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ABSTRACT

The mining induced subsidence leads to damage rtctgtes and other
facilities at the ground surface. Numerical methbdve proved to be very
effective tools for the prediction of the groundspense due to tunneling
activities. This paper discusses the finite elenagatysis of subsidence due to
longwall coal mining which is very common in thisuntry. The first part of
this paper discusses the verification of the nuca¢procedures by comparing
the predicted responses with the reported surfabsidence data at two coal
mines. The second part of the paper discusses dnametric study to
investigate the effect of different factors suchtlas width of tunnel, space
between the different tunnels, depth of miningsiin earth pressures etc. that
influence the surface subsidence. The exact madelhf the vertical and
horizontal joints was found to be necessary toinkdacurate predictions. The
ratio between the width of the panel and the deptbverburden (w/h) was
found to be a critical factor in the mine subsidenthe subsidence was found
to be smaller when w/h ratio is less than aboutah@ increased drastically
when w/h ratio approached 1.3 to 1.40. The subs®lemas found to be
smaller in case of soils with very high lateraltegsressures (i.e. with high
Ko). Some important conclusions have been made aenieof the paper
based on the results from these numerical simuiatiodies.

Key Words: Subsidence, mining, longwall mining, finite elerhanalysis, in
situ earth pressures, rock joints.

1 INTRODUCTION

The mining for coal, ore and other mineral resosinsecommon around the
world. In terms of the procedures followed, thenimj can be categorised as
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open cast mining, longwall mining and room andapithining. The open cast
mining is used in case of mineral deposits occgrahshallow depths like at
Neyveli Lignite mines. The longwall and room antgpimining methods are
used to extract minerals from large depths by digdunnels. The longwall
mining is the most preferred method of mining irit Socks like coal. It is
suitable in cases with ore body dip of less thah ROthis method, the coal is
extracted and stope face advanced by mechanid¢slring the coal seam by
translation of cutting device parallel to the coséam. This process
simultaneously cuts the coal deposit and load$tbken coal into armoured
conveyors, by which it is transported to roadwagdyparallel to the direction
of the face advance. All face operations take plaitkin a working domain
protected by a set of hydraulic roof supports. preferred condition for this
method of mining is that the immediate roof rock émal seam consists of
relatively weak shales, siltstones to promote aavithe seam floor rock must
have sufficient bearing capacity to support thedéoapplied by roof support
system.

The ground subsidence due to mining activitieiighavitable problem in the
coal industry. An underground excavation createstiea by removing the
natural support from the overlying strata. Henae shccessive layers of rock
undergo bending due to gravity and collapse overctvity, until finally the
movement reaches the surface, resulting in subsgdéingh, 1978). Due to
inadequate understanding of the strata in the past the consequent
ignorance of resulting subsidence, a lot of damla@e occurred to surface
structures. To prevent damage to surface strugtitissequired to restrict the
subsidence within the allowable limits. With incseain urbanization and
growing concern for the environment, subsidencenmalonger be ignored.

Empirical methods commonly used for prediction albsidence often do not
provide an accurate assessment of subsidence estofilarticularly when
complex geometries and soil/rock layers are inviblveSuch complicated
geometries and soil profiles can be easily accaufdein the finite element
based numerical methods. A number of researcheesused this technique to
successfully estimate the mining induced subsideeag Choi and Dahl
(1981), Kohli (1984), Siriwardane (1985) etc. Thébsidence at Singareni
coal mines was predicted successfully by Naik and R999) using distinct
element code.

The influence of various factors that affect theface subsidence due to
longwall mining is studied in this paper throughiteé element based
numerical simulations.

2. FINITE ELEMENT PROCEDURE

All finite element analyses in this investigatiorene performed using a
computer program GEOFEM originally developed by pnicipal author at
the Royal Military College of Canada and signifitgrupdated at IIT Madras,
Rajagopal (1998).
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The incremental finite element equilibrium equasiazonsidered are of the
type shown in Equation 1 in which the load vectsrexpressed as the
difference between the external load vector anditiernal reaction force
vector computed from the element stresses of tequrs iteration.

