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CABLE BOLT BASED MECHANISED
DEPILLARING OF A THICK COAL SEAM

Rajendra Singh*, P.K Mandal* and A.K. Singh*
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INTRODUCTION

The NCPH mine of chirimiri area under S.E.C.Ltd.
developed 6-8 m thick No. 3 seam extensively on pillars.
The depillaring was limited to only 4.8 m along the floor,
leaving rest of coal within the goaf with the level of
recovery invariably below 40 per cent due to non-
availability of effective long supports. Moreover, the
conventional supports in form of a jungle of props and
chocks obstructed the SDL operation. Due to weak parting
along the roof, coal band caved upto full height even in
carly stage of depillaring when efforts were made to
withdraw the easy coal under unsupported roof. Fallen
coal in the goaf frequently caused potential danger of
spontaneous heating.

In view of the problems, the Central Mining Research
Institute (CMRI) undertook the exercise developing
suitable method of extraction with better recovery,
conservation and safety. The method deploying a piece of
old haulage rope as cable bolt was developed to keep the
roof supported during mining irrespective of the working
height. The critical input to the experimental trial of the
method were (a) drilling of long holes in coal/sandstone
roof (b) full grouting of the cables ensuring sufficient
anchorage strength and (c) stability of the cable bolts even
after blasting of the roof coal. The system named Chirimiri
Method of Mining was conceived and tried to mitigate
support problems during thick seam mining at NCPH
mine. The studies cover the reliability of the cable bolts as
support, its impact over caving and settlement of the goaf
with due regard to safety, conservation, production,
productivity, problem of spontaneous heating and overall
€conomics.

The basin has five coal seams developed in Barakar
stage including 6-8 m thick No. 3 seam having 9.30 million
tons of coal logged in pillars at NCPH mine. The seam
No. 3 is overlain by a thin band of shale and 10 cm thick
layer of graphite. This is followed by 3-4 m thick coarse
sandstone poorly laminated and massive in character. The
formation on the whole appeared to be competent and
stable. The immediate roof could be 3.0 m thick likely to
cave after 30-35 m advance of the face irrespective of the
cable bolting. The seam was developed on pillars of size
varying from 25 to 30 m centre to centre along the floor
up to 3 m height leaving coal/shale/sandstone band in the
roof. The developed pillars were divided into artificial
panels by the fire proof stoppings and the number of pillars
within the panels varied from 22 to 50 pillars.

CONVENTIONAL MINING METHOD

Three panels within the old lease mine were
depillared by conventional method of splitting and slicing.
During the final extraction, the pillars were split by level
drivages followed by slicing upto 4.8 m height. The slicing
method was associated with the problem of heightening
of roof due to progressive failure and/or separation of the
coal band along the graphite roof. As a result in the
beginning, high recovery upto 65 per cent was reported
within a first few pillars followed by weighting and roof
fall in the subsequent pillars when the recovery dropped
upto 30 to 40 per cent. The support of even 4.8 m high
roof was a real problem in view of non-availability of large
size timber props. The ribs left on either side of the slices,
were subjected to high stress due to slow winning. Resultant
side spalling added new dimensions to the method of
extraction of the developed pillars and invariably the
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workings had to be abandoned midway with Very poor
recovery, low production and productivity.

The depillaring operation was adopted by
conventional cycle of drilling and blasting and manual
loading of coal on tubs. The loading of the coal was under
poorly supported roof due to ineffectiveness of large size
props and non-availability of such props in sufficient
numbers. Scrapper was subsequently introduced ata stage
to improve the safety of the workers when only few of
them were exposed to such hazards during anchoring of
the scrapper and drilling of roof coal. The method under
ideal condition yielded 40 to 45 per cent recovery with
production level below 200 t/day and the productivity
around 1.4,

MINING CONCEPT WITH
CABLE BOLTS

The miners were familiar with slicing method of pillar
extraction mechanised with SDL for loading and pit props
as the support. Main problem in the exploitation of a thick
seam was the support of high roof so essential for the safety
of the workers engaged for lifting of the blasted coal. The
use of wire ropes under tension while reinforcing the roof
was more efficient as a support and cost effective with no
scope of flexure or buckling. The suspended support
hanging in the roof kept the floor free for the movement of
the workers or the loading machines. It was decided to use
full column grouted steel ropes as cable bolts for advance
support of the immediate coal band in the roofand also the
immediate sandstone roof. Its application, however, was
fraught with the following operational problems:

I Drilling of a large number of long vertical holes
through coal and sandstone interface.

2. Installation of 6-8 m long rope in the roof.

3. Reliability in the installation and grouting of long
cables for adequate anchorage. '

4. Impact of the blasting of the coal roof over the
anchorage of cable portion left over in the
immediate roof,

5. Chances of delayed caving of the reinforcement roof.

DRILLING OF HOLES FOR CABLE
BOLTING -

In the trial stage of the cable bolting, long holes in the
roof were drilled manually using normal coal drills where a
crew of 4 persons could drill 2-3 holes in a shift. The
experiments of the cable grouting and blasting of the
immediate coal roof revealed 50 per cent drop out as their
grouting was confined within the coal roof, The anchorage
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of some of the cables was over 10 t after the installation
and anchorage remained over 10 t even after blastin gofthe
roof coal. The preliminary trial revealed the possibility in
respect of the following:

‘a) Possibility of getting adequate anchorage in holes
of desired length.

b) Anchorage remained unaffected by blasting ofroof coal

The problem was solved by the cooperation of the
local engineers when a hydraulic drill was assembled; using
the SDL power pack at Korea workshop, SECL. The system
is shown in Fig. 1(a), comprising hydraulic system and
hoses connected to the drilling machines for lifting with
the help of chain drive and a drill mounted on pinion. The
system was able to drill 12 vertical hole of 6-8 m length
including 1.5-2 m within sandstone roof in a shift, Later,
tyre mounted assembly of drilling was fabricated for the
purpose of mobility of the machine which is shown in Fig. 1(b).

GROUTING OF CABLE BOLTS

The arrangement for full column grouting of the cables
is shown in Fig. 2. The holed of 43 mm diameter were drilled
across the coal band and 1.5 m within the immediate
sandstone roof. The mount of the hole was rimmed to 80
mm diameter over 20 cm length by improvised coal drilling
bit. The holes in general were desired to be vertical. The
system improved and modified in stages served fairly well
except the mobility of the system which has to be shifted
from place to place manually,

The rope of the desired length was inserted in the
hole along with (a) vent tube of 5 mm diameter and (b)
grouting tube of 12 mm diameter. The assembly was held
up in position by a tapered circular wooden block of  to 10
¢m and length nearly 15 cm. The block had three holes to
accommodate the rope (22-25 mm dia), vent hole (5 mm dia)
and a grouting hole of 10 mm diameter. The wedge shaped
block was tightly fitted at the mouth of the hole. The
breathing and the cement injection tubes were loosely tied
to the rope keeping the inner end of the breathing tube up
to the end of the hole,

The cable assembly was inserted in the hole with one
end of the vent tube dipped in water bottle. The gout mix
comprising of cement, water and hardcrete in the proportion
of 50 kg, 30 litres and 2 litres respectively was prepared in
the grouting tank attached to a compressor for injecting
the slurry (Fig. 3). The grouting assembly was mounted on
another trolley for site injection through hose.

