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ABSTRACT  

Purpose The aim of the research presented in this paper was to determine the impact of voids behind the lining on shaft stability. 

Methods 
This paper presents an example of extending the FLAC3D with the possibility of the simulation of concrete detachment 

and separation under specific conditions by means of a developed FISH routine. 

Results 

The appearance of voids and cavities behind the lining has been repeatedly observed in active shafts in Polish coal mines 

and can lead to the emergence of tensile forces in the lining. The study included 366 models of shafts using the rock mass 

properties of typical shale stone, coal, and sandstone found in the Upper Silesian Coal. 

Practical 

implications 

The presented concrete spalling algorithm may be used, especially, for the stability evaluation of locally damaged shaft 

lining or when there is a suspicion of void behind the lining.  

Originality/ 

value 

An important limitation of all continuous methods is the inability (except when using some additional tools) to simulate 

the rotations of predefined elements (blocks) and their separation from the rest of the object. The concrete spalling algo-

rithm presented extends the capabilities of FLAC3D with the possibility of simulating the detachment and separation of 

destroyed lining fragments. 
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1. INTRODUCTION 

Based on the rapid increase in the data processing capacity 

of computers and the development of increasingly enhanced 

software for numerical modelling, it seems to be advanta-

geous to use numerical methods to search for design solu-

tions – especially in cases of non-typical mining and geologi-

cal conditions and in cases that need to consider a large num-

ber of factors. The numerical methods currently in use can be 

classified as follows (Jing, 2003): 

 Continuous methods: 

– Finite difference method (FDM), 

– Finite element method (FEM), 

– Boundary element method (BEM). 

 Discontinuous methods: 

– Discrete element method (DEM), 

– Discrete fracture network (DFN) methods. 

 Hybrid continuous/discontinuous models.  

 

Discontinuous methods are promising for applications in 

rock and soil mechanics. The main difference between dis-

continuous and continuous methods is the former’s ability to 

rotate and even detach blocks in the deformation process. 

Nevertheless, the number of practical applications of discon-

tinuous methods is relatively low, mainly due to the need to 

select specific rock mass parameters which are difficult to 

assess under mining and laboratory conditions. In many cases 

another obstacle is high computational requirements. Due to 

these disadvantages, FDM, a continuous method, is still suc-

cessfully used in many aspects of rock mechanics, such as: 

 the design of steel arch support in Polish coal mines 

(Bock, Prusek, & Rotkegel, 2009), 

 the design and evaluation of mining shafts (Prusek, Rot-

kegel, Bock, & Szymała, 2011), 

 the estimation of horizontal in situ stress and soil cohe-

sion based on back analysis (Fakhimia, Salehic, & Mojta-

bai, 2004), 

http://jsm.gig.eu/
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 the analysis of seismic damage to deep underground 

openings (Genis & Gercek, 2003), 

 the analysis of methane emissions and gob gas venthole 

production (Karacan, Esterhuizen, Schatzel, & Diamond, 

2007), 

 the design of compensation grouting above shallow tun-

nels (Wisser, Augarde, & Burd, 2005). 

An important advantage of FDM is the relatively simple 

parameterisation of the model, which allows it to be applied 

based on results from basic laboratory and underground tests. 

The use of this method is especially accurate for stability 

verification of the models in conditions which are undamaged 

(or slightly damaged). However, in certain cases, there is  

a need to include the local damage of the structure with the 

detachment of destroyed parts in the numerical analysis. Such 

conditions are sometimes observed in the case of old linings 

of deep mining shafts, where part of the lining is damaged 

and yet – from the viewpoint of the entire structure – the 

shaft preserves its stability (Fig. 1). 

 

Fig. 1. Examples of deep lining damage: a – very wide and deep lining loss 
throughout the entire thickness, with rocks visible behind the former lining,  

b – deep lining damage (to a depth of approximately 20 cm),  
c – wide and deep lining damage 

The technical condition of the lining directly influences 

the stability of the shaft. The catastrophe at the "Bolesław" 

shaft in the "Bobrek" colliery of 6 September 1975 confirms 

this fact. The event was characterised by a very dynamic 

course and lasted merely 15 hours. First an increased outflow 

of quicksand from behind the shaft lining at a depth of 24 m 

was observed during the nightly shaft inspection and a verti-

cal fracture of the lining located below the outflow point. As  

a result of a concrete gutter element falling out, a 0.8-m long 

and 0.2-m wide vertical fissure came into existence through-

out the whole thickness of the shaft lining. Although provi-

sional packing had been placed in the gap in lining, made of 

ventilation fabric and planks, a considerable and violent in-

crease of the gap in the lining was observed after a short time, 

along with an intensive outflow of sand and water. As a result 

of influence from the water and changes in the load exerted 

on the shaft lining the latter began breaking over a considera-

ble length. On the western side of the shaft a crater was 

formed that uncovered foundations of the shaft bank house. 

