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n analysis of stress distribution around an opening is

essantial to the design evaluation. If stress in rock

mass exceads its strength at a point, failure cccurs,
Extension of failure zone leads to roof falls, pillar spalling or
floor heaving. K the failure zone is extensive, then the
stability of opening is definitely endangered. Evaluafion
and prediction of stability are essential prior to planning and
design of underground excavations. Mathematical com-
plexities that reflect physical realities of underground mine
openings necessitate a numerical approach to the analysis.

Modelling of excavation problems in rock medium
requires careful considerations because of complex ground
conditions. Stability of underground opening is governed by
structural features, size of the opening , rock elasticity,
strength properties and in-situ virgin stresses. Since the
solution to each rock mechanics problem is specitic to the
circumstances, recognizing the rock mechanics principles
and understanding of the theorstical background of numeri-
cal methods will help in selecting the right technigue. Nu-
merical modelling mathods allow vary quick efficient studies
for various parameters aheration, so that a number of
operationally feasible mining options can be evaluated,
which can be used for exploring appropriate mining strate-
gles, layouts and detailed production schemes,

NUMERICAL METHODS

Design, construction and performance evaluation of
underground openings and their  support require the
knowledge of displacement and stress in the surrounding
rock due to excavation. For the analysis of underground
openings, selection of a particular numerical method s very
important. Here a brief description of different numerical
methods are prasentad.

FINITE ELEMENT METHOD (FEM)

FEM has bean used for rock mechanics medelling for
a number of years and has proved to be a technique which
can be successiully used for modelling a wide range of
geoclogical and geotechnical environment.

In this method, the whole continuum is discretized in
finite small elemants (Fig.1). The elements are connected at
nodal points. Locally based functions are assumed for the
variation of the displacement within the element. The para-
maters of these functions are the nodal displacement values
and they are chosen in such a way that compatibility is
ensured betwsen connecting elements.Using the virlual
work principles a stiffness matrix is obtained for each ele-
ment. The assembly of all slements leads to a system of
equations:

[KI{u} = {F}
which is solved for the displacements at the nodes {U}. [K]
is the stifiness matrix of the continuum and {F} s a vector
cortaining the forcas at the nodes. The primary results of a
finite element analysis will be displacements at all newds of
the continuum. Using the displacement function the stresses
inside sach element can be obtained (Zinkiewicz, 1979).

Advantages of FEM

*  Differant opanings, shapes and sequence of exca-
vation rnay be conveniently adopted,

* FEM may be used incorporating practically any
type of rock media and rock behaviour (e.g. linearly
elastic, elastoplastic or plastic

. Prograssive tailure of mine pillars and excavation can
also be simulated.
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Disadvaniages of FEM

* Hf preprocessaors ara not available, then preparation of
input data is time consuming and laborious.

computation time and manpower become costiier.

BOUNDARY ELEMENT METHOD (BEM)

BEM is a powerful numerical technigue in static and
dynamic problems. The methods basically consist of divid-
ing tha boundary of the continuum into boundary elemant
(Fig.2). BEM uses the known fundamental solution of
siresses and displacements due to point source acting on
an infinite body. To make the method work, it is necessary
to have a close form simultaneous equations. The equa-
tions are solved for unknown displacements andfor
stresses at the boundary. Results at interior points (field
points) can be obtained by super position using the funda-
mental solution.

There are mainly two different typas of BEM, viz.,
i) Indirect BEM
a) Fictitious stress method,
b) Displacement discontinuity method.
ii) Direct BEM or boundary integral equation method.

In fictitious stress method the stress conditions on the
boundary are found first, displacement and stresses are
found from linear combination of the boundary stresses
{Crouch & Starfield, 1983). The displacement discontinuity
method is based on analytical solution to the problem of a
constant discontinuity in displacement over a finite line
segment of an infinite elastic solid. For the direct BEM,
Betty's reciprocal theorem can be usaed to obtain intagral
functions and numerical integral equations on the surface.
Using the element shape functions and numerical integra-
tion, the integral equations can be written as a system of
linear equations:

[A]{a} = [B]{b}

where, {a} contains displacements at all boundary element
nodes and {b} contains the traction values at thess nodas.
[A] and [B] are fuily populated nonsymmetric matricas but
have dominant diagona! terms. Equaticns can now be
solved for either known tractions or known displacements
(Banerjee & Butterfield, 1981).