The injection tube was set nearly 15 cm below the end
of the cable and as soon as the vent tube set at the extreme
end gave indication of slurry flow: the grouting tube was
withdrawn.. In order to avoid ungrouted socket: injection
was continued even during the withdraw! of the grouting



(b)

Fig. | : Hydraulic drilling machine developed at Korea Workshop.
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Fig. 2 : Grouting assembly for the cable bolt.

tube. The vent tube was pulled out and the total operation
was completed within 2 minutes.

As a modification; the grouting tube was inserted
close to the hole mouth inbye wooden block and the slurry
was pushed upward upto the end of the hole. With the
indication of full column filling; it was taken out and the
open end was plugged by jute/cotton waste, It was possible
to grout 12-18 holes in a shift in case the setting of the
grouting assembly was not to be changed. A crew of 4
persons could pull the trolley; arrange the grouting set-up
and grout 12 holes in a shift. The grout started setting
within 30 minutes and gained full strength within 4 hours.
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Ts1 Cartridge
Detail A

Detonoting
tuse inside
e spacer

i
1y
]
Hi

Spucer. :

7

+—]| [—Permiled explosive in
jmbo cartridge

Fig. 4 : Charging and stemming arrangement for along hole blasting.



ANCHORAGE TESTING OF THE
CABLE BOLTS

A new haulage rope 6/6/1 FMC (Fiber Main Core) steel
wire rope of 20 mm diameter is known to sustain 20 t ultimate
load under tension. With the use, rusting and pitting and
loss in lubrication, its ultimate strength dropped up to 15 t.
It was decided to use the rejected rope as cables for the
bolting of the high roof for depillaring of the thick seams.
The rope pieces of the length equal to the thickness of the
roof coal band +1.5 m +0.10 m preferably cut by gas were
used for the purpose of roof grouting. The roof coal upto
the full height was blasted down in stages when only 1.5 m
of the cable was anchored to the immediate sandstone roof.
The anchorage of the grouted portion was over 6 t even at
this stage. As the cable bolts were the only support of the
high roof; efforts were made to ensure hundred per cent
reliability. The efficacy of the bolts as a support to high
roof was established beyond doubt before the depillaring
operation was suggested on experimental basis,

ROOF COAL WINNING

The coal band of 3-5 m thickness left on the roof was
blasted down in stages during depillaring. The thickness
of the roof coal band under the condition of the NCPH
mine varied with 3 to 5 m which required nearly 1 kg
explosive per hole, total effective length of the cartridges
nearly 1 m only. For the purpose, the blasting practice with
Uniring Cord and Soligex explosive was recommended. The
holes as such has to be deck charged as shown in Fig, 4.
The detonating fuse has to pass over the spacers and
ensure detonation of all the cartridges. Nearly 6 kg explosive
will be required in case cyelic blasting was adopted and 6
holes were blasted in two rows.

The spacing of the holes drilled for blasting varied
between 0.7 to 1.0 m and hole was charged by three cartridges
of Indocol explosive weighing 140 gm only. The remaining
empty length of the hole was stemmed tightly and 10 such
holes were blasted in one round, The cable bolts inspected
after the blasting and dressing were found in a good
condition with exposed wire ropes hanging for a height of
1.5 mand aclean cut at 1.5 m horizon in the roof.

In some of the holes 0.6 m thick layer of coal was
intentionally left after blasting. It remained attached with
the roof in the area supported by cable bolts. It was
interesting to note that in the adjoining area not supported
with cable bolts even 2 m thick layer of coal came down in
the second round of blasting,

SYSTEM OF ROOF SUPPORT -
PROPOSAL

The crux of depillaring exercise in thick seams has been
efficient support system effective even in high workings.
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The supports set in between roof and floor worked under
compression, the strength of which dropped with height
due to buckling in case of steel and tapering in case of
timber supports. It was therefore planned to use the cable
bolts as support using steel ropes of reliable and uniform
strength under tension. The slicing option with fender
against the goaf was preferred for depillaring and support
for different locale was suggested as follows:

I. Support of Development Galleries : All the
development galleries will be reinforced by cable bolt
support by three rows at 1.6 m interval between the rows
and the bolts intersecting the coal band and additional 1.5
m within the immediate sandstone roof,

2. Support of Splits : The splits being driven to low
height along the floor will be supported by pit props
immediately after blasting of the face. The roof will be
reinforced immediately thereafter by 3 rows of cable bolts
installed 1.6 m apart and bolts in the same row 1.2 m apart,
The splits were supported by pit props 1.2 m apart keeping
3 m clear space in between the pit props to facilitate
movement of the SDL.

3. Support of Slices : Slices were supported by pit
props on both the sides of 1.2 m interval followed by cable
bolts at 1.6 m interval. Indicator props made of two pieces
of steel pipes joined by wooden pieces were installed in
the rib side of a slice to indicate the status of rib loading,
Ledges of roof coal were supported by bolts and W
straps.

4. Support of Goaf Edges : The goaf edges were
supported by skin to skin steel chocks with wooden lagging
in the upper portion and a row of pit props outbye at 1.0 m
interval, in addition to cable bolts. The height in this zone
was retained to normal development height and no roof
coal will be blasted in this zone..

5. Support of Junctions : The junctions were supported
by long cable bolts, a pair of rope stitched across through
eye bolts of 1.7 m length installed at 1.6 m interval along the
rope. For the stability of the roof under the condition, a
coal stump was left on the goaf side (Fig. 5) in the corner
with rope end anchorage.

METHOD OF DEPILLARING

The depillaring system was conventional splitting and
stooking, maintaining their height equal to that of the
normal development height. The pillars were divided in two
stooks and the stooks so formed were extracted by slicing,
keeping the height of the slices equal to that of the splits
and the development headings. The steps involved in the
extraction of the pillars are summarized as follows:

1. Cable bolting ofall the development galleries of the
panel before the start of the depillaring operation.

/



Hanging cable holts aren
Fig..5 : Junction support with cable bolts / rope stitching,

2. Systematic support of the development galleries 2
pillars within the goaf line using tabular steel props and
timber/steel chocks.

3. Drivage of 5 m wide split gallery for dividing the
pillar in two halves and its systematic support with tubular
steel props and chocks in addition to the cable bolting.

4, Drivage of 4.8 m wide slick from the goafedge leaving
2.5 m thick fender and support of the low height roof by
steel pit props in addition to cable bolts.

5. Support of the slice edge by steel chock and cross
bars and the goaf edge by steel chocks.

The sequence of depillaring suggested with the cable
bolt as support for the high roof and conventional pit props
and chocks for low height roof'is shown in Fig. 6. Extraction
of roof’coal was resumed on retreat under only cable bolt
support from the inbye end of the slice.

EXPERIMENTAL TRIAL

The method of depillaring with cable bolt suppert for
high roof was adopted as a test case for No. 3. seam of
NCPH mine. The experimental trial even with all preparations
had a number of doubts in the mind of mine operators and
safety officials. Some of the doubts and apprehensions
were as follows:

1. Chances of overriding of the goaf with the
weakening of stooks due to increase in height.

2. Chances of spontaneous heating of loose coal
left in the goaf.

3. Chance of delayed caving of the roof due to its
reinforcement by cable bolting resulting in air blast.

4, Efficacy of the cable bolts as a support to the
immediate roof after blasting of the roof coal to
full thickness.
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Fig. 6 : Depillaring method suggested with cable bolts.