After several hours the increasing crater caused the collapse  

 

of the shaft bank building which leaned against the head-

frame’s angled struts, breaking them and causing a collapse 

of the headframe (Fig. 2). 

 

Fig. 2. View of the collapsed headframe in the "Bolesław" shaft in the 
“Bobrek” colliery (Lecomte et al., 2012) 

The failure of the shaft lining was also the cause of a ca-

tastrophe in shaft "V" in the Knurów-Szczygłowice coal mine 

on the 4
th

 of September 2008. In spite of all the attempts 

made to repair the lining, the shaft lost its stability. A large 

crater was formed at the surface that in turn caused damage to 

the building facilities present in its impact zone (Fig. 3). 

 

Fig. 3. The catastrophe of shaft "V" in the Knurów-Szczygłowice coal mine: 
a – general view of the scene of the catastrophe from the north (the crater 

area is marked yellow), b – damaged nearby buildings  
(Prusek, Bock, Uszko, & Dziura, 2013) 

The primary cause of the accident at the shaft was damage 

(partial loss) of lining at a depth of 61.0–67.0 m. The catas-

trophe also caused complete destruction of the shaft bank 

building and headframe which fell over and down into the 

crater. The crater had a diameter at the ground surface of ca. 

60.0 m, a depth of around 11 m and an estimated volume of 

about 30,000 m³ (Prusek et al., 2013). 

The two previous examples show, that the volume of loos-

ened lining leading to a catastrophe is hard to estimate. In the 

first case the volume of breakage in the lining of only about 

0.1 m³ led to the loss of shaft stability. In the second example 

the shaft collapsed after the loss of a significant volume of 

lining at a depth of 61–67 m. The amount of critical breakage 

volume depends inter alias on such factors as the geological 

and mining conditions, technical state and the load distribu-

tion of the lining. The examined technical state of the lining 

in another shaft of the Upper Silesian Coal Basin confirms 

this fact. The macroscopic examination of the lining per-

formed by the author showed a great number of lining break-

ages requiring immediate repair (Table 1). However, despite 

the large total volume of the breakages (about 13 m³) the 

shaft maintained its stability. 
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Table 1. Identified losses of the shaft lining 

Bunton number Dimension [m] Approximate volume [m³] 

128–129 1.0 × 2.5 × 0.3 m 0.8 
136 1.5 × 1.0 × 0.3 m 0.5 

139 1.5 × 1.0 × 0.3 m 0.5 
149 1.5 × 1.0 × 0.3 m 0.5 

170 2.5 × 1.5 × 0.3 m 1.1 

174 4.0 × 2.0 × 0.4 m 3.2 
177 3.0 × 2.5 × 0.5 m 3.8 

183 1.5 × 2.5 × 0.3 m 1.1 
191 3.0 × 2.0 × 0.5 m 1.5 

To improve the numerical analysis, especially in cases 

where similar damage to that described above, a special algo-

rithm extending the capabilities of FLAC3D code has been 

developed and implemented using the built-in FISH inter-

preter.  

2. CONCRETE SPALLING ALGORITHM 

The developed subroutine continuously analyses the 

strength factor of particular parts of the lining and allows for 

their detachment and separation under specific conditions.  

A diagram of the algorithm is shown in Figure 4. 

 

Fig. 4. Diagram of the concrete spalling algorithm 

The subroutine developed checks the current plasticity 

state of a specific group of zones (for example, all zones of 

the shaft lining). Distinct states of failure (tension and/or 

shear) were not analysed. If less than 50% of the tetrahedra 

comprising the zone was in any sort of state of failure, then 

the zone was marked as damaged (cracked). If at least 50% of 

the tetrahedra was in a failure state, then the zone was 

marked as destroyed, and its location was analysed. If the 

destroyed zone comprised the surface layer of the lining and 

at least 50% of the adjacent zones around it were also desi-

gnated as destroyed or damaged, the subroutine executed the 

spalling simulation, and the selected zone was removed from 

the model. The assumed value of 50% of failure state of the 

tetrahedra comprising the zone is resulting from access re-

strictions of FISH functions – only the two states (below and 

above 50%) are possible to estimate. 

