to a height of 
0.8-1.0  m; the faces were exploited in 1963-71 at a 
depth of 130-330  m using the longwall system with 
controlled roof fall and backfilling strips mined out 
from the roof of the layer.

–– Seam 718: 12 faces were exploited to a height of 
0.7-1.2 m; the faces were exploited 1961-72 at a depth 
of 130-430  m using the longwall system with con-
trolled roof fall and backfilling strips mined out from 
the roof of the layer

Rockmass Model

A flat numerical model of size 2,400 x 1,000 m was 
built (Fig. 1) to make a computer simulation of the rock 
mass movement and the influence of goaf flooding on 
surface deformations. This model presents the most 
significant structural elements of the rock mass in the 
studied mining area. At a depth of 150-400 m, four layers 
have been modeled with the following numbers: 702, 705, 
716, and 718. Layers 702, 705, and 718 were subjected to 
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extraction. Layer 716 has not been mined. In the mining 
area the layers’ inclination changes in the range of 24-28°. 
In order to simplify the building of the numerical model, 
it was assumed that the inclination of the mined layers 
is constant and amounts to 26°. Roof and bottom layers 
have been presented on the basis of the profile from shaft I 
from SRK S.A. KWK Makoszowy area. Fig. 1 shows the 
schematics of the rock mass and the locations of faults.

Considering multiple tectonic dislocations, the rock 
mass model has been divided into three parts:
–– The left part of the model along with Ormowskie 

overlap is presumed to be the mining area in layers 
702, 705, and 718.

–– The central part of the rock mass in the shape of a 
wedge restricted by faults with 10 m and 40 m slips is 
presumed to be a mining area in layer 718

–– The right part of the model between the 40 m slip fault 
and right boundary of the model is presumed to be the 
area where mining did not occur. In this part, another 
fault is presented with a 25 m slip. 
In a mathematical sense it has been assumed that 

all the layers building the rock mass model have been 
described by ubiquitous joint medium (Fig. 2). The model 
is the anisotropic plasticity model, which includes weak 
planes in specified orientation (Mohr-Coulomb yield 
(plasticity) criterion). Yielding can occur both within 
weak planes and rock mass. Isotropy planes and weak 
planes can be inclined at any α angle to X axis.

Strength parameters and layer deformation have been 
selected based on mining data and literature [7-8]. The 
situation described in the study has been used to specify 
the values of weak plane parameters [9]. The range 
of variability of rock layer material parameters for our 
ubiquitous joint model, which was used for calculations, 
is presented in Table 1.

The simulation of coal layers’ exploitation relies on 
the removal of respective zones located in the area of 
goafs. Simultaneously between top and bottom layers, 
contact elements have been introduced to prevent 
interweaving of the top and bottom of the modeled seam. 
This mining simulation method eliminates the necessity 
to use additional parameters bound to collapse zones. 
Simulation of rock mass displacement matches the quasi-
static model, where the impact of exploitation (removal) 
of another element is instantly noticeable. There is a 
lack of viscous elements and there is no concept of 
time. However, considering that the medium has plastic 
characteristics, the sequence of exploitation (removal) of 
respective zones of the grid is highly significant.

In the modeling process, the working space of 
the mining face as well as its supports have not been 
included, considering their negligible effect on rock mass 
deformation. The height of the fall above the longwall 
face has been designated based on numerical simulation 
that included the range of uplifting of top and bottom 
layer rocks.

All the layers specified in the model are separate parts 
connected to each other via contacting planes. Structural 
schematics and the mechanical model of a contact plane 
are presented in Fig. 3. The model consists of two opposite 
sides: A and B. Respective parts of the contact plane are 

Fig. 1. Schematics of calculation model.

Fig. 2. Ubiquitous joint medium.
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connected by normal spring stiffness (Kn) and tangent 
stiffness (Ks) with elements S and T, which represent 
shear strength and tensile strength limits. Utilizing 
such connections allows for the simulation of interlayer 
slips and the simulation of cavity formation between the 
interacting layers of the model [10-12].

In the initial conditions (primary stress state) between 
interacting sides of the contact there is opening resistance 
and friction. These forces disappear the moment the 
separation of layers takes place. The size of the fracture 
opening between interacting layers is constantly controlled 
by software. Further closing of the fractures restores only 
friction in the model. Based on Fig. 3, assigning junction 
points to each of the contact layers independently results 
in deformations in specific layer being reliant only on the 
assigned deformation parameters.

Values of the parameters for contact planes that define 
interlayer contacts are presented in Table 2 [13]. These 
parameters have been selected by the author based on 

initial computer simulations. Their goal was to properly 
adjust the model horizontal displacements to the values, 
which were designated in situ. 