The experimental panel was located in the farthest
corner of the property with natural barrier all around as a
precaution against any unforeseen problem. The coal seams
of the area had a number of active fires and records of
palaeo fires and the estimated incubation period within 9
months. It was, therefore, desired to have small size panel
which could be extracted within the incubation period at
the lowest expected production level. A panel No. 15 located
along the common boundary of Kurasia and NCPH mine
appeared to be the ideal site for the experimental trial as it
had natural barrier on two sides while stoppings could be
made on the rest of the sides. The experiment was continued
for another three panels of different geomining conditions
of NCPH mine is summarized in the Table, 1.

Table 1 : Geomining parameters for the experimental

domain of NCPH mine
Parameters Panel15 Panel16 Panell7 Panell8
Panelsize mxm  115x135  200x220  180x190  190x200
No. of Pillars 2 8 2 B
Pillarsize;mxm  225x25 25325 25025 3030
Seam Th.,m 65 7580 65 65
Depthcover,m  33-58 3770 46-103 119256
Coal reserve 70000 249000 198885 293000
within the panel, t
No. of cable bolts - 5005 5824 .
Cableboltsize,m 350 665 50 50
Boltmawrix, mxm  12x12 12x12 12x12 12x12
Boltanchorage,t 18 =10 =10 >10
Generalground  Not Not Not Percep-
condition : Percep-  Percep- Percep- tible
Disturbance/ tible tible tible
Joints/Fissure/
Pillar spalling




The experimental trial conducted in small panel of 22
pillars under 40 m depth to normal panel of 51 pillars under
100-150 m depth and medium size panel of 30 pillars under
250 m depth cover (Table 2) showed progressive
improvement in production, productivity and safety of the
workers and the workings.

Table2 : Achievement in the entire experimental domain

PanelNo. — Panell5 Panel16 Panell7 Panel18

Total production 53,000

189240 147759 179358
from the panel, t
Level of recovery 75% 76% T43% 66%
DistrictOM.S. 201 26 28 28
Production costt, Rs417  Rs395  Rs405  Rs398

The economic impact with the implementation of this
technology as compared to the conventional method of
depillaring was found to be very encouraging. The following
information in respect of economic impact from NCPH mine
support it.

Estimated production from
1.04.971t031.03.98

Sale price of annual production

(sale price Rs. 859.82/1)

Estimated cumulative production
upto March, 1998

Sale value of cumulative production
Reduction of production cost/tonne
Additional profit with introduction of
the technology during trial period

¢ 1,54,793 ¢
: Rs,13,30,94,117
825,000t
: Rs.70.93,53,500

: Rs. 76
; Rs.6,27,00,000

GROUND CONTROL
PARAMETERS

The caving of the roof started with the first local falt
with 3300 m? exposure in panel 15 and main fall after 4100 m?
exposure. The recurring major falls occurred after 5100 and
5500 m* exposure with practically no adverse impact over
the goaf edge and the working area. Bolting of the neither
roof did not delay the settlement of the goaf as it remained
within the immediate sandstone roof bed. The ground
movement was monitored regularly for load on supports,
roof convergence, bed separation, surface subsidence,
caving sequence and settlement of goaf, Some of the salient
findings pertaining to the method of mining is summarised
as in Table. 3.

CONCLUSION AND
RECOMMENDATION

The Chirimiri method of mining was conceived,
planned and executed with an aim to transfer the technology
in letter and spirit and monitor its techno-economic
feasibility. The experiment started in a small panel with 22
pillars in view of past record of heating in the area and
conservative estimate for the production from the
experimental panel. The advance preparation of the panel
by way of cable bolting of all the development galleries,
mechanization of drilling and grouting and evacuation of
coal by SDL proved to be very advantageous when the
targeted production was achieved within three months and
the panel which was expected to lost 10 months was
extracted within 7 months.

Table 3 : Summarised strata contrl parametres of the experimental domain

Parameters Panel 15 Panel 16 Panel 17 Panel 18
Maximum convergence, mm
- Within the working area 8 18 B 3
- Along the goaf line » g1 X 7
- Inbye goaf 3 5 =
- Convergence rate before fall, mm/day 24 23 235 345
Load on support, t
= Maximum up to goafedge 11 125 76 18
Maximum stress variation, kg/cm?
- Up to goaf'edge 1l 21 182 P
-Within the goaf 21 2 k") 319
Maximum exposure of the goaf, m?
- Local fall 3300 2425 1,100 1350
-Firstmajor fall 4100 5900 4900 5400
- Second major fall 5,100 7950 6.775 6,180
- Third major fall 5,500 9200 8825 10080
Subsidence record
: - Maximum subsidence, m 264 240 Not measured Not measured




The speed of depillaring process has been found to
be very essential to keep the stress field to minimum, restrict
spalling in stooks, ribs and pillars and to control the chances
of spontaneous heating. No slice extraction should be
deferred for the third shift and no stook should be left for
the next week to keep the damaging parameters within
control.

The main apprehension of anchorage loss to the cable
bolts due to blasting of the roof coal band proved wrong
and the cable bolts retained adequate anchorage to serve
as the advance support to the freshly exposed roof. The
roof on the other hand caved very regularly without any
sign of weighting,

The performance of the cable bolts remained
satisfactory under all the conditions and the production
and productivity improved with the experience of the
miners. Coincidentally, the formation in one of the panels
(Panel No. 18) was geologically disturbed and the roof had
two to three sets of open joints. The cable bolt support

even in such a condition remained very effective, though
the immediate roof coal band was additionally supported
by bolts and W-straps. The system proved to be safe
and productive under good to disturbed roof condition
because of the advance preparation and efficient support
planning,
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INTRODUCTION

The development of a coal seam under varying
thickness of overlying strata cover may face two extreme
situations where problems related with instability of
underground developments become pronounce, First
situation arises due to presence of inadequate hard cover
over a driven gallery at shallow depth cover, Under this
condition there is a chance of collapse of entire rock-mass
column over the galleries up to surface (formation of pot
holes). Under the second situation, high induced stress
dilutes the adequate size of pillars due to side spalling. The
chance of occurrence of this type instability problem is
more at deeper side of a mine. Once a pillar of inadequate
size get crushed at higher depth cover range, redistribution
of mining induced stresses may affect the stability of
neighbour pillars which may ultimately increase the size of
failure enough to disturb the surface structures,

Under surface/subsurface structures, extraction of coal
seams of moderate depth cover faces problem of low
recovery. In this situation large amount of coal is sterilised
inside a panel as natural support in form of pillars/stooks
to ensure the stability of overlying strata vis-a-vis surface-
subsurface structures. Conventional method of mining for
optimal coal extraction under such geomining conditions
is splitting and stooking. Formation of stooks during the
optimisation of recovery causes considerable drop in
strength of the natural support which is not desirable for a
long term stability of the underground mining and surface
structures. A more difficult situation arises during the

optimisation of recovery from a multisection developed thick
coal seam where additional problems like: decrease of pillar
strength due to increased height of extraction [1], stability
of partings and superimposition of pillars make the situation
more complex from production, productivity and safety
points of view. For Indian geomining conditions,
conventional splitting and stooking method does not
provide more than 30% coal [2-3[ during recovery
optimisation from a developed thick seam under built-up
surface structures,

Around 60% of the total coal reserve, workable by
underground mining, of India belongs to thick seams'.
Most of these coal seams are under massive sandstone
strata and shallow depth cover. The reserve of Jharia
coalfield, which contributes nearly 90% cocking coal of the
country, faces similar geomining conditions, Further coal
seams are below important surface structures and have
extensively been developed in single and multiple sections
to keep a balance between demand of the coal and safety
of the built-up structures. The coal production strategy by
formation of pillars was found favourable for the industry
also because of low capital investment and involvement of
low level engineering support, Development of all these
seams is almost complete and now the industry is looking
towards the huge amount of coal locked up in pillars?.