After each execution of the subroutine, the total volume of 

the removed zones was calculated and compared to the upper 

limit (default: 50 m³). If the upper limit was exceeded, then 

the calculation was interrupted and shaft failure was assumed. 

Otherwise, the equilibrium state was calculated. The subrou-

tine was used until no further spalling simulation was needed 

after reaching a steady state. In that case, the subroutine exi-

ted, and the main program continued. It must be noted, how-

ever, that the default upper limit of volume of the removed 

zone (50 m³) does not indicate the amount of lining required 

for loss of shaft stability. In all of the analysed numerical 

models the shaft stability was affected earlier – but it resulted 

in the expansion of the removed lining zones. Therefore the 

default upper limit equal to 50 m³ was introduced to prevent 

unnecessary further computations.  

3. VERIFICATION OF CONCRETE SPALLING 

ALGORITHM 

The verification of the spalling algorith was performed 

based on the examination of the void in one of the shafts of 

the Upper Silesian Coal Basin. The shaft, with a diameter of 

7.5 m, was sunk in 1972–1974. The void was located at  

a depth of about 90 m. The void’s examination was carried 

out by means of macroscopic observations of the lining and 

an optical tool for borehole inspection. The macroscopic 

inspections of the shaft in area of the void showed a dry lin-

ing, without visible water leakages, generally with good con-

ditions. However, close up inspections showed that the con-

crete could be removed by bare hands in certain regions of 

the lining. In the area of the void only a small opening in the 

lining is visible (Fig. 5a). However, further optical (intro-

scopic) inspections confirmed the presence of the void with 

dimensions of approximately 0.7 × 0.8 × 0.9 m. The presence 

of corrosion products in the roof of the void (Fig. 5b) indi-

cates that it was created before the rock mass was drained in 

result of previous coal seam mining – probably shortly after 

the sinking of the shaft. The tests performed showed loose 

material forming in the lining around the void. In the roof of 

the void only scratches and cracks in the concrete indicate the 

occurrence of compact material. 

Based on the data obtained, numerical model of the shaft 

lining with dimensions of 50 × 50 × 50 m was prepared  

(Fig. 6). The geological cross-section in the area of the voids 

encompasses a coarse sandstone, weakly compact, with  

a thickness of 41.5 m (68.5 to 110.0 m). Therefore, in the 
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numerical model a homogeneous rock mass with parameters 

shown in Table 2 was assumed. 

 

Fig. 5. The void behind the shaft lining: a – the opening in the lining with 
dimension of approximately 0.05 × 0.10 m, b – the roof of the void  

with visible corrosion products 

 

Fig. 6. The void in the tested area: a – sketch of the void based on the  
in situ tests, b – the numerical model of the void – view to the shaft,  

c – the numerical model of the void – view from the shaft 

Table 2. Mechanical properties of the rock mass in the area of the void 

Lithology 

Intact  
rock 
UCS 

[MPa] 

Density 
[kg/m³] 

Modulus 
of 

elasticity 
[MPa] 

Rock mass 
Poisson’s 

ratio 
[-] 

Rock  
mass  
cohe-
sion 

[MPa] 

Internal  
friction  
angle 

[degree] 

Rock 
mass  

tensile  
strength 

[MPa] 

GSI 
[-] 

Sandstone 24.0 2200 4500 0.23 4.30 25 0.55 50 

Unfortunately, no strength tests of the concrete lining du-

ring the shaft inspection were carried out. Therefore, in the 

numerical calculations 5 variants of models with different 

parameters of the concrete lining were analysed (Table 3).  

Table 3. Mechanical properties of the lining in the area of the void 

Thickness 
[m] 

UCS 
[MPa] 

Density 
[kg/m³] 

Modulus of 
elasticity 

[MPa] 

Poisson’s 
ratio 

[-] 

Cohesion 
[MPa] 

Internal  
friction  
angle 

[degree] 

Tensile  
strength 

[MPa] 

0.5 

15.0 

2.500 

18,200 

0.20 

4.69 

28 

1.50 

10.0 14,900 3.12 1.00 

7.5 12,900 2.34 0.75 

5.0 10,500 1.56 0.50 

2.5 7,430 0.78 0.25 

It was assumed that horizontal displacements at the side 

boundaries are equal to zero and vertical displacements at  

the bottom boundary also equal zero. At the top a load of 

1.625 MPa was applied to represent the overburden of 

weight. The calculations were performed in stages: 

 in the first stage the elastic model was solved, 

 in the second stage the simulation of shaft sinking was 

simulated and the elastic-plastic model (C-M) was solved, 

 in the third stage a stress-state in the lining was calculated, 

 in the fourth step the appearance of the void was simula-

ted and the changes in the stress-state of the lining were 

calculated. 

