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Abstract

Numerical modelling techniques are not new for mining industry and civil engineering projects anymore.
These techniques have been widely used for rock engineering problems such as stability analysis and support
design of roadways and tunnels, caving and subsidence prediction, and stability analysis of rock slopes.
Despite the significant advancement in the computational mechanics and availability of high speed
computing hardware, the input data and constitutive models remain the main source of errors affecting the
reliability of numerical simulations. The problem with the input data has been deepened more by introducing
empirical-based methods such as GSI classification to downgrade the rock properties from laboratory scale
to field scale. The deformability modulus and strength parameters are the main outputs of these downgrading
techniques. Numerical modelling users simply apply these downgrading methods and run the model without
considering the real mechanics behind the stress induced failure and deformation around the underground
excavations. While to the contrary to the commonly used downgrading methods that produce a constant
modulus for rock at all depths, the rock modulus is stress dependent and varies with depth. In addition to
this, the mechanism of stress induced displacement is not similar to the deformation of a continuum model
simulated with equivalent rock properties. Apart from the mechanical characteristics of rocks, the magnitude
and orientation of in-situ stresses are two other important parameters that have significant impacts on stress
induced rock fracturing. The impacts of these two parameters have also been neglected in many practical
cases. This paper discuss this old fashioned topic in more details with presenting the known facts and
mechanics which numerical modelling users ignore them due to the unquestioning acceptance of
downgrading methods. It also covers the influence of the stress magnitude and orientation on stress induced
rock fracturing.
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1. Introduction

Underground excavations including roadways,
panels, and stopes are means of access and
extracting the underground reserves in mining
industry. In addition, excavation of the
underground structures is a common practice in
civil engineering for infrastructure projects such
as road tunnels, underground power plants, and
underground storages. For all these cases, the
underground excavations are created in rocks
which their stability analysis and design impose a

number of different challenges to both civil and
mining projects. Instabilities could cause a
significant damage to the equipment, disruption to
the operation/project or worse, fatalities with
significant financial or social consequences.

Over the years, several methods have been
introduced to assess stability of the underground
excavations. All these methods can be classified
into three main groups of empirical methods,
numerical modelling methods and analytical
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methods. Empirical methods forecast the rock
behaviour and propose support system by
comparing the geotechnical characteristics of the
projects with historical dataset and experiences
[1]. Although the reliability of these methods is in
dispute, they are still common in both mining and
civil engineering projects due to their simplicity to
use.

Analytical methods use the fundamentals of the
solid mechanics and provide formulations to
calculate the stress distribution and the
corresponding displacement around  the
excavations. Although these methods rely on too
many assumptions and simplifications which limit
their application for practical cases, they are
brilliant for the initial analysis and understanding
of the mechanics.

Numerical modelling methods are not new for
both mining and civil engineering projects
anymore. These methods have been applied for
almost all these projects to assess the stability and
to design the support system. Over the last two
decades, several commercial software packages
have been introduced to the industry. They have
been developed on the basis of various numerical
modelling techniques such as finite element, finite
difference, distinct element, boundary element
and combined methods [2]. The rapid advance in
high speed computing hardware has also
facilitated the use of numerical modelling in
practice. Despite all these developments and
acceptances, numerical modelling methods still
suffer from an old fashioned problem that is the
input data. In fact, the numerical modelling is
absolutely a calculator that uses input data,
conducts a series of mathematical operations, and
gives outputs as the model results.

As a common practice, most numerical modelling
users downgrade the rock mass strength and
deformability data from laboratory results through
empirical based methods. The GSI classification
is the most well-known method for this
downgrading approach [3]. It is very easy to use
and it produces the required data very quickly.
The users apply this method and build an
equivalent continuum model and job done. The
unquestioning acceptance of this approach results
in just some well-presented and coloured graphs
and pictures that in most cases do not match with
the real behaviour of the underground structures.
In addition to the strength and deformability
characteristics, the magnitude and orientation of
in-situ stresses are two other parameters that have
significant impacts on the stress induced
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fracturing and displacement of the underground
excavation.

