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Abstract: The development of crosscuts within mining shafts’ protective pillars causes a change of state of
stress in the surrounding rock mass. It also causes deformations of the rock mass and the surface. It is essen-
tial to conduct prediction analysis of the deformations and stresses in order to secure a proper functioning of
a shaft located within the protective pillar. It is recommended that the analysis should be based on the inte-
gration of the finite element method (FEM) and geodetic monitoring results. FEM makes it possible to de-
termine the rock mass stresses and displacements in the shaft protective pillars and in the surrounding rock
mass. It makes is possible to determine the safety and proper functioning of the shaft. The results of the
FEM analysis of the impact of crosscuts and mining activities on rock mass deformations inside and on
the surface of the protective shaft pillar are presented. The influence of mining extractions was investigat-
ed. The mining panels were located around the safety pillar in three regions NW, SE and SW and the
crosscut were located within the safety pillar. The presented methodology will allow for the determination
of the deformations and strains in case of farther development of crosscuts within the protective shaft pilar
and by planned mining activities around the pillar.

Keywords: finite elements method, stress, protective pillar, deformation

* Corresponding author: anna.chrzanowska@pwr.edu.pl (A. Szostak-Chrzanowski)

doi: 10.37190/msc202717



254 E. WARCHALA, A. SZOSTAK-CHRZANOWSKI

1. INTRODUCTION

Mining shafts are located within sufficiently large protective pillars. They serve
to provide: a) access for the transport of mined ore and mining service personnel,
b) mining ventilation, and c¢) water drainage. The safety and proper operations of
mining shafts are affected by mining activities around and within the safety pillars.
In order to increase economy of under ground mining, there is often pressure to
mine the deposit at a close proximity to the borders of the safety pillars or even
within their borders. Additionally, various types of crosscuts are constructed within
the boundaries of the shaft protective pillars. The shaft behaviour may be affected
and the stability may be threatened by even a comparatively small amount of ore
mined in its close vicinity (Pariseau et al. 1996). The Mining Department of Poland
called for special attention to these type of situations. There was also an urgent
need to analyze the impact of crosscuts on the deformation of the rock mass and its
surface and the change of stress.

Until recently, nonparametric methods were used to predict surface deformations
caused by underground mining. Nonparametric methods treat the deformable object,
in this case the rock mass, as a “black box” (Welsch, Heunecke 2006). In this case
the physical parameters of the investigated object are unknown. The mathematical mod-
el uses only empirical parameters to characterise the rock mass and mining activity. In
Poland, the most popular nonparametric method in use is the Influence Function Method
based on theory developed by Budryk—Knothe (Knothe 1984). The method was adapted
to determine the rock mass deformations within the safety pillars (Dzegniuk et al.
2003; Niedojadto 2008; Popiotek 2009; Niedojadto, Gruszczynski 2010). It was as-
sumed that the rock mass at the depth of the mining excavation, or at the depth of the
bottom of the shaft has zero degrees of freedom (Niedojadto 2008; Niedojadto, Grusz-
czynski 2010). This assumption was used in the analysis of the geodetic monitoring
(Popiotek, Ostrowski 2001; Patykowski, Kadziotka 2010). The Budryk—Knothe nonpa-
rametric theory does not provide the determination of stresses in the rock mass sur-
rounding mining workings.

To address the need for the determination of the state of stress and deformations
of the rock mass surrounding the mining shaft, parametric methods are more suita-
ble. Parametric methods treat the deformable object as a “white box™ (Welsch,
Heunecke 2006). In this case the physical parameters of the investigated object are
known. The parametric method is based upon the principles of continuum mechan-
ics and allows for a mathematical formulation of the boundary value problem. The
solution of the boundary value problem must satisfy the equation between stresses
and displacements, kinematic and constitutive relations. In the case where there is
underground mining activity boundary conditions, zero degrees of freedom must be
specified at the required distance from the mining excavation, in order to not affect
the solution.
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Burtan (2010A; 2011B) and Pawelus (2013) used a closed form solution of the
boundary value problem to calculate deformations around the mining opening. Zorychta
et al. (1999A; 1999C; 1999D) used a closed form solution to determine the defor-
mations of layered rock mass. In the model, each layer of the rock mass was repre-
sented as a simple beam.