Faults have been represented as two interacting planes 
connected by analogical contact elements as in the case 
of interlayer connections. This is a big simplification as  

Table 1. Layer parameters for ubiquitous joint model selected for calculations.

Unit Overburden Shale Sandstone Coal layer

Rock mass parameters

Shear modulus G MPa 114 2,680 4,350 864

Bulk modulus K MPa 247 2,630 4,760 1,830

Cohesion c MPa 0.46 10.7 20.75 6.26

Internal friction angle φ Degrees 24 24 35 25

Tensile strength Rr MPa 0.1 5.25 9.50 1.6

Volumetric density ρ kg/m3 1,950 2610 2450 1,400

Weak planes parameters

Cohesion c MPa 0.0046 0.1 0.2 0.06

Internal friction angle φ Degrees 24 24 24 24

Tensile strength Rr MPa 0.001 0.05 0.1 0.01

Volumetric density α Degrees 0 4 (8*) 4 (8*) 4 (8*)

*Value of plane inclination angles in inter-fault zone

Fig. 3. Schematics of separation plane.

Table 2. Mechanical parameters of interlayer connections 
selected for calculations [13].

Parameter Unit Value

Normal stiffness coefficient (Kn) MPa/m 50

Tangent stiffness coefficient (Ks) MPa/m 20

Friction angle (φ) Degrees 28

Consistency (c) MPa 0.9

Tensile strength (σT) MPa 0.001
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it leads to the omission of the secondary fault zone  
that is often present in the area of big tectonic dislocations. 
Table 3 presents the values of material constants that 
specify mechanical characteristics of fault fractures. 
Considering the lack of data in regards to properties of 
the material that fills the fault fractures, the values of 
parameters characterizing the fault have been selected 
based on literature.

The presented model has been described using a 
differential grid. This way the surface has been divided 
into zones with shapes resembling rectangles [14-18]. 
Considering the lack of data about tectonic residual  
stress, it is assumed that the value of primary stress in 
the rock mass comes only from gravitational forces [19]. 
Primary horizontal stress σx has been designated by 
the means of initial numerical calculations.

Results 

The simulation of mining exploitation has been 
conducted based on the rock mass model presented above. 
It consisted of three stages:
–– Representation of primary stress with consideration 

of existing tectonic dislocation.
–– Nullification of dislocations in the model with 

preservation of existing stress conditions.
–– Selection of exploitation fields for longwalls 702, 705, 

and 718 in the model; this part of the simulation of 
mining has been conducted as part of a multistage 
calculation process.

–– Presentation of changes created as a result of flooding 
of goafs.

Subsidence trough Formed After Completion 
of Exploitation in Seams 702, 705, and 718

After simulation the primary stress conditions in  
the modeled rock mass and the creation of a so-called  
null model, the simulation of mining in seam 209/1 
started. This stage of computer simulation was done in 
order to present the influence of mining in longwalls 
702, 702, and 718 on surrounding rock mass and the 
designation of “high fall” above these faces. 

Due to insufficient data related to the order of mining 
operations and their quarterly advances, the simulation 

of mining in the coal seams mentioned above has been 
conducted within a single calculation cycle. Based on the 
results it can be stated that:
1.	 On the surface, mining resulted in the formation 

of a subsidence trough with the highest value of 
subsidence of around 2.30 m (Fig. 4). Considering 
this was a multi-seam exploitation with controlled 
collapse into the goafs, the maximum value of terrain 
subsidence obtained through computer simulation 
is relatively small. When evaluating the shape of 
subsidence trough profile it should be noted that there 
is noticeable asymmetry of influence between edges 
where mining started and edges where it stopped. 
This is a result of inclination of the exploited seam 
and activation of fault planes. The factor that seems 
to have especially high significance when it comes 
to the shape of the profile of subsidence trough is 
the presence of the fault in the place where mining 
started in seams 702, 705, and 718. In the inter-fault 
part, the additional exploitation in seam 718 caused 
more subsidence on the model surface. However, the 
value of this subsidence does not exceed 0.2 m. Also, 
works of A. Kowalski et al. [20] and R. Ścigała [21] 
mention that additional subsidence might occur in the 
near-fault areas. 