[K] {Aui} ={P} o ~Z[B1 " {0i -3 (1)

in which the ' term on the RHS is the applied force vector amdZf term
on the RHS is the internal nodal force vector (tieacforce vector). This
analysis scheme allows for carrying forward anyrem the out-of-balance
forces to the next iteration (or next load step)sttsatisfying the global
equilibrium at all the load steps. This scheme adflows for ease in
excavation of elements as the contribution of elgséhat are just excavated
are included in the"2term on RHS while their contribution is not inctin
the force term at the current step il term on RHS. Hence, the difference
between the two terms gives the traction force sy to make the
excavated surface a traction free surface. Théefieiement solutions in this
investigation were iterated until the out-of-balanforce norm is less than
0.5%.

The in situ stresses with at rest earth pressusdficient (K,) plays an
important role in the strength and stiffness betavof soil. The initial stress
state in the soil before any external loads ardiegpill be g, = yz whereyis

the unit weight of soil and is the depth below the free surface of soil. Then
the lateral earth pressureg = gy will be equal toK, ¢; in which K, is the
coefficient of lateral earth pressure at rest aer shear stresses for level
ground. This state of stress can easily be craatée finite element analyses
by performing an initial dummy analysis with a migeti Poisson’s ratiol)
whose value can be derived from the fundamentalkefsoequations by
setting the two lateral strain terms to zero as,

_ Ko (2)
Ho vk,

In order to simulate the zero lateral strain, thdes on the vertical boundaries
on the two sides should have zero lateral displacésn The desired in situ
stresses were obtained in th& ghase of all analyses by assigning the above
Poisson’s ratio value to all the materials in thesim All materials were also
assigned the same Young’'s modulus values so thldieushear stresses are
not generated in the continuum elements duringétieweight analysis. After
these stresses are generated, the displacementshanstrains within all
elements in the mesh were set to zero and furthalyses were performed
using the actual Poisson’s ratio of the soil.
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The excavation of coal layers was simulated by igayly removing the
elements corresponding to the coal layers and aygplyoundary forces along
the free surface created due to the excavation thatlthe boundary becomes
a traction free surface. As the elements are rethdr@n the mesh, their
contribution in the overall stiffness of the systesas also not considered.

The various steps in the analysis are as follows:

* First step is the self-weight analysis with the ified Poisson’s ratio|(')
that leads to the desired in situ earth presswefficent (K),

* Set all resulting displacements and strains aetiw of the above step to
zero,

* Gradually remove the elements corresponding tacta layers and apply
boundary forces in the opposite direction to maledxcavated surface a
traction free surface as illustrated in Fig. 1.sT&iiep required the analysis
to be performed over a large number of load stefis several iterations
per load step. The convergence of the solutionwesisied by monitoring
the norm of the out-of-balance forces. The oubance forces are
computed as the difference between the appliedsl@ad the internal
nodal reaction as shown on the right hand side teray. 1.

LoV
Pret +

Fig. 1 - Schematic of boundary forces on the tusoeiace
to create traction free surfaces

The tunnel roof was allowed to deform freely unttex action of the out-of-

balance forces. In some cases, the tunnel roofde#ldcted vertically much

more than the thickness of the coal seam excavhsmhuse of large

overburden depths. In such cases, a displacememtrotoanalysis was

followed in which all the nodes on the tunnel r@g pulled down by a

distance equal to the thickness of the coal se@he schematic for applying

these boundary displacements is shown in Fig. .1iddes at the two corners
of the tunnel roof were left free to deform on th@ivn while the intermediate

nodes are applied the displacement constraintb@srs The nodes adjacent
to the two corner nodes were given a displacemguotleto half the seam

thickness in order to have smooth transition aketihges.