The Finite Element Method (FEM) became a preferable numerical method used to
solve the equations describing the boundary value problem (Szostak-Chrzanowski 2008).
In order to gain a better understanding of the deformation of an investigated object,
FEM results may be verified using the results of geodetic monitoring (Chrzanowski,
Szostak-Chrzanowski 2010; Warchala, Szostak-Chrzanowski 2016). Figure 2 shows
the diagram of Integrated Analysis. It shows the interaction among the steps of defor-
mation analysis (Chrzanowski, Szostak-Chrzanowski 2010).

Design of monitoring Multi-sensor
i:> scheme > monitoring and
data processing

i v

Deterministic Geometrical
Modeling of expected [gu...cssenn analysis
deformations

I Integrated analysis and

physical interpretation

Mitigation Measures
Safety
Economy
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Fig. 1. Integrated system for deformation monitoring and analysis

2. FEM MODEL OF MINING ACTIVITY

Three-dimensional problems may be simplified by two-dimensional analysis using
properly selected cross-sections. Generally, geological, mining, geomechanical and
geodetic data as well as mining plans are used for conducting FEM analysis. An ex-
ample of the cross-section covering both the exploitation and the protective pillar and
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the space covered by possible influences is shown in Fig. 2 (Warchala, Szostak-
Chrza-
nowski 2016).

Deterministic modeling of rock mass deformation is a challenging process
because the in situ rock mass is an inhomogeneous material and the determination
of the in situ rock properties poses difficulties. Linear-elasticity models are still
most widely used in the modeling behaviour of rocks, especially hard rock (Jing
2003). In the case of brittle rock mass subjected to tensional stress, the transversely
isotropic elasticity model may be used to form the constitutive matrix (Szostak-
-Chrzanowski, Chrzanowski 2008). Use of more sophisticated constitutive models
in rock mechanics may not be practical because of the difficulties of the determina-
tion of rock material parameters. For the analysis subsequently discussed, the line-
ar-

-elastic and transversely isotropic models were chosen to model the behaviour of
the rock mass.

MINING
EXTRACTION

A

&

SAFETY PILLAR

PROTECTED OBJECT

i

OBSERVATION LINE | ,
AA' - cross-section

Fig. 2. Example of a cross-section for FEM analysis

The FEM analysis conducted focuses on the impact of crosscuts and mining
activities on rock mass deformations inside and on the surface of the protective
shaft pillar. The influence of mining extractions was also investigated. The min-
ing panels were located around the safety pillar in three regions: NW (panel | and
panel I1), SE (panel IlIl) and SW (panels IV-VII). The locations of the mining
panels is shown in Fig. 3. The rock mass and mining extraction parameters were
accepted as given in Warchala and Szostak-Chrzanowski (2016). The linear-
elastic and transversely isotropic models were chosen to model the behaviour of
the rock mass.

Cross-sections A-B and C-D were chosen to analyze the influence of mining ac-
tivity on deformations of the safety pillar. A-B cross-section included panels I, 1I,
and 111, located on both sides of the protective pillar and C-D cross-section included
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panels 1V, V, VI, and VII located on one side of the pillar. The main purpose of the
analysis was to obtain the impact of crosscuts inside the shaft protective pillar.

3. FEM MODEL OF MINING ACTIVITY

Seven mining panels are located around the shaft safety pillar. Panels | and panel Il
are located North-West from the shaft. They are separated by a geological fault. Panel 11l is
located South-East from the shaft. Panels 1V, V, VI, and VII are located South-West
from the shaft. The plan of the mining activities is shown in Fig. 3. The crosscuts are

located within the safety pillar at the level of mining workings Il, Ill, and V.
~ GEOLOGICAL
| \_ FAULT CROSS-SECTIONS