2.	 Similarly, to subsidence, the horizontal deformations 
are clearly asymmetrical (Fig. 5), which is a result of 
influence of the direction of mining and activation 
of fault plane in the area of the starting edge of 
exploitation in respective seams. Extreme values 
of positive horizontal deformation near the starting 
edge of the faces are bigger than the deformations 
near the edge that ends the exploitation. Similar 
asymmetry of ground surface deformation occurring 
in areas of beginning and ending of mine operations 
was also predicted by J. Białek [22]. In the area 
where mining starts, the maximum value of positive 
deformations is 4.10 mm/m, while near the ending 
edge analogical values of positive deformations 
are 0.55 mm/m respectively. The extreme value of 
negative deformations is -2.14 mm/m. The course 
of horizontal deformations and their high value 
(4.14 mm/m) confirms the fact of activation of the 
fault plane. Opening these planes causes significant  
change of horizontal deformations in the fault’s outcrop 
and slight shift of extreme values of deformation in 
the direction of a selected exploitation field. A local 
change in the number sign of the deformation’s 
value may be a cause of deformations in the form 
of surface fractures. The calculated increase of the 
horizontal deformations bears surge characteristics 
that include only a small area of the overburden 
layer. Simultaneously, activation of fault planes 
caused a slight restriction of the range of horizontal 
deformation.

3.	 The numerical calculations for the completed 
exploitation stage shows that the maximum inclination 
of the surface locally reaches 16.4 mm/m and is present 
above the overlaying goafs in 702 and 705 layers, and 

Parameter Unit Value

Normal stiffness coefficient (Kn) MPa/m 120

Tangent stiffness coefficient (Ks) MPa/m 45

Friction angle (φ) degrees 28

Consistency (c) MPa 0.4

Tensile strength (σT) MPa 0

Table 3. Fault mechanical parameters selected for calculations.
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partially above the selected part of layer 718 (Fig. 6). 
In the remaining part of the model inclination does 
not exceed 4 mm/m. Such distribution of inclination is 
related to a difference in mining conditions (longwall 
lengths) during the formation of a basin’s slopes. The 
results for completed mining exploitation show that 
the maximum surface inclination values allow us to 
classify the area as category V of mining areas.
Table 4 presents a compilation of deformation 

indicators designated after completing the exploitation in 
layers 702, 705, and 718.
4.	 The mining extraction in seams 702, 705, and 718 

resulted in a vast model of rock structure damage 
(yielding of grid zones). The greatest damage is present 
in the zone where exploitation fields overlapped each 

other in respective seams. In this area the damage 
includes a significant portion of overburdening rock 
mass that occasionally reaches the surface. According 

Fig. 4. The subsidence trough was formed after completion of exploitation in seams 702, 705, and 718.

Fig. 5. Horizontal deformations after exploitation in seams 702, 705, and 718.

Table 4. Deformation indicators designated after completing 
exploitation in layers 702, 705, and 718.

Deformation indicators Unit Value

Maximum subsidence Wmax mm +33.9

Maximum inclination Tmax mm/m 0.17

Tensional deformation ε+ mm/m 0.08

Compressional deformation ε- mm/m -0.08
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to Fig. 7, the characteristics of damage show that the 
damage covers mainly the weak planes of ubiquitous 
joint medium. The range of yield zones is much higher 
in the area where mining has begun (fault area) as a 
result of the interaction of both mining area edges, 
which disappears as mining proceeds. Analysis of 
changes occurring in the rock mass after completion of 
mining works also exceeded the assumed consistency 
of fault planes and the small opening of fault planes 
in the model.

Discussion

Another stage of conducted numerical calculations 
was the evaluation of influence of flooding of goafs on 
the mining area surface. For this purpose, the elements, 
which were located in the damage zone presented in  
Fig. 6, were assigned the pressure increase resulting 
from the height of mining water level. The analysis of 
hydrostatic pressure formation in the rock mass with t 
he phreatic zone established at +240 m above sea level 
shows that this pressure in relation to selected exploita-
tion parcels may change in the range of 1.4 MPa to  

Fig. 6. Inclination of the surface after exploitation of layers 702, 705, and 718.

Fig. 7. Subsidence and yield zones in the model, formed after exploitation of seams 702, 705, and 718 ended.
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4.0 MPa. For a phreatic zone like this, the whole 
calculation cycle has been done, which allows us to state 
the following:
1.	 The flooding of goafs in 702, 705, and 718 with the 

phreatic zone established at +240 m above sea level 
cause a relative uplift of the surface in the model by 
about 34 mm (Fig. 8). The highest value of the uplift 
has been designated in the location of overlapping 
of exploitation fields of every seam. In comparison 
to the maximum subsidence designated after the 
exploitation, the uplifts are relatively small and do 
not exceed 2%. In the remaining portion of the model 
the uplift of the surface should not exceed 6 mm. As 
indicated by Maj [23], these uplifts were induced by an 
elastic mechanical reaction resulting from an increase 

of pressure acting on the walls of voids, growing 
proportionally to the water lever and buoyancy effect. 