3. ANALYSISOF FIELD CASES
In the initial part of this investigation, the fiaielement procedures employed

in the analysis were verified by back-predicting tiround subsidence profiles
reported at Singareni coal mines (Naik and Rao 199@ Applachian coal
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mines in USA (Su 1992). Both the coal mines emplojpmgwall method of
mining to extract the coal.

free node deformed nodes . free node

N &
4 deformed position
seam
thickness=h

of edge node

deformed position
of internal nodes

Fig. 2 - Application of displacements to nodes wmiel roof

100m
Longwall Pillar Longwall panel B
panel A l
A A B B 3m
30m

—————— P4 PE————PpC——>
150m 150m 30m 150m 150m

Fig. 3 - Schematic longwall panels at Singarenl ouaes
3.1  Subsidence at Singareni Coal Mines

The surface subsidence at Singareni coal minesng &cute with surface
subsidences exceeding 2 m. The coal at the ségtiacted from a depth of
100 m from twin panels (A and B) having widths &01m and separated by a
30 m wide pillar. The thickness of the coal exiedcat the site is 3 m, Fig. 3.
The coal was first extracted from Panel-A and thiRamel-B. The soil is
predominantly homogeneous with horizontal bedditemes at 10 m vertical
intervals to a depth of 75 m below the ground siefand at 2 m vertical
intervals beyond that depth. The vertical joirttthe site were observed to be
at 20 m horizontal intervals. The properties @& dlifferent soil layers and the
bedding planes at the site as reported by Naik Raal (1999) are given in
Table 1. The shear and normal stiffness valuesrregan the table were
determined through large-scale field tests conduote exposed joints at the
site, Naik and Rao (1999).

The soil and coal materials were modelled usingtielperfectly plastic
models based on Mohr-Coulomb yield criteria withtenial properties given
in Table 1. When the analyses were performed witmesmall dilation angles
(L=10°), significant ground heaving was predicted byfthge element model
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which was not observed at the site. Hence, alattadyses were performed by
setting the dilation angle to zero.

Table 1 - Properties of soil layers at Singareiail coines

Properties Coal Non-coal Bedding
planes/joints
Young’s modulus, GPa. 2.58 13 -
Poisson’s ratio 0.3 0.28 -
Unit weight kN/n? 15.9 22.0 -
Cohesion MPa. 2 3.7 0
Friction angle 20° 43 30°
Normal stiffness, MPa/m. - - 417
Shear stiffness, MPa/m. - - 167

The stiffness matrix of the joint elements was mkedi in terms of shear and
normal stiffness values. The initial values of theso parameters are given in
Table 1. The shear stresses within these interédements were limited to
those given by the Mohr-Coulomb yield limit. Whdretshear stress exceeds
the shear strength as defined by Mohr-Coulomb yiiehit, the shear stress
was reset to the yield limit and the shear stiffness reduced to 1/100®f
the initial value. The stiffness of joint elemeirighe normal direction was set
to the value shown in Table 1 as long as the eléimsan compression. When
the normal stress in the interface element becaewsle, its normal stress
was set to zero and the stiffness in the normalctlisn was set to 1/100f
the initial stiffness value.

A finite element mesh was developed consisting-ab8e quadrilaterals and
6-node joint elements to simulate this field ca$be mesh consisted of totally
7,417 nodal points, 1484 continuum elements toessgnt the soil and 1,252
joint elements to represent the horizontal andicadrioints. A typical mesh
configuration used to simulate the vertical andizamtal joints is shown in
Fig. 4.

The in situ stresses at the site were reportedetavith an earth pressure
coefficient (K) of 0.6. This state of in situ stresses were g@réer by
applying the body forces due to the weight of elet®avith a Poisson’s ratio
value ofu=Ky/(1+K;)=0.375 in the initial analysis. The resulting stgain the
elements and nodal displacements were set to zéhe @&nd of this stage and
the analysis was re-started after setting the Boissatio values to the actual
values.

In the second stage of analysis, the excavatidheotoal of 3 m thickness in
Panel-A was taken up. This excavation was simuldigdremoving the
elements within that region from the assembly amglhang the nodal
equivalent forces of the nodes on that surfachénréverse direction to make
that boundary a traction free surface. The analysthis step was performed
in small steps by removing coal in 0.5 m incremevith up to 1000 iterations
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at each load step to achieve convergence of solufidniis analysis had
predicted a vertical settlement of the tunnel robfapproximately 17 m

because of the presence of large number of hoakamid vertical joints and
also because of significant overburden above theeluroof. As the thickness
of the coal extracted is only 3 m, this deformatidmmuch more than 3 m is
not possible. This magnitude of the predicted gdosmbsidence of about 6 m
is also much higher than the measured settlemeati@it 2 m.