This paper discussed the mechanism of stress
induced fracturing, and put insights into errors
which are raised by blindly using of the rock
strength  and  deformability =~ downgrading
techniques. It also shows how important is the
stress magnitude and orientation for a reliable
stability = assessment of the underground
excavation. The data from some real underground
roadways in Australian coal mines were used to
discuss the topic of the paper.

2. Instability modes for
excavations

Instabilities in underground excavations can be
classified in three groups: 1) structurally
controlled instabilities caused by pre-existing
discontinuities; 2) instabilities caused by stress
induced rock fracturing; 3) combination of stress
induced fracturing and pre-existing discontinuities
[4].

Intersection of the pre-existing discontinuities
forms blocks and they might fall or slide into the
underground exaction when they have been cut by
the excavation boundaries (Figure 1). Instability
of the rock blocks is highly depended to their
geometry and the frictional resistance of their
forming surfaces [5]. For the blocks with sliding
mode of movement, shear resistance on the sliding
joints controls the stability. For all structurally
controlled instabilities, stress around the
excavation only has an impact on the frictional
resistance of the joint surface. Since a larger size
underground excavation provides a larger void for
movement of the larger rock blocks, this type of
instability should be assessed in more detail for
larger excavations.

underground

Figure 1. Rock blocks formed by intersection of pre-
existing discontinuities and excavation boundaries

5].
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The stress induced rock fracturing and associated
displacements directly control the second and
third types of instabilities. Underground
excavations disturb equilibrium state of the in-situ
stress and impose a new stress distribution [4].
Depending on the excavation geometry and in-situ
stress tensor, magnitude of stress distribution
(concentration) varies around the excavation.
When magnitude of the new distributed stress
exceeds the strength of the intact rocks (not rock
mass), it causes rock fracturing.

The shear and extension (tensile) failure modes
are two possible failure modes for a rock under
triaxial and uniaxial loading conditions [6]. Both
failure modes have been widely accepted by the
industry and academics, and are included in all
commercial numerical modelling software
packages. The shear failure mode happens when
the applied maximum principal stress exceeds the
confined strength of the rock. On the basis of the
Mohr-Coulomb failure criteria, the shear plane is
oriented at an angle equal to /4 — ¢ /2 with the
orientation of o;. For tension failure, the
minimum principal stress is positive and is higher
than the tensile strength of the rock.
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Except for the rockburst event where a volume of
rock fails in a violent way and breaks down to
small pieces, rock fracturing occurs gradually as
forming of a new fracture. Apart from the visible
fracture plane, the rest of the rock volume also
experiences micro-fracturing, which is not visible.
This mechanism was observed in the laboratory
scale like the triaxial tests [7]. At the end of the
test, the macro-fracturing plane is visible as a
shear plane. Micro-fracturing affects the
deformability and strength (called softening in this
paper) of the rock blocks in both sides of the
failure plane (Figure 2).

The bearing capacity in the direction of failure
plane is dropped to the residual strength of the
failure plane. The plastic deformation of the
softening zone due to its weight or because of
acting stress is added to the initial elastic
deformation which can be detected by a
monitoring system.

Intersection of the stress induced rock fractures
with the pre-existing discontinuities can formes a
removable block. The stability of these blocks
again depends on their geometry relative to the
excavation and the frictional resistance of their
limiting surfaces.
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Figure 2. Micro-crack development and visible fracturing state observed in laboratory scale [7].