Geomining conditions of the Jharia coal field were
simulated in physical and numerical models. These
simulated models were tested for a number of alternatives
including narrow panel mining, splitting and stooking and

' In India coal seams of 4.8 m thickness or higher are called thick.

* dround 900 million tonnes of coal are blocked in pillars in Jharia coal field only.
*Central Mining Rescarch Institute, Barwa Road, Dhanbad, Bihar, India, 826 001.
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widening of galleries. On the basis of extensive laboratory.
investigations on different simulated models, idea of wide
stall mining was conceived and, first time, implemented in
field at East Bhuggatdih colliery of the Jharia coalfield for
experimental trial. Taking advantage of the presence of
massive sandstone roof and rapid increase of pillar strength
with the increase of its width height (w/h) ratio[4], splitting
and stooking of the pillar was replaced by wide stall
formation. Wide stalling provided better recovery and safety
(Fig. 1) in comparison to the conventional method so the
successful initial field trial at East Bhuggatdih colliery of
Bharat Cocking Coal Limited (BCCL) under built up surface
structure followed large scale application of this mining
method in Indian coal fields to protect a variety of surface
features including fragile ecology of the surface [5]. This
paper describes the basic philosophy behind wide stall
formation® along with the results of the experimental field
trial conducted at East Bhuggatdih colliery.

Splittingdsaoking af the pitl
o T

Widestall mining

6 -|Recovery is same for
both the methods

Splitting and stooking

Safety factor
for ultimate pillar/stook
wn

0 T L L} T ) L 1
15 20 25 30 35 40 45 50
Size of original pillar (nf)

Fig. 1 : Comparison of wide stall mining with conventional splitting
& stooking of a pillar.

Details of the site

East Bhuggatdih colliery is situated in Jharia coalfield
which falls under BCCL. Jharia township lies in the heart of
BCCL property creating problems for liquidation of a number
of coal seams underneath. Around 80% leasehold area (246
hectare) of this colliery is under the densely populated part

6f the Jharia town. The coal seams being liquidated at this

colliery are thick and are under shallow depth cover. There
are 16 coal seams at different depths (numbered from zero
to fifteen in ascending order from the deepest one) in the
leasehold of this colliery. Immediate roof of most of the
seams of this area is massive sandstone of Barakar
formation. The top most four coal seams, XV to XI/XII
outcrops within the leasehold area of this mine leaving too
little part of XV & XIV seams to be worked at this colliery.
Coal seam XIII is jhama and seams XI/XII and X are
extensively developed in the area. From VI to zero coal
seams of the area are virgin and the status of different coal
seams being liquidated at this colliery is given in Table 1.

The scope of optimal recovery of coal locked in
oversize pillars of VII/VIII seam led the trial of wide stall
mining at this colliery. 17 m thick VII/V1I1 seam was fully
developed in two sections; 3.0 m thick bottom section along
floor and 2.4 m top section leaving 6.4 m coal parting
between the two sections and 5.0 m coal in roof. Total
recovery attained by pillar formation (30 m x 30 m, centre to
centre) in two sections, having 3.6 m wide gallery, was 7.4%

== | = === 7T,

‘Rarehole extngametre

] 8
S— v Stmixmelny

]

Remnte cunvergence indicainr

Fig. 2 : Plan view of the experimental panel with instruments for
strata control observations.

Table 1 : Salient details of different coal seams being worked at East Bhuggatdih colliery.

Seam  Thickness (m) Depth (m) Details of working
Status of working Pillar size (m x m) ! Gallery width
(centre to centre) fm)
XIXi 13 27 Caved (30 years ago) - -
over a part of the panel

X 136 &8 Standing on pitlars 27x27 32

1X 12 - 93 Few galleries were driven - o 35
Viivin 17 110 Developed 30x30 ‘3.6

" Major part of this paper has been published in International Journal of Rock Mechanics and Mining Sciences, 36(2), 155-168.
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only. Experimental panel consisted 25 pillars (Fig. 2) at an
average depth cover of 110 m and was completely free from
geological disturbances. Widening of galleries around the
two undersize pillars of the panel was not possible due to
long term safety consideration of the mining structure.
Thickness of the parting and superimposition of the two
developed contiguous sections in the seam were checked
at every gallery junction through bore holes drilled at all
these junctions. During this examination, the thickness of
the parting deviated * 0.5 m from above mentioned value
while superimposition of pillars/galleries of the two contiguous
sections deviated up to 3 m.

Wide stall mining

Matching of gallery size with the strength of immediate
roof and strength improvement of the natural support by
increasing w/h ratio [6] are the two basic constituents of
the wide stall philosophy. Strength of ultimate pillars and
stability of overlying exposed roof span, both, play
important role for long term stability of a wide stall under
shallow depth cover. Conventional splitting and stooking
for optimisation of recovery during partial extraction under
surface features reduces the strength of the natural support
and brings core of the resulted stooks under the effect of
mining induced stress [7] (Fig. 3). The effective bearing
capacity of a pillar is comparatively more than a number of
stooks of the equivalent area. Wide stall formation®
accommodates existing galleries of a developed coal seam

Stress enry G

;

Fig. 3 : Effect of pillar splitting on development of mining in-
duced stress (afler Singh etal., 1992),
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Fig. 4 : Sharp increase of pillar strength for higher values of W/H
ratio (alter Gale, 1992).

as well as improves recovery and safety of the ultimate
mining structure in comparison to the conventional method.
Different basic constituents of a wide stall working are
discussed below.

Pillar size

It is not very easy to explain the failure process of a
squat pillar but the influence of width/height ratio (w/h) on
the strength of a pillar is well known. An analysis based on
extensive field observation conducted by Gale (1992) [8]
showed that the increase of pillar strength with the increase
of w/h ratio (Figure 4) becomes rapid for higher values of
w/h ratio. This effect of w/h ratio on pillar strength is
considered to reflect confinement distribution developed
within the pillar. In fact, compressive strength of a pillar of
brittle materials, such as coal, is enhanced for higher values
of w/h ratio as the simultaneous yielding of pillars edge
produces spontaneous confinement to the pillars core.
Basic mechanistic explanation of this confined core concept
may be found in Wilson (1983) [9] while an enhanced
version of this concept is presented by Salamon (1992)[10].
Replacement of conventional splitting and stooking of
pillars by wide stalling® for optimal coal extraction without
damaging overlying strata and surface features is a practical
application of the confined core concept.