“ } PILLAR BORDER OF
~ ‘ INTERIOR PROTECTIVE
PILLAR
’ % (]
P =

Fig. 3. Plan of mining activities

The geology of the rock mass was accepted based on data obtained from the mine.
The rock mass of the investigated cross-sections was divided into six tabular geologi-
cal formations. The geology of A-B and C-D cross-sections is shown in Figs. 4 and 5,
respectively.
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The values of geomechanical parameters of each geological formation were taken
from Warchala and Szostak-Chrzanowski (2016). The geomechanical parameters are
given in Table 1. The geomechanical parameters of geological formations located
around a geological fault had lower Young modulus values based on the lower rock
mass quality. Based on Rock Mass Rating (RMR) system (Bieniawski 1974). Young
modulus values of the corresponding rock mass geological formation on both sides of
the fault were scaled by factor of ten in respect to their original in-situ values (Warchala
et al. 2017). The scaled geological formations around the fault are marked as: 2U, 3U,
4U, 5U, and 6U. The geological parameters of the fault rock mass are given in Table 1.
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Fig. 4. A-B geological cross-section
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Fig. 5. C-D Geological cross-section
Table 1. Geomechanical parameters of geological strata
Young modulus Unit weigt . .
Layer [MPa] [kN/m] Poisson ratio
1 3000 24 0.25
2 16 000 25 0.12
3 8 000 25 0.12
4 16 000 29 0.12
5 25 000 27 0.12
6 6 000 27 0.12
2U 1600 25 0.12
3U 800 25 0.12
4U 1600 29 0.12
5U 2 500 27 0.12
6U 600 27 0.12

Mining exploitations regions were modeled taking under consideration their mining
methods. The Young moduli of all exploitations were verified using results of geodet-
ic monitoring. The values of Young moduli are shown in Table 2.

Table 2. Young moduli of mining panels: 1-V1I

Panel | I 11 Panel v \Y VI Vil

Young modulus Young modulus
[kPa] 15 100 ! [kPa]

100 70 50 60
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4. DEFORMATIONS AND STRESSES DUE TO MINING ACTIVITY
AND CROSSCUTS IN SHAFT SAFETY PILLAR

The state of stress and deformations due to mining activity were accepted as the initial
state and the analysis was marked as F1. Next, the impact of crosscuts on the stress

Table 3. Geomechanical parameters of crosscuts

Analysis E [MPa] v
F1 25000 0.2
F2 12 500 0.2
F3 6250 0.2
F4 12 500 0.4
F5 Directional E
F6 2500 | 0.2

distribution and deformations was determined. The crosscuts, whose geometry
was three-dimensional, were represented in two-dimensional analyses by equiva-
lent geometry and geomechanical parameters. Three separate assumptions regard-
ing values of Young modulus and Poisson ratio in linear-elastic analyses were
accepted. The analyses are marked as F2, F3, and F4. Additionally, the equivalent
rock mass of crosscuts was characterised using the transversely-isotropic model
(Analyses 5 and 6). The values of Young modulus and Poisson ratio are given in
Table 3.

5. DEFORMATIONS CALCULATED
USING FEM

Surface subsidence in A-B and C-D cross-sections are shown in Figs. 6 and 7, re-
spectively. The crosscuts do not have influence on vertical deformations of the sur-
face.

Vertical strains in the centre of the shaft in A-B and C-D cross-sections are shown
in Figs. 8 and 9, respectively. Horizontal strains in the centre of the shaft in A-B
Cross-
-section and C-D cross-section are shown in Figs. 10 and 11, respectively. The largest
change of horizontal strain is at the bottom of the shaft and reaches 0.3 mm/m case of
A-B cross-section and 0.34 mm/m case of C-D cross-section.
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Fig. 8. Vertical strains of the shaft axis A-B cross-section
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6. CONCLUSIONS

Fig. 11. Horizontal strains of the shaft axis — C-D cross-section

Results of the FEM analysis give information on the deformations and strain redistri-
bution in the rock mass in the vicinity of the shaft which were caused by cross-cuts
within the protective shaft pilar and by existing and planned mining activities around
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the pillar. The largest vertical displacements of the ground surface caused be cross-
cuts were 90 mm for A-B cross-section and 20 mm for C-D cross-section. The largest
displacements were obtained using the transeverly-izotropic model of the cross-cuts
region. The calculated displacements were very small and they did not pose a safety
threat to objects on the surface. The crosscuts within the shaft protective pillars do not
have significant influence on vertical deformations of the surface.

The presented methodology will allow for the determination of the deformations
and strains in case of farther development of crosscuts within the protective shaft
pillar and by planned mining activities around the pillar.
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