3. Uncertainties caused by use of downgrading
methods

As mentioned earlier, rock strength and rock
stress are the main parameters that control rock
fracturing. Rock fails when the rock stress
exceeds the rock strength. On the basis of the
author’s experience, for a cost effective 2D
numerical modelling of an underground roadway
in a coal mine (with a width of 5 m and a height
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of 3 m), the element size is around 10 cm * 20 cm
(rectangular zone size in FLAC2D). For a 3D
model (FLAC3D) of the same roadway which
takes at least 5-7 days to simulate 15 m length of
the roadway, the element size is 10 cm * 20 cm *
25 cm. All the mesh based numerical modelling
methods check the failure state of the individual
zones for an elastic-plastic modelling (Figure 3).
In fact, the software compares the strength of each
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zone with the maximum stress acting on that zone.
At the end of modelling, the software determines
the failure zone around the roadway and
corresponding displacements. Therefore, the final
behaviour of the roadway is assessed by
considering the failure mode and deformation of
the individual zones as a whole system.

where og.,is the strength of rock mass, o.; is the
strength of intact rock, and m;, s, and a are
constant parameters depending on the rock type
and GSI value of the rock. The following
equations are used to calculate the values of m,,
s, and a:

The following equation has been presented by [3] m, =m, exp(GSI — 100) )
. . 1
to calculate the downgrading ratio for the strength 28-14D
of the rock using the GSI classification: 5 =exp (GSI - 100) 3)
a—1 9-3D
Oem _ (mb +4s —a(m, —8s)(m, /4+s) ) 11, aans o .
o, 2(1+a)(2+a) a=-+ele —e ) 4)
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Figure 3. Failure modes around a coal mine roadway obtained using 2D and 3D modelling [8].

where, D is the disturbance factor which is
estimated by wusing a provided descriptive
classification; it is 0 for very well-controlled
blasting practice and for mechanized excavation.
m; is the Hoek-Brown failure criteria constant for
intact rock, which normally varies between 5 and
30 for different rocks.

For most of the coal measure rocks, there are three
main  pre-existing discontinuities including
bedding planes, and two joint sets perpendicular
to the bedding planes [9]. Therefore from the GSI
classification methods, GSI value for a blocky
rock mass formed by 3 or 4 joint sets varies from
50 to 70 for the surface quality of poor to good
conditions (Figure 4). From Equation (1), for a
rock mass with GSI values of 50-70 and m; = 17
(typical value for sandstone) the downgrading
ratio varies from 0.2 to 0.33. As seen in this
figure, GSI-based downgrading method produces
a downgrading ratio of 0.68 for a rock with
GSI = 90. When GSI = 100 which presents an
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absolute intact rock, the downgrading value is 1.2,
which is an unacceptable value.

When this downgrading method is applied to a
numerical model, it is assumed that all the
numerical model zones have same GSI values. For
coal measure rocks, this assumption means that all
numerical zones have at least 3 discontinuity sets.
This is a very conservative assumption (Figure 5).
For typical Bulli seam coal measure rocks
(located in Illawarra colliery, NSW Australia), a
downgrading ratio of 0.25 was applied to the UCS
of the strata surrounding a roadways located 500
m below the ground surface. The 3D numerical
modelling of this roadway gives a very unreliable
displacement that interrupted the simulation
process and the model could not run further
(Figure 6). This modelled behaviour is completely
different from the monitored behaviour of the
typical roadways during development. This
example simply shows that the downgrading ratio
unreliably reduces the strength of the coal
measures rocks and thus is not acceptable.
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In addition to the strength of the rocks, and engineers by correlating the field
downgrading methods for deformability modulus measurements with well-known classification
also imposes a big uncertainty to the numerical systems such as RMR, Q, GSI, and RMi, Shen et
modelling. Over the years, too many empirical al., (2012) [10] listed these equations as Table 1

equations have been introduced by researchers

GEOLOGICAL STRENGTH INDEX

From the letter codes describing the structure
and surface conditions of the rock mass (from
Table 4), pick the appropriate box in this chart.
Estimate the average value of the Geological
Strength Index (GS1) from the contours,

Do not attempt to be too precise, Quoting a
range of G3l from 36 to 42 is more realistic

ough, slightly weathered, iren stained surfaces
Smooth, moderately weathered or altered surfaces
Slickensided, highly weathered surfaces with
compact coatings or fillings of angular fragments
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with a mixture or angular and
rounded rock pieces
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Figure 4. Typical GSI table [3].
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Figure 5. Downgrading ratio on basis of GSI classification.
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Figure 6. UCS variation of typical Bulli seam coal measure rocks and failure modes for downgrading ratio of
0.25.
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Table 1. Empirical equations using RMR and GSI [10].