Roof rock mass

Presence of massive immediate roof is the most
important requirement of this mining method. For a moderate
roof, different reinforcement techniques like cable bolting
and roof stitching may be adopted to arrest the possible
local deformation and movement of the exposed roof above
widened galleries. It is very difficult to go for wide stall
under weak, laminated roof strata. The competency of roof
strata of Indian coal mines has been quantified in terms of
RMR (rock mass rating) [ 11] as given in Table 2. The value
of RMR is basically used to calculate rock load under freshly
exposed roof of a gallery by the empirical relationship:

R, =Bd (1.7 -0.037 RMR + 0.0002 RMR") (1

where R, is rock load in ton/m?, B is gallery width (roof
span) in m, d is mean rock density in ton/m’ and RMR is
rock mass rating.
Table 2 : Geomechanical classification of roof rock mass

(after CMRI, 1987)
RMR Class Description
0-20 Vv Very poor
20-40 I\% Poor
40-60 i Fair
60-80 1 Good
80-100 I Very good

 Widths of the existing galleries are increased in a particular configuration to improve coal recovery leaving wider pillurs (in comparison

to stooks) of intact core,
* Four stooks are replaced by one pillar of almost equivalent area.
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Unfortunately, this relationship is valid up to 4.2 m
gallery width only. This method of roof rock classification
does not give any idea about the stability of drivages wider
than 4.2 m. A different classification of roof rocks adopted
by United States underground mines [12,13] provides
relationship between roof span and CMRR (coal mine roof
rating) which may be written as:

F =0.87B-0.23 CMMR-6.2 (2)

where, F, is roof fall rate, B is gallery width in m and
CMRR is coal mine roof rating. The results of this
relationship are shown in Figure 5. This relationship
establishes influence of gallery width on the stability of
the roof strata of different strength but it was not very
straightforward to apply any CMRR type classification of

a different country to Indian geomining conditions. In the
1

o

Roof falls per three kilometers
1
1
T

(=] T T
17 18 19 20 21 22 23

Intersection span (sum of diagonals, m)

Fig. 5 ; Estimation of roof fall rate using CMRR and intersection
span (after Molinda & Mark, 1997).

absence of an established guideline to decide the span of a
widened gallery, the geomining condition of East
Bhuggatdih colliery was simulated on equivalent material
mine model [14] and numerical models. During these
investigations, it was observed that wide stall mining
method can comfortably be practised under a roof strata of
RMR class I and II%. Investigations on these simulated
*models [3] showed that a gallery width of 9 m will be most
suitable for optimisation of recovery and safety at East
Bhuggatdih colliery.

Depth cover

Average depth cover of developed coal seams of Jharia
coalfield is around 150 m which is another advantageous
condition for the wide stall mining. In fact, the low value of
vertical in situ stress for shallow mining condition [15] is
favourable for the stability of roof over the widened gallery.
However, high value of in situ horizontal stress at low
depth cover creates a chance of shear failure for a week
roof strata [16]. The possibility of shear failure of roof strata
due to high horizontal in situ stress at low depth cover may
be overcome by orienting the direction of dri vages parallel
to the direction of maximum horizontal stress[17]. A detailed
study [18] of influence of horizontal stress on the stability
of exposed gallery roof of different RMR values shows
that the deteriorating effect of high horizontal in situ stress
decreases with the increase in RMR value, The influence
of high horizontal in situ stress on the stability of exposed
roof strata over a wide stall becomes insignificant because
the presence of a massive roof strata of high RMR value is
the basic requirement for wide stalling,
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Fig. 6 : Dimensional information for wide stall mining at East Bhuggatdih with a comparison (o conventional splitting and stooking.
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Design of wide stall for East
Bhuggatdih colliery

Testing of simulated models provided initial idea of a
safe wide stall formation under the geomining conditions
of East Bhuggatdih colliery. But estimation of dimension
and strength of the underground mining structures during
the wide stall formation is also done with the help of other
simple approaches being practised by the industry. The
uniaxial compressive strength of coal of the VII/VIII seam,
tested as per guide lines of ISRM, was found to be 18 MPa
(5 cm® coal samples). The seam was already developed in
two sections so the optimisation of recovery was planned
accordingly in two sections. As per the thickness and
positions of the available working horizons in the seam,
two slices of equal heights were planned for each section.
Working was planned in ascending order from the bottom
slice keeping slices heights of bottom and top sections
equal to 3.2 m and 3.6 m respectively and leaving an intact
coal bed of 3 m thickness between the top and bottom
sections as shown in Fig. 6. Due to presence of the three
metre thick parting between the two sections, height of
only one section was taken into account during the
estimation of strength of the ultimate pillars. Computed
values of the safety factors for different gallery widths
during optimisation of recovery by wide stall method and
splitting/stooking of the pillars are given in Table 3. It is
clear from this simple exercise that wide stall provides 1.3
safety factor for 41.7% recovery while the conventional
splitting and stooking provides 0.90 safety f actor of the
ultimate pillars/stooks for this level of recovery.

A nine meter wide gallery was to be driven around the
pillars of the panel to achieve 41.7% recovery of coal. This
widening of the existing 3.4 m wide gallery brings stability
of the exposed roof into picture. Considering the case ofa
clamped beam, stability of the roof strata over the wide
stall is estimated with the help of its tensile strength,
thickness, volumetric weight and weakening coefficient For
the first three slices in the panel, the immediate roof is coal
of 2.4 MPa tensile strength and 70% RQD (rock quality
designation). The VII/VIII seam was poorly cleated’ and
was found suitable to remain stable up to 10-15 m span.
The immediate roof of VII/VIII seam is a shale band of 1.9 m
thickness followed by massive sandstone strata of 30 m
thickness. As per physico-mechanical properties of the
formation given in table 4, the immediate shale roof has low
RQD. Extensive support requirement was felt for 4th slice
working (wide stall) under this weak roof strata. To
overcome this problem, the heights of all the slices were
adjusted in such a way to leave at least 0.5 m coal in roof
keeping the shale band unexposed. The overlying
sandstone was found stable with limiting span beyond 30
m, which arrested chances of roof failure related problems
like potholing.

As discussed above, the proposed wide stall method
envisaged four slices working in ascending order by
superimposed development and widening of existing
galleries of each section. Long term stability of the resulted
mining structures was a serious requirement due to presence
of the densely populated city above the workings. In fact,
1.3 safety factor of the ultimate pillars for 41.7% recovery
may not be suitable for the long term stability. The formation

Table 3 : Safety factors of the ultimate pillar for different methods of mining

Conventional splitting and stooking Wide stall mining
Gallery size Recovery Safety factor Gallery size Recovery Safety factor
3.6 346 1.06 6 29.5 175
40 378 098 7 337 159
45 41.7 09 8 378 144
50 45.5 082 9 41.7 130
55 49.1 0.75 10 455 1.17
Table 4 : Physico-mechanical property of roof rock mass
Formation Strength (MPa) Bulk density RQD (%)
Compressive Teasile Shear gm/cu. cm
Shale 550 19 106 25 20
Sandstone 462 54 119 241 80
Coal 180 Y e 24 438 125 0

¢ For a roof sirata of RMR class Il wide stall method can be practiced in conjunction with different rock reinforcement technigues.