Stages 2–4 were repeated for each subsequent types of con-

crete. The numerical calculations showed, that for concrete 

lining with a compressive strength of 15.0, 10.0 and 7.5 MPa the 

lining maintained its stability despite the presence of the void. 

This is mainly due to the small horizontal loads of the lining 

(about 0.9 MPa) resulting from the sandstone layer (Fig. 7).  

 

Fig. 7. Initial stress-state in the numerical model: a – the vertical stresses,  
b – the horizontal stresses 

In the case of concrete lining with low compressive 

strength (2.5 MPa) the occurrence of void led to a wide gap 

in the lining and the destruction of an area of about 3.5 m² 

(Fig. 8). Among the studied variants of concrete strength the 

best results of numerical calculation were obtained for con-

crete with a compressive strength of 5 MPa (Fig. 9). The 

accuracy of the results was verified by the stress distribution 

in the lining and the occurrence of plasticity zones in the 

areas where the underground tests showed reduced compact-

ness of concrete (loosened material). 

 

Fig. 8. Breach in the shaft lining in the area of void and the plasticity zone 
for low strength concrete lining (compressive strength equal 2.5 MPa) 

 

Fig. 9. Plasticity zone and strength factor of the lining for concrete with  
a compressive strength equal to 5 MPa: a – view to the shaft,  

b – view from the shaft 

a) b) 

c) 

a) 
b) 
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The results obtained from the numerical model of the void 

located in one of the shafts of the Upper Silesian Coal Basin 

allowed for the positive verification of the developed algo-

rithm and methodology of the study. The numerical model 

obtained correctly mapped the distribution of stress in the 

lining and plasticity zone. 

4. IMPACT OF VOID WITH VARIOUS VOLUME ON 

SHAFT STABILITY 

The subroutine described above was used to analyse the im-

pact of voids behind the shaft lining on shaft stability. Numeri-

cal analysis was carried out in stages. In the first stage, the 

model geometry was generated based on the initial parameters, 

and an elastic solution was calculated. In the next stage, the 

shaft was drilled, and the lining was erected. After solving the 

elastic-plastic model, additional sub-routines developed in the 

FISH language were used to create a matrix of the actual 

stress-displacement state and horizontal loading of the shaft 

lining. Finally, the growth of the void behind the lining was 

simulated, and the changes in the matrix were registered. 

In addition, calculations were performed using the spalling 

subroutine described earlier. The adopted methodology is 

presented in diagram form in Figure 10, and a view of the 

generated model with total dimensions of 50 × 50 × 50 m is 

presented in Figure 11. 

 

Fig. 10. Diagram of the adopted methodology 

Numerical calculations were performed using three types 

of homogeneous rock mass commonly found in Poland in the 

Silesia Coal Basin (Bukowska, 2005): shale stone, coal, and 

sandstone. The mechanical properties of the rocks studied are 

shown in Table 4. In addition, variable lining strength param-

eters and thicknesses were analysed (Table 5). In each of the 

cases, the growth of the void behind the lining was simulated 

from step 0 (no voids behind the lining) to step 9 (Table 6, 

Fig. 12). In all models a constant shaft diameter (7.0 m) and 

Coulomb-Mohr failure criteria was assumed. 

 

Fig. 11. Example of the numerical model used for computation: a – general 
view of the model, b – example of the simulated void behind the lining 

Table 4. Mechanical properties of the rocks studied 

Lithology 

Intact  
rock  
UCS 

[MPa] 

Density 
[kg/m³] 

Modulus of 
elasticity 

[MPa] 

Rock  
mass 

Poisson’s  
ratio 

[-] 

Rock  
mass  

cohesion 
[MPa] 

Internal  
friction  
angle 
[de-

gree] 

Rock  
mass  

tensile  
strength 

[MPa] 

GSI 
[-] 

Shale stone 25.0 2300 6700 0.26 1.79 28 0.59 50 

Coal 14.5 1300 2300 0.30 0.81 18 0.22 36 

Sandstone 40.0 2400 11000 0.23 3.37 38 1.06 55 

Table 5. Mechanical properties of the lining 

Type 
(class) 
of con-
crete 

Thickness 
[m] 