Input parameters Empirical equations

Group 1 RMR Bieniawski (1978)

Serafim and Pereira (1983)
Mehrotra (1992)
Read et al. (1999)

E,, =2RMR —-100,RMR > 50

E,=

E

m

10(RMR-10)/40

—_ 10(RMR-20)/38

E,, = 0.1(RMR /10)

Group 2 RMR and E; Nicholson and Bieniawski (1990)

Mitri et al. (1994)
Sonmez et al. (2006)

RMR

E,, = 0.01E;(0.0028RMR? + 0.9¢ 2283

E,, = E;[0.5(1 — (cos(tRMR / 100)))]

E. = E_1O((RMRA00)(1007RMR))/(4OOOexp(7RMR/100))
m = 1

Group 3 GSI and D Hoek et al. (2002) (GSI-10)
E,=(1-05D)I0 4 o, >100MPa
Hoek and Diederichs (2006) 5 1-0.5D
Ep(MPa) =10 (1+ e(75+25D—GSI)/11))
Group 4 GSI, D and E; Carvalho (2004) GSI-100
E, =E (s)o'zs,s =exp(———)
9-3D
Sonmez et al. (2004) GSI-100

Hoek and Diederichs (2006)

E, = Ei(sa)0'4,s = exp(

E,, = E;(0.02+

)a=05 +i(e—Gsv15_e—20/3)
9-3D 7 T 6

1-0.5D
1+e((60+]5D—GSl)/]1))

Group 5 GSI, D and o, Hoek and Brown (1997)
Hoek et al. (2002)

Beiki et al. (2010)

E

E,=

m=

GSI-10
Oci. 1 0( 40 )
\j 100
GSI-10

A )
(L%ﬁD)%%w 40 5, <100MPa

Emztm{JL56+amGst)y§Z

Deformability of the jointed rocks is controlled by
deformation of the intact rock blocks and
pre-existing discontinuities [3]. Zoorabadi (2010),
[11], performed a parameter study on some of the
existing empirical equations to explore the
contribution of the intact rock and the rock mass
condition to the deformability modulus estimated
from those equations. It was found that in the
Hoek and Brown (1997)’s equation, intact rock
properties (UCS) had small contribution to the
rock mass modulus. This condition was modified
in the Hoek and Diederichs (2006)’s equation
(most common equation in practise) which
considers more contribution for the intact rock
property (Figures 7a, b).

Stress dependency of the deformability modulus
that was not considered in the empirical equation
is the main shortcoming of all these equations.
Deformability of the rock discontinuities and
rotation of the rock block have significant
influences on the deformability of the jointed
rocks located at ground surface, where the stress
level is negligible.

A normal stress applied on a rock fracture causes
the fracture to close and decreases the aperture.
Goodman (1989), [4], performed laboratory tests
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and found a significant nonlinear relationship
between the applied stress and the fracture
closure. He also found that the nonlinear trend
approaches an asymptote at high stress values.
Therefore, deformability of the rock mass
containing discontinuities would have different
values at different depth or stress level.

Zoorabadi (2016), [12] applied the analytical
formulation proposed by Li (2002) and developed
an approach to assess the wvariation in the
deformability modulus at different depths. This
technique was applied to a real case whit the rock
mass including 4 pre-existing discontinuities. The
elastic modulus obtained from laboratory tests for
the intact rock was 16 GPa. The GSI value for the
rock mass estimated from the available geological
information varied between 60 and 70 with an
average of 65. For this average GSI value, the
deformability modulus calculated using the
equations proposed by Hoek and Diederichs
(2006) is approximately 10 GPa.