7 The frequency of clear varied ketween 7 to 12 per preter.
¥ Gradient of seam dipping was favourable for right stowing
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of wide stalls of second slice of bottom section was
proposed on the sand floor of first slice as all stalls of'each
slice were proposed to be stowed with sand. Similar
approach of stowing and wide stalling was to be followed
for the two slices of the top section. Proposed sand stowing
is not only to help in upper lift working but to minimise the
chances of potholing and subsequent weathering of
exposed roofstrata and pillars, Side thrust and confinement
provided by the stowing® is considered to improve the
strength of the resulted coal pillars. The wide stall formation
in different horizons were proposed to maintain steps along

T
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Ultimate
size ol
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with faces to facilitate transport layout from the existing
floor development up to the top section workings.

Working in the panel

Above described norms and parameters to optimise
recovery of coal were adopted, without any change, during
field trial of wide stall mining in the panel. Conventional
system of drilling, blasting and manual loading was adopted
to develop and widened the galleries inside the panel, The
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Fig. 7 : Plan and section showing sequence of extraction of the thick VII/VIII coal seam
by wide stall method.
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stalls of all four lifts were formed in ascending order with
stowing of lower slice before the formation of the upper
ones. The method of working and sequence of extraction
followed in the panel is shown in Fig. 7. Seam thickness in
the panel varied from 16.5 m to 16.9 m, so marginal
adjustments in the slice thickness were done to ensure 3 m
solid parting between top and bottom sections and, at least,
0.5 m coal in roof. Working in the panel followed the
conventional depillaring style maintaining diagonal line of
face and face advance from dip to rise. Wide stall formation
in 1st slice of bottom section started by attacking the pillars
in a way to form diagonal line of advance and voids thus
created were stowed within shortest possible time. The
working in subsequent slices were advanced in such a way
that working of any upper slice always remained almost
one pillar behind the stowed working of the lower slice
(Fig. 7). The stall formation involved widening of 3.6 m
wide development gallery to 9 m which was possible by
taking 2.7 m wide strip on both sides of an existing heading,
Because of blasting constrain and rehandling of the
supports, it was decided to operate a 5.4 m wide wing face
on one side of the gallery. Under this scheme, extraction
from a pillar involved formation of two wing face, each of
5.4 m width (maximum), in form of “L” block (Fig. 8) to
reduce the ultimate size of the pillar to 21 m. Finally, 41.7%
coal recovery was achieved in the panel by wide stall mining
leaving rest coal in form of pillars of stable core. Extensive
strata control observations, undertaken during this field
trial, did not show any considerable influence of wide stall
formation on stability of ultimate pillars and roof'strata over
the widened gallery.

CONCLUSIONS

Both, laboratory and field investigations could
visulaise the potential of wide stall mining to optimise
recovery and safety during exploitation of a developed thick
coal seam under built-up surface structure. Simple
calculations, based on strength of the surrounding rock

ROTTO SCALE

Fig. 8 : Configuration of “L” shape extraction for the wide stall
formations
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mass, and results of simulated models may be used to
design the dimension of the ultimate pillars and limiting
span of roof over the widened galleries. This method has a
number of advantages over the conventional splitting and
stooking method including improvement in stability of the
ultimate mining structures. Successful field trial of this
mining method and favourable results of the strata control
monitoring could show the strength of this mining method.
Drawback of this method is the requirement of a favourable
geomining conditions: among which availability of a
competent immediate roof strata is must for shallow mining
conditions.
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INTRODUCTION

The strata control in underground mining plays a very
significant role. The efficiency, cost effectiveness and
safety of underground mining are largely dependent on
support system. The support requirement of underground
roadways is dependent on following factors:

a) freshly exposed roof or long standing old roadways -

where bed separation has already taken place.

b) nearness to already worked out working,

c¢) depth from surface,

d) geo-technical properties of rock,

e) the period for which the roadway has to remain in
use, and

f) method of mining,

The causes of damage to excavations in rock are as
follows:

a) The separation of pieces of rock, bounded by
geological discontinuities and fractures induced by
excavation, from the rest of the rock around the excavation.
This is named a loosening ground condition.

b) General shear failure in the rock mass caused by
overloading from the existing stress field. Shear failure of
the type bearing failure in weak side walls and roof failure
due to incomplete arch formation come under this category.

¢) Problems of instability due to high stresses. The
intensity may very from splitting, spalling, bending and
buckling of slabs, Under favourable conditions, explosive
failure i.e. rock burst occurs extending far into the rock.

The integrity of rock around an excavation is readily
destroyed by any movement in excess of those resulting
from its behaviour as a continuum elastic material. If a
piece of rock becomes loosened it is no longer capable of
contributing to its own support. Opening, separation, and
rotation destroy the strength due to interlocking inherent
in even the most extensively jointed rock. The stability
and safety of an excavation in rock are determined in
extensively jointed rock. The stability and safety of an
excavation in rock are determined in

i. by the extent to which this disruptive displacement
are prevented, and

ii. by the extent to which they can be controlled.

Thus every effort must be made in the design of an
excavation to retain the competence of the surrounding
rock, and the support must be used to provide additional
competence as is required. The term rock support usually
implies to increasing the capacity of the rock to resist loads.

The shotcrete is a surface support. The bearing
capacity of surface support and its deformation resistance.

* Professor, Depl. of Mining Engineering. Indian School of Mines, Dhanbad-826 004,
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toughness have a decisive factor on ability of the surface
support to interact with the rock and to stabilize the surface.

Vandewalle (1996) summarizes the principle of tunnel
lining using steel fibre reinforced shotcrete as follows:

i.  The most important part of the tunnel lining is the
ground that surrounds it, and the most important
componentof the ground is ground water.

ii. The mostimportant element of lining construction
is to secure full, continuous contact between the lining
and the ground movement, not to carry ground loads.

ili. The most efficient tunnel lining is one that
mobilizes the strength of the ground permitting controlled
ground deformation.

iv. For multistage linings, the initial construction
support is very flexible compared to ground, and can absorb
large flexural deformations associated with redistribution
of ground stresses,

v. Selection of the type of lining depends on
excavation methods that are suited to ground
characteristics, of which stand-up time is usually most
significant,

vi. The design of tunnel linings must account for large
uncertainties and variations in ground conditions,
construction procedures and ground behaviour during
construction.

vii. These inherent uncertainties are incompatible with
the apparent precision of mathematical analysis of stresses.
Nonetheless, reliable guidance for economical lining design
may be derived from experience with construction of tunnels
in similar ground.
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BEARING CAPACITY AND
DEFORMATION RESISTANCE
OF SURFACE SUPPORT

The surface support in the form of strong arches of
concrete, shotcrete or steel may be sufficient in itself to
stabilise the roadway. In other cases, it is possible to use
surface supports of less strength, but it must then interact
with the bolt support to achieve the necessary stability of
the entire roadway.