Advaniages of BEM

. ﬁEMm&yb&undforanyshapndmchupmingand
3D problems in case of elastic madium.

* It is very easy and gencrally gives quite accurato
results.

" Input data preparation is sasy.
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if the problem is large and geometrically complex,

Disadvantages of BEM .

* h is very difficult fo incorporate discontinuities and
complexily or rock behaviour.

- It iz not suitable for nonelastic or anisotropic material.
FINITE DIFFERENCE METHOD (FDM)

FDM is an important technique for static elasticity of
rock mass. In this method, the whole continuum is dis-
cretised into small elements, called Zones (Fig.3). Over
each region the differential equation of equilibrium is ap-
proximated. This results intc a system of simultanecus
equation which is solved by interation methods.

Advantages of FOM

) The technique is simple to program and use.

" Progressive failure can be simulated.
Disadvantages of FOM

o The formulation results into a conditionally stable

problem. Convergence depends on the equation of
solution method.

Distinct Element Method

DEM is a recent numerical technique developed for
discontinuous analysis of jointed rock mass. In this method
whole domain is discretised in blocks or elements by the
presence of natural joints (Fig. 4). The real mechanical
behaviour of joints like rotation and sliding one block relative
to other blocks can be simulated. The DEM is based on a
time domain algorithm which solves equations of motion of
the block system by an explicit finite differance method
{Candall, 1987).

Advantages of DEM

_ DEM is best suited of those problems where the
mechanical behaviour of discontinuities play a major
role on the response to the medium (Hart, 1991).

Disadvantages of DEM

» The DEM is ideally suited for micro computars be-
cause of explicit time stepping algorithm which does
not require matrix solution.

* This mathod is insfficient if the joint structure has too
many joint sets and the spacing is small.

HYBRID METHODS
In complex gsomining conditions two of the above

mentionod methods can be combined 1o get the raalistic
sclutions.
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Coupled FEM and BEM

The advantages of both FEM and BEM can be achisved
by coupling them (FEBEM) especially for the analysis of
underground openings with significant modification of rock
properties near the cpening. Finile elements may be used
near excavation surface and boundary elements may be
used away from it. FEBEM gives more accurate resulis than
FEM (Varadarajan, et al., 1985).

Coupled DEM and FEM

In this hybrid numerical method DEM and FEM are
coupled, so that distinct elements are used in part of mash,
while the remainder part consists of finite elements. For
example, in modalling the rock mass deformation around an
advancing longwall coal face, the rock in the roof of the
region behind the face will fail in a blocky manner, while
around the intact coal seam at the sides of the gate
roadways there will be a mainly continuous deformation
(Pan & Reed, 1991).

Input Parameters

Like any other technigues, the success and reliability
of numarical medelling technique, irrespective of the nu-
merical methods adopted, is largely dependant on input
parameters. Hence, accurate estimation and/or determi-
nation of input parameters are the key for
numerical modelling.

Once an opening is created in a rock mass, siress
redistribution and colcentration occurs around the opening;
these are known as induced stresses. The magnitudes and
directions of induced stresses largely depand on the shape
and size of the opening, pre-exacavation stress environ-
ment (in-situ and virgin stress), and characteristics of the
rock mass. Therefore, these input parametars have to be es-
timated or determined very accurately for formulation of
realistic numerical modals.

Mining Geometry

It is essential to understand the geometry of the
excavation whose numerical models is to be formulated. For
this purpose a thorough study of plans and sections is very
much required. For the 2D models, it is easier to define the
geometry compared to the three dimensional models. But at
the sama time in 2D models, it is very imporiant to select the
correct dimensions along which the model has to be
framed for obtaining the desired output. This would largely
depend on type of the problams to be solved. To simulate a
complicated geometry it is quite a common practice to
idealize the geometry, Small details which are expected to
have insignificant bearing on the analysis are ignored. This
makes the modal simpler and saves the computation time.
" Once.the geometry is decided, it is defined by the
coordinates in the model.