The variation in the deformability modulus with
depth calculated by the approach proposed by [12]
is shown in Figure 8. This figure shows that the
deformability modulus of this case at the ground
surface (zero acting normal stress was assumed) is
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approximately 7.2 GPa. This value is around
0.45% of the elastic modulus of the intact rock
and demonstrates the controlling contribution of
the discontinuity to the deformability of the block.
Deformability modulus of the rock mass block
increases significantly with increase in depth. As
it can be seen, just at the 50 m depth, it would
have a magnitude of 12.5 GPa which is 0.78% of

Sensitivity Tornado

- 8] g 8 B 8 B g
Deformability modulus

Rock mass
condition

Inputs

Intact rock
strength

Mean of Em D2 vs Percentage Change of Inputs

<. Intact rock strength

Rock mass conditions

Deformability modulus

the elastic modulus of the intact rock. For depths
deeper that 200 m, the deformability modulus of
the rock mass block would be more that 90% of
the elastic modulus of the intact rock. These
results highlight a decreasing trend for the
contribution of the pre-existing discontinuities to
deformability of the jointed rocks when depth
increases.

Sensitivity Tornado

Rock mass
condition

Intact rock
strength

Deformability modulus

Deformability modulus

Mean of Bm E5 vi Percentage Change of Inputs

- Intact rock strength

Rock mass conditions

Figure 7. Parameter study on empirical-based deformability modulus equations [11].
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Figure 8. Variation of deformability modulus with depth [12].
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4. Uncertainties caused by stress magnitude
and orientation

In situ stress tensor acting on a rock at depth
consists of one vertical component and two
horizontal components (Figure 9). The vertical
stress is generated by the overburden strata weight
and increases proportional to the depth. It is
expected that the overburden load increases
2.2 -2.5 MPa per 100 m depth [13].

i

W, V.V VWAV |

oon

/

A
H, E—- <

/

H.

H,

V.

V = Weight of rock above.
H, and H, = Crustal movements and frozen-in stresses.

V, = Reaction counteracting weight of rock above.

Figure 9. Stress acting on rock at depth [9].

The horizontal stress components are generated
due to two source of reactions one from
overburden stress (oy_;) and the other from the
tectonic forces (oy_7) as follows [14]:

)

The horizontal stress generated as a reaction to the
overburden stress comes from the lateral
movement and the Poisson impact. Magnitude of
the Poisson reaction to the overburden stress is
calculated as follows:

On =O0n— tOur

(6)

Oue=7__0r
1-v
where 9 is the Poisson ratio for rock. For a
Poisson ratio of 0.25, the overburden contribution
to the horizontal stress is approximately 1 / 30v.
The lateral movement of the continental plates
forming the Earth’s crust is another main source
for the horizontal stress components. The
continental drift, which is monitored by the
satellite global positioning system, moves the
continents at a few centimetres per year, causing
collisions and shearing along the continental
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boundaries [15]. This movement acts as a force
applied to the Earth’s crust that increases the
horizontal stresses.

As a common practice for the numerical
modelling, a constant ratio between the horizontal
stress and the vertical stress is used to initialise
the in situ stresses for the whole model.
Additionally, since the 2D model is easier and
cost effective, the impact of stress orientation on
the numerical modelling is ignored in practice.
When an underground excavation is constructed
in a geological domain with the same elastic
modulus, the assumption for a constant stress ratio
is reasonable. However for a stratified ground
such as coal measure rocks where the elastic
modulus of the strata varies significantly, this
assumption causes a significant error for
numerical modelling.