UCS 
[MPa] 

Density 
[kg/m³] 

Modulus of 
elasticity 

[MPa] 

Poisson’s  
ratio 

[-] 

Cohe-
sion 

[MPa] 

Internal 
friction 
angle 

[degree] 

Tensile  
strength 

[MPa] 

C12/15 
0.3 
0.4 

15.0 

2,500 

18,200 

0.20 

4.69 

28 

1.50 

C16/20 
0.5 
0.6 

20.0 21,000 6.25 2.00 

C20/25 
0.7 
0.8 

25.0 23,500 7.81 2.50 

C25/30 0.9 30.0 25,700 9.37 3.00 

Table 6. The subsequently growth of the void behind the lining 

Calculation step Maximum dimension of the void [m] Void volume [m³] 

1 0.5 × 0.3 × 0.1 0.014 

2 1.0 × 0.6 × 0.2 0.076 

3 1.5 × 0.9 × 0.3 0.203 

4 2.0 × 1.2 × 0.4 0.476 

5 2.5 × 1.5 × 0.5 0.894 

6 3.0 × 1.8 × 0.6 1.438 

7 3.5 × 2.1 × 0.7 2.252 

8 4.0 × 2.4 × 0.8 3.072 

9 4.5 × 2.7 × 0.9 4.489 

 

Fig. 12. Modelling of the void behind the lining in various stages 

The use of the developed concrete spalling subroutine sig-

nificantly influences the calculation results. Examples of the 

changes in the fracture zones and the loosening of the lining 

for the model with and without the subroutine are shown in 

Figure 13. 

a) b) 
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Fig. 13. Comparison of the calculated fracture zones and loosening of the 
lining for a void located in the shale stone at a depth of 600 m  

behind 50-cm-thick concrete lining (C20/25):  
a – default model, b – model with spalling algorithm 

The results presented in Figure 13 show that for the first 

steps of calculation in both models, the converging fracture 

zones were obtained. Differences began to emerge starting in 

step 7 (void with dimensions of 3.5 × 2.1 × 0.7 m and a vo-

lume of 2.252 m³). In the default model, only local fracture 

zones in the area of the void were observed. However, in the 

model with the spalling algorithm, the same void creates 

significantly larger fracture zones and more extensive loose-

ning of the lining. 

In the first stage of calculations aimed at the assessment of 

the impact of lining parameters on shaft stability in the area 

of voids, the following assumptions were made, there: 

 was a homogeneous rock mass with parameters of shale 

stone, 

 was a shaft diameter of 7 m, 

 were two variants of the initial loading (10.0 and 15 

MPa), corresponding to the presence of voids at depths of 

400 and 600 m, 

 were lining strength parameters corresponding to C12/15, 

C16/20, C20/25, and C25/30 concrete. 

Figure 14 presents changes in the volume of the damaged 

lining for different types of concrete, various sizes of void 

and a constant thickness of the lining (0.3 m). The total vo-

lume of the damaged lining distinguished between three types 

of damage: fractured lining (where failure state of less than 

50% of the tetrahedra comprising the zone was detected); 

destroyed lining (where more than 50% of the tetrahedra 

comprimising the zone was damaged, but the destroyed zone 

was not removed from the model due to the previously de-

scribed restrictions); and spalled lining (the zone was marked 

as destroyed; spalling simulation was executed). 

Figure 15 presents the impact of various lining thickness 

and strength parameters on shaft stability in the area of the 

void with a constant volume of 4.5 m³. For reasons of clarity 

of the chart, the volume of the damaged lining wasn’t distin-

guished between the three types of damage and only the total 

value was presented. 

The first stage of calculations shows that in cases where 

the concrete class C12/C15 was used, regardless of the lining 

thickness, every emergence of a void created a loss of shaft 

stability. For lining with a thickness of 0.3 m, the critical void 

volume was equal to approximately 0.5 m³ for C16/C20 con-

crete, approximately 0.9 m³ for C20/C25 concrete, and ap-

proximately 1.5 m³ for C25/C30 concrete. However, regard-

less of the class of concrete used for the lining, for thinner 

linings (0.3–0.5 m), a more dynamic impact of the void was 

observed. In turn, for thicker linings, regardless of the con-

crete class used, the increasing void behind the lining induced 

a slower, systematic expansion of the cracks in lining. Even-

tually, for some models, the concrete was destroyed and 

spalled, and the shaft became unstable. 