6-node¢ vertica

joint elemets
Node: —p
3-node continuul
elements ®
Q—node horizonta ° ° ®
joint element ° ° ® ®
@ o @

Fig. 4 - Finite element details to represent hariab
and vertical joints

Hence, the above method of analysis has to be eldahyg restraining the
maximum subsidence of the tunnel roof to 3 m. Thigs simulated
approximately by prescribing vertical downward thgement of 3 m to all
the nodes on the tunnel roof, except the corneremodls schematically
illustrated in Figure 2. The corner node is lefaasee node as it is connected
to non-excavated material. The node next to theeronode was prescribed
only 1.5 m displacement in order to provide fomaosth transition from the
edges to the middle part of the tunnel roof. Thalymis was stopped when the
nodes just touch the bottom face of the excavadiwh not continued further.
The excavation was done sequentially one panel thigeother, i.e. the coal in
Panel A was first removed and then the coal in P8nhé removed. The
analysis consisted of totally 2001 load steps gmdou75 iterations per load
step. In the % load step, the self weight of the soil was apphed in the
steps ¥ to 1001, the soil in panel-A was removed and weftdownward
displacements were applied to the nodes on theetunof. The excavation of
soil in Panel-B and the displacement applicatiorthi® nodes on the tunnel
roof were performed from load steps 1002 to 200ie Total analysis took
approximately 24 hours of CPU time on a dedicat&® 2z Pentium
computer. The comparative CPU time taken by therelis element method
for the same problem was reported to be about g,ddgik and Rao (1999).
In order to avoid problems due to power breakdowins,analysis was split
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into a number of steps and the program was repgattapped and re-started.
When the program is re-started, it reads all tha gartaining to the previous
step as the initial data for further analysis.

The deformed mesh just above the longwall Paneftér ahe analysis was
completed is shown in Fig. 5. It clearly shows thlaé mechanism of

deformation of the overburden is like the bendih@ aeep continuous beam.
It could be expected that severe tensile streseegeberated within some
portion of the overburden. It could be observedhis figure that significant

relative deformations took place between diffeqgatts of the soil. This was
possible due to the inclusion of joint elementd®ath horizontal and vertical

directions.

AN
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]

I
Alil
I

I

it

Fig. 5 - Close-up view of deformed mesh above PAnel

The comparison between the predicted and the mehsgmound surface
subsidence is shown in Fig. 6. The maximum meassuedidence above the
panel-A is 2.2 m while the predicted value is 19 Both the predicted and
the measured maximum subsidence above panel-Braveca1.30 m. The
ground surface above panel-A undergoes furtheridgeibse while the coal
from panel-B is extracted. Hence, the subsidenbegtser above Panel-A than
on panel-B. The finite element analysis has atedlipted the same tendency
of higher subsidence in panel-A than in panel-Be Thaximum measured
subsidence above the pillar portion is about 0.1%hile the predicted value
is much lower at around 0.05 m. The measured aadigied settlements
above panel-B are in very good agreement whileetier large discrepancy
over panel A. The refinement of the mesh did ngbriome the results any
further. The reason for the discrepancy betweennmibasured and predicted
responses could be attributed to the differencevdrt the actual material
properties in the field and those used in the amlyThe width of the
predicted and measured settlement bowls at thendreurface over both the
panels are quite comparable indicating that thiéefielement model is able to
successfully replicate the lateral spread of thessience zone.
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Fig. 6 - Comparison between the predicted and redsurface
settlements at Singareni coal mines

3.2  Subsidence at Appalachian Coal Mines

The second field case studied was the case ofdarxs at Appalachian coal
mines in USA, Su (1992). The coal at this site wased from a depth of

216.4 m (710 ft). The width of each panel was 282.(600 ft) and the width

of the barrier pillar was 77.72 m (255 ft). Thekmess of extraction was 1.83
m (6 ft). By considering symmetry, a mesh of l1éng12.3 m (2009 ft) and a
height of 255.72 m (839 ft) was used to simulate field problem. The soil at

the site consisted of eleven distinct layers wlhying properties as shown in
Table 2.