2.	 Flooding of goafs causes changes in terms of horizontal 
deformations of the surface model. However, these 
are small and do not exceed ±0.08 mm/m (Fig. 9). 
In comparison to the previous stage of computer 
simulation (deformations designated after mining 
ended), extreme values of secondary deformations 
are relatively small and do not exceed 2% for positive 
deformations and 4% for negative deformations.

3.	 The inclination values determined after flooding of 
goafs in 702, 705, and 718 are relatively small and do 
not exceed 0.2 mm/m. Places of maximum inclination 
occurrence are analogical to the first stage of computer 
simulations and are related to the edges of goafs in 

Fig. 8. Predicted surface uplifts after flooding of goafs in seams 702, 705, and 718.

Fig. 9. Predicted horizontal deformations after flooding of goafs in seams 702, 705, and 718.
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702, 705, and 718. Changes in surface inclination 
determined after flooding of goafs are presented in 
Fig. 10.

4.	 The conducted simulation showed that flooding of 
goafs in 702, 705, and 718 will not cause significant 
changes to the yielding zones in comparison to the 
stage designated after mining ended. The disturbed 
consistency of fault planes in the previous calculation 
stage allows for free movement triggered by the 
flooding of cavings. Fig. 11 presents the distribution 
of the damage zones (yielding) formed after flooding.
Table 5 compiles surface deformation indicators 

determined after flooding of goafs in 702, 705, and 718.
The problem with the influence of mining operations 

on the ground surface after their completion has so far 
been considered only in the area of their appearance until 

complete termination of the ground and disappearance 
subsequent motions of the surface. Although the whole 
time of deformation process of the rock mass resulted from 
conducted mining operations usually amounts to 2-3 years, 

Fig. 11. Subsidence and yield zones in the model, formed after flooding of goafs in seams 702, 705, and 718.

Fig. 10. Inclinations after flooding of goafs in layers 702, 705, and 718.

Table 5. Deformation indicators determined after flooding of 
goafs in layers 702, 705, and 718.

Deformation indicators Unit Value

Maximum subsidence Wmax mm +33.9

Maximum inclination Tmax mm/m 0.17

Tensional deformation ε+ mm/m 0.08

Compressional deformation ε- mm/m -0.08
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the terminal phase is not completely defined. Regarding 
dependence on the depth of mining and properties of 
rocks, which form the rock mass, the vanishing ground 
subsidence phase lasts until an imaginary boundary, where 
two measurements conducted within the interval of one 
month exhibit subsidence smaller than, i.e., 1 cm or 1% of 
the subsidence that already appeared. After this timespan, 
the surface of the ground is considered as stabilized and 
free from deformations resulting from conducted mining 
extraction, thus no further survey of such areas has 
been continued in terms of ground movements. For this  
reason there is a lack of information about the behaviour 
of the rock mass for a long time after the completion of 
mining. However, the situation changes when areas of 
ceased mining become flooded due to the restoration 
of original water relations or intentional use of cavings 
as a water reservoir. Observations conducted in the 
Netherlands and Germany showed that secondary 
watering of the rock mass may induce measurable, 
significant vertical movement of uplifting grounds. 
Shocks of the rock mass are also probable, which can be 
initiated by these movements, or displacement of rock 
layers along fault planes supported by watering of the 
rock mass. Currently in Poland no observations of these 
phenomena have occurred.

Conclusions

This article shows the results of numerical modeling 
of possible surface uplift predicting caused by mine 
flooding, and the results of calculations of their possible 
size. For the purpose of calculations the model was  
used based on ubiquitous joint medium. Based on  
obtained numerical results, the following conclusions can 
be made:
1)	 The conducted analysis showed that the use of 

numerical modeling of the rock mass provides the 
possibility of predicting uplifts of a surface caused by 
flooding of goafs. This can lead to the occurrence of 
adverse effects on surface objects.

2)	 The pressure of water filling the goafs is an important 
factor in size uplifting.

3)	 Based on the results of computer simulation, we 
noted that the maximum value of the uplifting in 
the considered area amounts to around 34 mm. This 
value does not exceed 2% of the subsidence caused 
by primary exploitation. The highest value has 
been designated in the area of an exploitation field 
overlapping respective seams.

4)	 Flooding of goafs also causes changes in terms of 
horizontal changes to the surface model. These 
changes are small and do not exceed 0.1 mm/m.
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