The role of a thin layer of shotcrete as surface support
in this connection is to give stability to the area between
the bolts so that the bolts function in the intended way
(Fig.1). If large deformations arise in the surface support,
this may lead to a situation where the bolts cannot take up
the load from the rock in the intended way. The load will
then be transferred to the surface support which is not
designed to carry this load and the tunnel will collapse
(Fig. la). In other load situations and for other failure
mechanisms (Fig. 1b), the bolt support will function in spite
of the fact that large deformations occur and the rock breaks
up. Large deformation in surface support are not
disadvantage here (Stille, 1992).

Bearing capacity of the shoterete against fall of a block

Thin shotcrete lining acts to prevent rock displacement
by (Mahar, 1975)

i. stiffening and strengthening the rock mass by filling
open joints and fractures,

ii. transferring the rock load to adjacent stable rock
through adhesion or shear, and

jii. acting as a membrane in bending and tension when
shoterete tock bond is low and the shotcrete layer is
continuous.

SuUspension
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i
-
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Fig. | : Toughness requirements of surface support for (a) arching and (b) suspension (Stille, 1992).
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Shotcrete in thin lining having poor shotcrete bond
does not have the capacity to carry the full gravity load of
large wedges but may provide enough support to reduce
displacement and thus help maintain the self supporting
capability of rock. In this case shotcrete layer must be
reinforced.

Cecil (in Mahar, 1975) proposed an analytical method
to compute shotcrete thickness required to support the full
gravity weight of'a block in flat roof with good shotcrete-
rock bond. In his approach, weight of a freely falling block
from the roof is restrained by a shotcrete layer applied on
the roof. It is assumed that resisting force by the shoterete
is adhesion of shotcrete over a small width & (equal to
thickness of the shotcrete) along periphery of the rock block

(Fig.2),
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Fig. 2: Support of afree falling rock block by shoterete due to adhesion.
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On the basis of laboratory scale experiments, Stille
(1992) has found that ¢ is less than the shotcrete layer
thickness t, and the relation between t and & is shown in
Fig. 3. Bond (adhesion) strength o 4 between coal measure
rocks and steel fibre reinforced concrete layer, tested in
ISM laboratory, is given in Table 1, and the bond strength
of shoterete layer on hard rock, tested by Hahn and
Holmgren (1979) is given in Table 2.
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Fig. 3 : Bearing capacity due to adhesion for different thickness
of the shoterete layer (Stille, 1992),

Table 1 : Coal Measure rock-concrete bond strength

SI. Rock Surface Bond failure Bond
No. Type description description strength (MPa)
1. Coal  rough Bond failure; some 013
coal pieces (Vitrain)
sticking on the
conerete surface
2. Coal rough Bond failure; very few 013
coal pieces sticking
on the surface
3. Coal old & dusty Bond fuilure 0.04
4. Coal smooth Bond failure; some 0.10
coal picces sticking
on the surface
5. Shale smooth failure through filmof 0,05
shale, a thin filmy layer
of shale was sticking
on the surface
6. Shale smooth joint Bond failure 0.15
plane normal
to bedding
7. Sand-  rough;coarse Failure through the 0.15
stone  grain,poor  sandstone
cementing
material
8 Sand- rough; grained Bond failure 0.24
stone  strong &
hard sand-
stone
9. Sand- rough:carbo- Failure partly through  0.22
stone  naceous bond & partly through
hard sand- the layer of carbonaceous
stone sandstone
Table 2 : Hard rock-shotcrete bond strength
(Hahn & Holmgren, 1979)
S1. Rock Grain Bond Strength
Type size Smooth Rough
surface surface
1. Shale very fgd 0.24+0.18 0.28+0.11
2, Mica Schist mgd 0.58+0.19 0.85£0.35
3. Gneiss mgd 0.1940.05 0.51£0.11
1(00D) b
4.  Gneiss mgd 1.53£0.28 1.8
Il (001)
5. Limestone fed 1.49 1.84
marlstone
6. Rooflimestone fud 1.58+0.12 1.6410.30
7. Marble mgd 1.38+0.30 1.52+0.28
8. Sandstone fed >1.8 >1.8
crystalline
9. Sandstone fud 1.1 1.1
porus
10. Granite coarse 0.34%0.12 1.1240.20
porphyro-
blastic
I1. Granite mgd 1.04+0.32 1.40+0.26
12. Granite fed-mgd 1.48£0.46 1.71£0.14
13. Gabbro fgd-mgd 1.5620.25 1.70

Problem ; Find thickness of a shotcrete layer to support by
adhesion prismatic wedge formed by joint planes in a shale
roof of'a roadway in a coal mine (Fig. 2). a= Im.h=1m, length
I=2 m and unit weight of shale p= 22 KN/m’.

Solution :g,, =0.15 MPa = 150 KN/m? (table 1, SI. No. 6)
I

Weight of the rock block = —— (ah)l p=22 KN
2

Periphery of the block surface exposed to the roof,

s=2(at)=4m

Bearing capacity of the shotcrete = sdg 4 = 6004 KN
For equilibrium of the block
6006 =22

Therefore

0=37 mm

Thus, the required shoterete layer thickness corresponding to ¢
=37 mm is 60 mm read from Fig, 3.
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The thickness of the shotcrete layer required to
support a rock block is very sensitive to the bond stren gth.
For example, the required shotcrete thickness for
supporting the same size of block in hard sandstone where

w022 MPa(Table 1, SI. No. 9), is only 30 mm.

Further, the stability of roofand side walls in a jointed
rock depends on stability of a key block. Its failure destroys
the natural arch. A thin layer of shotcrete having good
bond strength stabilises the key block which results in a
stable natural arch. The shotcrete layer applied on the
jointed rock surface also mobilises the inherent strength
(friction) of the rock by binding and keeping them together
(Fig. 4).

thickness

‘Etfective surface
supporl thickness

Fig. 4 : Support of “key blocks” by shoterete and effective shotcrete
layer thickness

Bearing capacity of the shotcrete layer
supported by bolts

The bearing capacity of a shotcrete layer secured to
the ground by bolts can be treated as a uniformly loaded
plate supported at many equidistant points. (Fig. 5a). In

| s qu

Fig. 51 A model of shotcrete layer supported at many equidis-
tant points by rock bolts,

this case, we obtain a good approximation to the maximum
stress and to the stress distribution near a support as follow
(Timoshenko, 1956): A part of the plate near the support,
bounded by a circle of radius a=0.22¢ where ¢ is the distance
between the supports i.e. bolts, is considered as a circular
plate simply supported at the outer edge loaded at the inner
edge by a load P=qc? acting upward, and uniformly loaded
by a load of intensity q acting downward. This loading is
shown in Fig. 5b.