In-situ Virgin Stresses

The magnitude and directions of virgin stress are the
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successiul _

most important factors affecting the stabilily of underground
structures. Their presance in the earth's crust is ganarally at-
tributed to : (a) gravity, (b) Poisson's restraint, (c) plate
tectonics, (d) major and minor geological structuras, and (a)
rock properties (Sheorey, 1993b). it is recognized that the
horizontal ground stresses are primarily tectonic in origin
and at a depth of a less than 0.8 km, they are usually greater
than the vertical stresses (Hoek & Brown, 1980; Bickel &
Donato, 1288, Mark, 1991: Ingram & Molinda, 1988). Among
various technigues for in-situ slress measurement (Good-
man, 1980; Franklin & Dusseault, 1989), hydraulic fracturing
and overcoring methods of stress determination at depth
(Zoback, et al., 1977, Enver, et al., 1980; Bigby, et al.,1992).
ISAM (1987} has slandardised the procedures of stress
maasurement by differant technigues.

The hydrofracturing technique is a major development
in the area of stress measurement in rocks. Unlike over-
coring method (which measures strain at a point through use
of delicate instrumentation in the test hole), it directly detar-
mines average stresses over large areas by recording fwo
hydraulic prassures, one necessary to open a segment of
crack in the test-hole and the other required to keep the
fracture open. To do so, it uses simple down-hcle mechani-
cal tools so that the method can be employed at any depth
from the surface. Elementary elastic relationship exists be-
tween recorded pressure and in-situ stresses, and fracture
direction and stress orientation (Haimson, 1978; Enver, et
al,, 1992), Numarous numerical models have been devel-
oped to simulate this process (Boone, et al., 1991, Curren,
etal., 1985; Boone, et al., 1986; Cleary & Wang, 1985, 1985;
Boone & Delournay, 1990; Detournay & Cheng, 1988),

In India, in-situ stress measuremants, mainly by hy-
drofracturing method, have bean conducted in some hard
rock mines (Sinha, et al., 1991; Sinha, et al., 1989 ) and the
stress fields determined have been used for numaerical
modelling technigues. But the knowledge of in-situ state of
stress in coal baring strata is non-existent. An in-depth
systematic measurement of virgin stresses has to be done
in the coal basins also.

Properties of Rock Mass

Determination of rock mass strength properties are
essential input parameters for formulating realistic numaeri-
cal modsls of rock excavations. Relavant properties are
unconfined compressiva strength, tensile strength, Young's
modulug, and Poisson's ratio. Other secondary properties
such as shear modulus, bulk modulus atc., can be derived
from above mentioned properties.

A considerable number of methods has bean devel-
oped over the years for the purpose of determining the
mechnical properties of rock mass. By and large, four groups
can ba distinguished as follows :

*  Mathamatical model

* Classification

* Large scale testing, and



*  Back calculation.

Rock mass classification systems are mainly used lo
evaluate the rock mass strength (Krauland, et al., 1989).
Rock mass characterization is a vast subject area con-
cerned with comprehensive description of rock masses. The
characterization of rock mass has been tackled by many
researchers though the use of classification
system(Beiniawski, 1984; Beiniawski, 1973, Barton, et aal.,
1974, Franklin, et al, 1988, Rocha, 1981; Nguyen &
Ashoworth, 1985; Bello 1988; Udd & Wang, 1985, Turk &
Dearman, 1985, Venkateswarlu, etal., 1989, Shacray, 1981,
Sen, 1980, San 1990b, Laubscher, 1990). Each of the
various systems attemplts to classify a rock mass either
qualitatively or quantitatively in groups.

The physico-mechanical properties i.e., modulus of
deformation and various strengihs of intact rock specimen
determined in the laboratory do not represent the real
properties of rock mass since the effects of weakness
planes, joints, efc., are not taken into consideration (Hirt &
Shakoor, 1992). Several empirical approaches have been
developed to correlate the intact rock properties and
geolechnical properties of rock mass for estimating various
rock mass properties (Li-Zhou, 1985; Richards & Hustrulid,
1985; Cregger, et al., 1985, Glynn, 1987; Bieniawski, 1984,;
Laubscher, 1990; Serafim & Peraira, 1983,
Sheorey, et al., 1989).