The tectonic force generated by continental plate
movement is applied as a force to the Earth’s
crust. When the crust is formed from material
units with different elastic modulus, the horizontal
stress developed in each unit would be different.
This concept was well presented by [14], as in
Figure 10. Based on this concept, the horizontal
stress magnitude is typically proportional to the
stiffness of the material in which the measurement
was taken. The horizontal stress in softer strata is
lower than the stress in the stiffer units. The
minimum horizontal stress is also affected by
material stiffness whose direction is 90 degree to
the maximum horizontal stress.

RUBBER

WEIGHT IS CARRIED BY THE STEEL BECAUSE IT
IS 'STIFFER' THAN THE RUBBER

> HIGH STIFFNESS |
> Low Stifiness e
- HIGH STIFFNESS -
— Low Stiffness =
[ HIGH STIFFNESS -
L Low Stifiness -y
. HIGH STIFFNESS -

Figure 10. Concept of variation of horizontal stress
developed in different layers [14].
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The magnitude of the horizontal stress for each
rock unit is calculated using the following
formulation [14]:
1%
oy =(—)o, +E xTSF @)
1-v

where gy is the total horizontal stress (MPa), g,
=is the vertical stress (MPa), 9 is the Poisson
ratio, E is the Young’s modulus (GPa) and TSF is
the tectonic stress factor. The measured range for

the tectonic stress factor from Australian coal
mines is presented in Figure 11 [14].

Therefore for the coal measure rocks, the
horizontal stress developed in coal with elastic
modulus of 2-4 GPa is much less than the
horizontal stress in the stiffer roof or floor strata.
This is the main reason for why a coal roof is
designed for the roadways in thick seams. For
Bulli seam geology in Australia the maximum
horizontal stress distribution for a tectonic stress
of 1.4 would be as Figure 12. The maximum
horizontal stress in coal seam is approximately 7.5
MPa while the stress in the stiffer unit reaches up
to 38 MPa.
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Figure 11. Tectonic stress factor vs depth for Australian coal mines.
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The stress orientation impact on the numerical
modelling of the underground excavations is also
vital but it is neglected in practice due to 2D
modelling. The horizontal stresses has two
components as maximum and minimum stresses.
These two components and their orientation plays
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Figure 12. Horizontal stress developed in typical Bulli seam conditions.

a big role on the stress induced fracturing around
the underground excavations. Gale and
Blackwood (1986) simulated the impact of the
stress orientation on the stress concentration
around the roadways in coal mines [16]. They
showed that the stress concentration is a function
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of stress orientation. A summary of stress
monitoring results from a range of longwall
panels is presented in Figure 13, which shows the
stress concentration relative to the angle of stress
to the maingate. The stress concentrations tend to
maximise in the 40-700 range.

Zoorabadi and Rajabi (2017) used 3D numerical
modelling to assess the impact of the bedding
plane on the softening zones forming around the
roadways in coal mines [17]. They show that the
stress orientation is one of the main controlling
parameters for type and extension of failure zones
in bedded and laminated strata (Figure 14).
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Figure 13. Stress concentration around the roadway for various stress orientation relative to roadway [18].
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5. Conclusions

Numerical modelling is commonly used for
analysing underground excavations in both the
civil and mining engineering projects. This
method applies various computational methods to
the input data provided by the user and produces
results in the forms stress, strain, and failure
modes. As a common practice, downgrading
methods based on rock classification systems have
been used to estimate the strength and
deformability characteristics of rocks. This paper
showed how using these downgrading methods
can cause a considerable uncertainty for stability
assessment of underground roadways in coal
mines.  Additionally, the magnitude and
orientation of in situ stress have a significant
impact on the results of numerical methods. It was
shown that applying a constant stress ratio to
stratified rocks such as coal measure rocks is not
representing the real stress field. The 3D
modelling is vital for a reliable assessment of the
stress orientation impact on the roadway
behaviour. The failure modes and extension are
both controlled by stress orientation in coal
measure rocks.
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