The finite element mesh for this analysis consi$t8149 nodal points, 1802
eight-node quadrilateral and 1272 six-node joirgnednts. The analysis
consists totally of 2001 load steps as explainatieeaEach load step was
iterated a maximum of 75 times to achieve convergewnf solution.
Sequential excavations were performed i and 100% load steps as
explained in the earlier section. After the elersemére excavated, the nodes
on the tunnel roof were given a vertical downwaigpcement of 1.829 m to
simulate the collapse of tunnel roof to the turftar due to excavation. The
entire analysis took approximately 26 hours of Cktde on a Pentium
computer with a speed of 266 MHz. This CPU time \spkt over several
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small stages of analysis to overcome the problengstd power failures as
described earlier.

Typical excellent comparison between the predi@ed the measured field
subsidence at Appalachian coal mines is showngnFi

Table 2 - Properties of overburden rocks at Apgatatmines

Soil layers below Young's Poisson’s| Cohesion| Friction
ground surface modulus ratio (MPa) angle
(GPa) (degree)
Sandstone 22.14 0.22 13.82 42
SW sandstone 14.76 0.22 18.27 33
RS Limestone 17.71 0.22 16.24 38
FP Limestone 29.52 0.18 20.67 40
Shale with sandstonell1.81 0.25 11.42 26
BW Limestone 22.14 0.22 9.39 38
Limey Shale 14.76 0.25 13.82 35
Interbedded shale 11.81 0.25 11.95 35
Surface material 1.181 0.35 1.476 25
Coal 2.95 0.35 6.327 35
Claystone 8.85 0.30 5.314 30
0.0 —
~—~ '05 i
E
= _
Q _
[}
) _
3
a —]
-1.0 —
7 (] Predicted
: = Observed
-1.5 | | | | |

0 400 8@

distance (m)

Fig. 7 - Predicted and measured ground subsiddgntppachian coal mines
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The good comparison obtained between the finitemele predicted and the
field observed subsidence shows that the finitenetd procedures employed
are able to simulate the mining induced subsidesasonably accurate.

4. PARAMETRIC STUDIES

The ground subsidence due to coal extraction dependa number of factors
such as the depth from which the coal is extractezlwidth of the panel with
respect to the depth of overburden, the pillar jidt situ stress state etc. In
order to understand the effect of these factorsgrees of parametric studies
have been performed as described in the followirdgsections. In all these
studies, the soil was assumed as homogeneous wihgyoints. It is difficult
to generalise the joint spacing and their propgréie they are site specific.
The finite element scheme described earlier has beed in these parametric
studies also.

The material properties used in these parametrdiest are: Young’s modulus
of 100,000 kPa, Poisson’s ratio of 0.30, cohesixength of 500 kPa, friction
angle ) of 35, and unit weight of 20 kN/fn A few analyses were also
performed with a friction angle of 45The earth pressure coefficient was
assumed as 0.43. All analyses were performed yamge strain idealisation.

Two different cases were considered in these agsysne with twin panels
and the other with a single panel. The case wgimgle panel is equivalent to
the twin panel case with very large pillar widtfihe schematic diagrams for
these two cases are given in Figs. 8 and 9.

longwall panels
50m |

pillar

v

3m —|¢| |

<<—> 4+—>
12m w2 <vv_o> W

< 250m >

Fig. 8 - Schematic of the finite element mesh witm longwall
panels for parametric studies

4.1  Influence of Geometry of Panels

Two different geometric cases were consideredigdéries. In the first case,
the depth of overburden (h) was kept constant an%hd the analyses were
performed for five different widths of the twin pala (w) 40, 60, 70, 80 and
100 m. The pillar width in all these analyses Wagt constant at 20 m. In the
second case, the panel width (w) was kept constad® m (w/h=0.8) and the
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analyses were performed with different pillar wlifw,) of 5, 10, 20 and 30
m. In all the analyses, the w/h ratio was variednfi0.80 to 2.0.