FORMULATION OF MODEL

The modaelling process begins by dividing the selacted
mining geometry into a number of distinct geclogical and
geclechnical horizons, based an borehole information and
geoclogical sections that represents material of similar prop-
ertias. The horizon are then reprasented by rows of isotropic
or anisotropic elements, each of which is homogeneous and
assigned suitable deformation properties, For coal meas-
ures sirata each layer in the model is generally considered
to contain bedding planes, to which a frictional strength is
assigned. Similarly compresisve and tensile sirengths of
rock mass are assigned to each layer. Thus the model
affectivaly considers three modes of failures: compressive,
tensile and shear. Having obtained physical property values,
consideration is then given to the mesh densities desirable
in differant parts of the model. In general, greater densities
ara raquired in regions of greater distortion, such as the
immediate vicinity of an excavation. A value about 0.5m
betwean nodes has been.lound to be satisfactory for fine
mash in most simulation (Payne & lsaac, 1985; Pande, etal.,
1990.

Creation of undarground opening causes achange in
the state of stress, which resuits in fracturing of rock. The
influence of joints on the distribution stresses may be incor-
porated by using two approaches; either changing the ma-
terial properties or duplicating rock discontinuities by sets of
- special finite elements (Szwedzicki, 1981). Dasai & Christon
{1977) have also discussed the method of simulating regu-
larly distributed planes of weakness. Goodman & Shi(1985)
have described the method for simulating joint planes using
joint elemant method.

The underground mining problam is in fact a three
dimansicnal ona. However, due 1o large storage area re-
quired and tha cost of computing time, two dimensional
reprosentations are prefarable to thres dimensional modals.
Therefors, if the geomining condition is not complicated and
the assumption of piain strain condition is quite realistic, a 2D
model would be adequate. While choasing the size of modal
depth (above and below coal seam) and width (number of
openings to be included) should be taken care of
(Wang, ot al., 1985).

The rock media may be either massive or jointed and
may contain major shear zones, fault planes etc.. (Hoek &
Brown, 1980). Further, the method and the sequence adoptad
during excavation may significantly modify the behaviour of
the rock adjoining the opening. Numerical models most
commonly used to suit different geomechanical conditions
can be classified as shown in (Fig. 5). Two of these models
can be combined together to calculate the stress distribution
in & complicated mine structure.

APPLICATIONS OF NUMERICAL TECHNIQUES

Ravi, et al_, (1992) pointed that numerical modelling in
mine design and ground control should be taken as a tool,
not as a solution. From the review of the available literature,
it has been found that numerical simulation can be applied
for the following aspects of underground coal mines:

*  The finite element simulation, stress control via yield-
ing pillars, and specialized techniques forgeomechani-
cal behavioural menitering of underground openings
can ba combined to gain increased safely, decreased
costs of artificial support, increased rates of recovery,
and increased rates of advance (Gardner, et al.,
1985); Janakiraman & Das, 1987; Dhar, 1991; Dhar &
Srivatava, 1988; Rao, et al., 1978; Park & Ash, 1985;
Park, 1992; Serata, et al, 1985, Pariseau, 1981;
Sheoray 1993).

. Integration of finite element analysis and field instru-
mentation for application of stress control method in
undarground coal mines is very much effective (Ser-
ata, etal., 1985; Pariseau & Sorensan, 1979; Su, et al,,
1969; Fama & Follington, 1932),

v The fracture propagation in rock mass including time-
dependent bahaviour of fracture can be analysed by
using both fraclure mechanics and FEM (Matsuki,
1985; Mclennan & Picardy, 1985; Haghighi, ot al.,
1985; Heuz & Ingaeffea, 1980). Betier understanding
of dynamic effects of various mining parametars on
coal strata may lead to both productivity and safety
improvements by appropriate design of mining opera-
tions (Prucz & Fu, 1989).