 

Fig. 14. Impact of lining strength parameters (thickness of 0.3 m) on shaft 
stability in the area of voids located at a depth of 400 m in shale stone 

 

Fig. 15. Impact of lining thickness and strength parameters on shaft stability 
in the area of the void with a volume of 4.5 m³ located at a depth of 400 m 

in shale stone 

More dynamic changes were obtained for the models with an 

initial load corresponding to a depth of 600 m (Fig. 16 and 17). 

 

Fig. 16. Impact of lining strength parameters (thickness of 0.6 m) on shaft 
stability in the area of voids located at a depth of 600 m in shale stone 

With the thusly altered initial conditions, regardless of the 

lining thickness or strength parameters, a relatively dynamic 
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impact of the void on the lining was observed, with a distinct 

increase in the fracture zone after exceeding the threshold 

values of the void. The limits varied for different models 

depending on the lining strength properties and thickness. 

 

Fig. 17. Impact of lining thickness and strength parameters on shaft stability 
in the area of a 4.5-m³ void located at a depth of 600 m in shale stone 

Of course, the shaft stability in the area of the void varies 

depending on the properties of the rock mass. Therefore, 

additional calculations were performed for the rock mass 

properties of coal. In most of the cases analysed, a loss of 

shaft stability was observed; in some of the models, this loss 

occurred even before the smallest void appeared. Only in 

cases of thick lining (0.8 and 0.9 m) of C25/30 concrete did 

the results show the possibility of preserving shaft stability 

without lining damage in the area of a 4.5-m³ void located at 

a depth of 400 m. Furthermore, the results indicate a signifi-

cant increase in the dynamics of changes relative to the mo-

dels with rock mass properties of shale stone (Fig. 18). 

 

Fig. 18. Impact of lining thickness and strength parameters on shaft stability 
in the area of a 4.5-m³ void located at a depth of 400 m in coal 

In the final stage of the calculations, a similar analysis was 

performed for the models with the rock mass properties of 

sandstone. The results show that the shaft remained stable, 

even for a 4.5-m³ void located at a depth of 400 m, regardless 

of the analysed lining thickness and strength parameters (only 

in the case of a 0.3-m-thick lining and lower strength parame-

ters (C12/C15 concrete) was a small area of fractured and 

spalled concrete observed). A loss of shaft stability occurs 

only in cases of voids located at a depth of 600 m for lining 

made of low-strength concrete (Fig. 19). 

 

Fig. 19. Impact of lining thickness and strength parameters on shaft stability 
in the area of a 4.5-m³ void located at a depth of 600 m in sandstone 

The results obtained also show that the sandstone model 

yielded less dynamic changes than the shale stone and coal 

models. 

These examples only show some of the analysed cases; 

nevertheless, they are representative of the typical trends of 

the impact of voids on shaft stability for different conditions 

of their occurrence and lining parameters. 

5. SUMMARY 

Assessing the stability of existing concrete structures may 

require – as in the case of the lining of mine shafts – the in-

clusion of the identified lining damages in the calculations 

and the determination of their causes. To improve numerical 

analysis, a special algorithm has been developed and imple-

mented in FLAC3D code using the built-in interpreter FISH. 

The algorithm extends the capabilities of FDM, thereby al-

lowing the detachment and separation of destroyed lining 

fragments to be simulated. The comparative tests that ob-

tained results for models with and without the spalling algo-

rithm are similar for minor damages limited to a small area. 

Differences occur in cases of more extensive damage – the 

developed algorithm indicated the formation of areas of 

spalled concrete and increased the rate of structural deteriora-

tion in response. 

This paper also presents an example of applications of the 

algorithm to evaluate the impact of voids behind the lining on 

shaft stability. The study included models using the rock 

mass properties of typical shale stone, coal, and sandstone 

found in the Upper Silesian Coal Basin. For each such va-

riant, a series of calculations was performed for various lin-

ing thicknesses and strength properties and two initial load-

ings (corresponding to depths of 400 and 600 m). A total of 

336 calculations of numerical models were performed. For 

each of the models, the impact of the gradual expansion of 

the void behind the lining on shaft stability was analysed. 

The results indicate that in most cases, the use of concrete 

with a higher compressive strength decreases void impact on 

shaft stability. However, this finding also causes an increase 

in the dynamics of the impact (e.g., an abrupt damage occur-

rence or loss of shaft stability). The dynamics of the changes 

were significantly influenced by the type of modelled rock 

mass; the growth of fractured zones was rapid for rock mass 

with coal properties, average for shale stone, and slow for 

sandstone. 
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