longwall panel

—*

—>
w/2

<

250m >
Fig. 9 - Schematic of the finite element mesh witigle longwall panel

0.00 —
~ -1.00 —
E
© h=50m, t=3m
e —
3 | @  w=40m,h=50m,t=3m
[%2]
g — < w=60m,h=50m.t=3m
-2.00 — B0  w=70mh=50m,t=3m
] The surface subsidence due to w/h = 1.6
1 and w/h = 2.0 is more than 3m due to
numerical instability
B s s S Y B B B S B B

distance (m)

Fig. 10 - Surface subsidence profiles with diffénerh ratios

The surface subsidence with different panel widtsgle panel) is shown in
Fig. 10. It is clear from this figure that as théh ratio goes beyond 1.2, the
surface subsidence increases rapidly. An exaromatf the major principal
stress contours in the soil shows that as the atib approaches 1.4, the zone
of tensile stresses (and the zone in which thehssl failed) has extended to
the ground surface, Figs. 11 and 12. From thesedy it could be observed
that in the case of w/h ratio of 0.8, the tenstlesses are present only in a
small region above the tunnel roof while in theeca$ w/h=1.4, the tensile
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stresses have reached the ground surface. Clemreypanes develop once
the tensile stresses reach the ground surfacela®imsult was observed with
other geometries also. It can also be observedthieatvidth of the surface
subsidence bowl increases with the wr/h ratio.
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Fig. 11- Major principal stress contours with w/i9-80
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Fig. 12 - Major principal stress contours with w/ii.4

The comparison of results from the analyses witim tpanels and different
pillar widths is shown Fig. 13. It can be observedt at small pillar widths,
the twin panels have behaved as a single paneewatihigher pillar widths,
they have behaved as two independent panels (tedicaith two surface
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subsidence bowls). When the pillar width was insesh to 40 m, no
substantial change in behaviour was obtained. Aspitiar width increases,
the economy of mining operations may be jeopardizechuse much of coal
remains unexplored in the ground. Hence, an optirpillar width that gives
the least surface subsidence needs to be seldatedhis particular case, it
can be said that the optimum pillar width to obt@iast surface subsidence is
30 m.

0.0 —

w/h= 0.8, t= 3m

subsidence (m)

0.4 — < pillar width=10m
_ X pillar width=20m
| = pillar width=30m

The surface subsidence due to
pillar width=5m is more than 3m
due to numerical instability

V8T T T T 1 T T T T T T T

distance (m)

Fig. 13 - Surface subsidence profiles with difféngilar widths (w/h = 0.80)
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Fig. 14 - major principal stress contours withagrilidth of 30m

The major principal stress contours with pillar thigl of 30 m and 5 m are
shown in Figs. 14 and 15. While the tensile stre&sae occurred only around
the tunnel opening with pillar width of 30 m, théwave spread up to the
ground level when the pillar width was decreasesl ho.
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Fig. 15 - Major principal stress contours with gillvidth of 5m
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Fig. 16 - Maximum surface subsidences with difféfgamel widths

The maximum subsidence values obtained with diffewegh ratios in the case
of single panel are shown in Fig. 16. In all theess the w/h ratio of about 1.2
is critical at or beyond which the surface subsigeis very large. Hence, this
value of w/h may be defined as ttrétical value.

A few analyses were also performed with 100m oveibi depth. The trends
observed with this depth also were found to be vanch similar to those
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observed with 50 m overburden depth, i.e. critiéd ratio, spread of tensile
stresses over the soil etc.