. FEM can be used for modelling the behaviour of
overburden rock masses over longwall mines panels
for predicting surface subsidence (Siriwardane, 1985;
Summers & Jeffery, 1992; Shankar & Dhar, 1988).

. FEM can be used for analysing the effect of stagger-
ing longwall panels (Dhar, et al., 1985; Dhar &
Srivastava, 1988).
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3 Dfinite element modelling of longwall using progres-
- sive failure concept can be used to get realistic results
(Ash & Park, 1987).

Comprehensive integrated approach (geomechanical
characierization, finite element modelling and field
monitoring) can provide indication for ail important
geomachanical effects associated with underground
mining such as entry stability, floor heave, overburden
impacts and surface subsidence (Hasenfus & Su,
1992; Aggson, 1978),

Finite slement ground water flow model can ba devel-
oped to study the movement of water in coal seam in
which large cavities are created (Contractor & Eftekhar-
sadeh, 1985).

Prediction of the extent of the strata movement, their
interactions with support systems, and the effects of
the progressive excavation can be siudied by using
FEM (Pan, et al., 1989),

BEM can be used for determining stresses and dis-
placemeant around long openings (Brady & Bray, 1978).

The finite diffarence numerical model has shown flexi-
bility in modelling different geclogical anvironments.
The modelling techniques provide a useful means of
predicting gate-road conditions in situations where
small coal pillars are used as an integral part of the
support systam, for modelling the interaction between
the support and pillar simultaneously (Payne & Isaac,
1985; Isaac & Payne, 1985).

Discrete fracture modelling of fractured rock masses
can be used for evaluation of shaft inflow and mine
drainage systems (Deshowitz & Schrauf, 1987). Time
and cost saving solution can be obtained for multilined
prassura shafts (Yufin, et al., 1985).

Rock boiting has become more popular as a means of
supperting underground openings. Asal, et al., (1985)
proposed the Rigidbody Joint-element Method (RJM)
as a general numerical method for analyzing the be-
haviour of discontinuous rock mass and effects of rock
bolting. RJM can help us to determine effective places
where rock bolts are 1o be installed. The spacing and
length of rock bolts fer underground openings in jointed
rock mass can be evaluated by numercal analysis
{Crawford, et al., 1985; Siddall & Gale, 1992).

MNumarical modelling can be used for assessment of
stability of inter-panel pillars (chain pillars) for coal
mine (Fama & Wardle, 1987).

Numerical modalling can be applied for nonelastic and
- large deformation simulation of coal pillar behaviour
(Vervoort, 1992; Pan & Hudson, 1991).

Numerical modelling can be done for assessing the
cause of cutter roof failure, predicting the probability of
its cccurrence and for selecting optimum control method

(Hill, 1986; Ahola, et al., 1981; Aggson & Mouyard,
1988; Bauer, 1990),

CONCLUDING REMARKS

The application of numerical modslling techniques for
stability analysis and mine design requiras a thorough
understanding of the main characteristics of ground madia
namely, in-situ virging stress state, rock mass properties and
deformation response. Hydraulic fracturing is a recognised
method for rapid and low cost siress measurement in under-
ground mines (Hunger & Morgenstren, 1980; Boone, stal,,
1991; Starfield & Cundall, 1988). Presently, the knowledge
of in-situ state of stress is non-extistent in the coal basin of
this.country. Tharefore, there is a strong need to measure
the in-situ virgin stresses by hydraulic fracturing method.
This will significantly increase the reliability of numerical
maodelling techniques. Varicus approaches for estimating
rock mass properties, discussed earlier, can be applied for
Indian coal measures rock with some site specific modifica-
tions as and when reguired,

MNumerical modelling is a powerful technique for par-
amelric studies of differant geometric configurations on
improving safety, production, productivity and recovery in
mines. Perspectives on numerical simulation inunderground
coal mining have changed dramatically in many countries. i
is an important lool, increasingly applied in mine planning
and evolving production strategies vis-a-vis ditferent geom-
ining environments. In tune with the fast changing tech-
noaconomic scenario, decision makers and planners of
Indian coal mining industry should take ample initiative to
promote the application of this versalile tool in an extansive
and useful manner, =
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