4.2  Influenceof Friction Angle

The influence of the friction angle on the surfactdsidence was studied by
performing additional analyses with a friction angbf 45. All other
properties used were as listed earlier. The predianaximum surface
subsidence values with different panel widths asmmgared in Fig. 16. As
could be observed from the figure, the higher ifsittangle did not influence
the surface subsidence for both sub-critical antical panel widths. The
reason for this could be explained as follows. Tresile strength of cohesive
soils can be written as c.gotHence, the tensile capacity of the soil with
cohesive strength of 500 kPa and friction angle8%fand 48 are 714 and
500 kPa respectively. Hence, the soil with lowection angle would have
higher tensile capacity while having lower frictedrcapacity. The effects of
increase in tensile capacity and the lower friiomapacity may have
cancelled each other to a large extent for theiqudat shear strength
properties considered in this investigation. Hentleere was not much
difference in the predicted settlements with faotangles of 35and 45.

4.3 Influence of In Situ Earth Pressures

All the analyses in this series were performed wsthgle panel. These
analyses were performed with different in situ kegmtessure coefficients (K
of 0.43, 1.0 and 2.0 for different w/h values. Thaximum surface subsidence
observed with different Kvalues are shown in Fig. 17. It is interestingndte
that the Kk has no influence on the surface subsidence atratib of 0.80
while at higher w/h values, the surface subsidaeclewer with higher K
values. The higher initial Kvalue in the soil will keep the soil under
compressive stresses even after the tunnel is atedeading to improved
performance. This effect can be clearly seen iromajincipal stress contours
for the case of w/h=1.60 and,#2.0, Fig. 18. Although the w/h value is much
higher than the critical value, the stresses owerhrof the soil have remained
compressive because of high, Malue. The effect of higher JKat critical
values of w/h ratios is similar to the beneficiffieet of pre-stressing on the
performance of concrete beams.

4.4 I nfluence of Other Factors

The analysis with different coal seam thicknessu@alhas shown that the
surface subsidence is not linearly proportionakhe thickness of the coal
seam thickness. Similarly, the subsidence is nacty proportional to the
Young’'s modulus.
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5. RE-ANALYSISOF SINGARENI COAL MINE SUBSIDENCE

With the experience gained from the above paramstudies, it could be said
that the panel width (w) should be less than oraédo 1.2 times the
overburden depth to minimise the surface subsidentke Singareni coal
mines case was re-analysed with smaller panel wadti20 m (i.e. with
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w/h=1.2) to examine its influence on the subsidembde keeping all other
parameters the same. The surface subsidence hasasked drastically as
shown in Fig. 19. This clearly shows that the pamielth has significant
influence on the surface subsidence, especiallyigncase with low Kvalue.

0.0

subsidence (m)

€  120m width of panel
o 150m width of panel
I | | | |

0 400 800

distance (m)
Fig. 19 - Influence of panel width on surface sdesace
at Singareni coal mines
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6. CONCLUSIONS

The subsidence, which is produced as a result afengnound mining
operations, has many serious undesirable effectshance its understanding
is of prime importance, especially for giving réli@ predictions of its
occurrence. The advent of computers and their usagfee mining research
has paved the way for subsidence prediction teclesigHence in this context,
a 2-D numerical finite element model was develofpegredicting subsidence
and the effect of various parameters on the sudabsidence was studied in
detail in the present work. Based on the result$ained from this
investigation, the following conclusions are drawn.

1. Finite element techniques can be employed to atxwrgredict the
surface subsidence due to mining activities. Usimgse methods, it is
possible to determine the optimum panel and pilaiths that give the
maximum coal extraction while mining induced subsice is kept to a
minimum.

2. The discontinuous nature of the rock is respondible@ large extent in
effecting the surface subsidence. The behaviodhefrock joints can be
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simulated using the 6-node joint elements and tta ffom direct shear
tests on these interfaces.

3. The critical width of panel beyond which the sudaubsidence increases
tremendously can be said to be equal to 1.2 timesvterburden depth.

4. The width of the pillar between the panels alsdugrices the surface
subsidence to a large extent.

5. The in situ earth pressures influence the subs&enty when the width of
excavation is near to the critical value. At higlikgrvalues, criticaw/h
value is higher than that at lowep Kalues.

6. Apart from the w/h ratio, the subsidence is alspetielent on the depth of
overburden and the thickness of the excavated zone.
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