In this case the maximum stress in the plate can be
represented by formula

o — K (qa%/t?) 1)
and the maximum deflection is given by
W .=k, (qa¥Et) @
where t = shotcrete layer thickness, the coefficients k
and k, are given in Table 3 for several values of the ratio

a/b and for Poisson’s Ratio v =03,

Table 3 : Coefficients k and k,

ab k k,

125 0.135 0.00231
LS 0410 00183
2 104 0.0938
3 215 0293
4 299 0.448
5 369 0.564
6 434 0646
7 509 0699

DESIGN OF SHOTCRETE BOLT
SUPPORT SYSTEM FOR THE
ROADWAYS

“CMRI Geomechanics Classification” (CMRI Report,
1987, Venkateswarlu and Raju, 1987) of coal measure rock
is widely accepted and used in Indian collieries for design
of roof support in galleries. Since it follows the lines of
Bieniawaski’s Geomechanics Classification, the term Rock
Mass Rating (RMR) has been also used in this classification.
On the basis of RMR, the rock mass is divided into 5 classes,

The rock load intensity q s given as
q=k Bp, KN/m?,
where  k, =(1.7-0.037 * RMR + 0.0002 * RMR * RMR),

B = roadways width or roof span, m, and
£ = unit weight of the rock, KN/m?

k,B is also called rock load height. It means that a
support must bear the rock load of height k,B m. The
designed guidelines for permanent galleries based on this
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classification is given by Venkateswarlu and Raju, 1887. A
critical analysis of the guidelines, and design of a suitable
Steel Fibre Reinforced Shoterete (SFRS). Bolt system for
the same rock condition has been performed using the data:
B =5m, p=25 KN/m’, the residual flexural strength after
initial crack in 40 kg/m’ Steel Fibre Reinforced Shoterete
(SFRS) = 3000 KN/m* and bearing plate diameter =0.10m.
This is given as follows:

a) Very poor rock (Class V, RMR=10) : It is highly
jointed, fractured and loose which can not be hold by rock
bolts. Therefore, yielding arches have been suggested to
hold back the rock in place and yield under increase of rock
pressure if any.

Bolt-Shoterete support design : Here the bolt works
as shown in Fig. b where the surface support of the
shotcrete has to bear the weight of the very poor loose
rock over the gallery width, For RMR = 10 and B = 5m the
caleulated value ofq is 170 KN/m? (Eq.3). In order to provide
sufficient lateral restrain to the shotcrete layer, the bolts
must be longer in the weak rock. The minimum length should
be2 m, preferably 2.4 m (Laubscher, 1984). Thus full column
grouted bolts of length L =2.4 m should be installed at S, =
S,= | mwhere S, is bolt spacing along the gallery width and
S, is the same along the length. The SFRS layer thickness
can be calculated using Eq.1. 1t is 95,1 =100 mm forg= 170
KN/m? The total thickness of the shotcrete should be
applied in 2 layers. The first layer should be applied in each
round followed by installation of the rock bolts. The final
SFRS layer should be applied when some movement has
occurred in the gallery. The time of installation shoould be
decided on the basis of closure monitoring of the gallery. If
necessary, 2-3 nos. of reinforcing steel bars of dia. 25 mm
may be attached to the bolts across the gallery and they
should be covered with an additional 50 mm thick plain
shotcrete, forming a continuous bar reinforced arch in the
gallery at | m interval.

(b) Poor rock (Class IV, RMR =30) : Calculated value
of q is 100 KN/m2 for 5 m wide gallery. The suggested
support system is full column grouted bolt with wire-netting,

W-strap and props. The bolts of length L=1.8 m are to be
installed at sb = Sr = 1 m. Here, wire-netting will not be able
to provide immediate restrain to the roof and also will not
be able to prevent deterioration of the shale roof due to the
moisture in air. ¥

Bolt-Shotcrete support desien : Here, the bolt works
as shown in Fig. 1a where the surface support has to restrain
weight of the rock under the stable arch formed between
the bolts. The rock bolts of length L = 1.8 m should be
installed at S, = S, = 1.2 m. Therefore, B has to be taken
equal to S, =S, = 1.2 m, The calculated value of q to be
restrained by the surface support is 25 KN/m?(Eq.3). The
calculated SFRS layer thickness is 50 mm. This layer should
be applied immediately in each round of advance followed
by installation of the rock bolts. This layer must also be
secured with bearing plates on the bolts. Finally, the bearing
plates must be covered with plain shoterete. The SFRS layer
on the roof and plain shotcrete layer on the sides will prevent
the deterioration of the rock by isolating the same from
coming in contact with moisture besides restraining the
load intensity of 25 KN/m®.

(¢) Fair rock (Class ITIA, RMR = 45) : Calculated
value of q is 55 KN/M? for 5 m wide gallery. The suggested
support design guideline is roof stitching supplemented
with grouted bolts (L = 1.5m, §, = Im, and S =1.2m) and
wooden sleepers,

Bolt-Shoterete support ¢ The bolts works in the way
similar to the one for poor rock described above. The rock
bolts of L=1.8m are installed at §, =S =1.2m. Therefore,
calculated value of q is 15 KN/m* for the shoterete layer.
The SFRS layer thickness is 40 mm for restraining the g.
However, a minimum 50 mm thickness of plain shotcrete
should be applied instead of 40 mm SFRS.

(d) Fair rock (Class 11B) and good rock (Class 1)
where RMR > 50 : Full column’rock bolts as suggested in
the design guideline should be used. If there is any local
deterioration of the rock either inroof or in side walls, plain
shotcrete of minimum 50 mm thickness should be applied
on the affected area.

The conventional support guidelines and designed

TahJe 4 : Comparison of the conventional support and the shoterete support designed on the basis of RMR

Rock type Rockload q Support guidelines Shotcrete - bolt support system
Class/RMR for B=5m Mechanism/ q Shoterete thickness
(KN/m?) design of bolt (KN/m?) (mm)
Very Poor 170 Steel arch Suspension (Fig. 1b) 170 100 (SFRS with bar
v [=2.4m reinforced shoterete
10 S=8=Im beam)
Poor 100 L=1.8m Arching (Fig. 1a) 25 50
v S=5=Im L=1.8m for B=S =1.2m (SFRS)
30 wire-net, ‘W' strap & prop 5, =5=1.2m
Fair 55 L=1.5m, §,=1m, 5 =1.2m Arching (Fig. 1a) 15 x 40 SFRC/
B roof stitching supplemented L=1.8m for B=§,=1.2m 50 plain shoterete
45 with grouted bolt and §=8=1.2m
wooden sleeper
Fair & Good Rock bolt Arching 50 plain shotcrete
RMR=>50 where needed (Fig. la) where needed

S, = Bolt spacing; 5, = Bolt row spacing; L = Bolr length
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SFRS-bolt support system on the basis of RMR have been
compared in Table 4. The performance of the SFRS support
in rock having RMR<50 should be monitored by measuring
deformation and closure of the roof and side walls. If the
shotcrete layer gets fractured, then the ground should be
immediately stabilised by grouted rock bolts or cables
preferably pre-tensioned followed by an additional layer of
the SFRS,

The designed SFRS - Rock bolt support system works
maore than anticipated because the shotcrete binds the
jointed and fractured rock pieces together and with the
shotcrete layer. Thus the effective shotcrete thickness
increases and it becomes able to take higher rock load than
anticipated (Fig. 4). This, in turn, increases the ground
stability. Further, it is important to note that a continuous
SFR or plain shotcrete maintain-integrity of the fractured
rock which mobilises the inherent frictional strength of the
rock.

SFRS SUPPORT OF A ROADWAY
IN DIGWADIH COLLIERY

Digwadih colliery is one of the five collieries of TATA
Steel in Jharia Coal Field. It is situated about 14 km from
Dhanbad on Dhanbad-Sindri road. The method of working
is predominantly based on Board and Pillar system with
loading of coal manually as well as by Side Discharge
Loaders and Road Headers in tubs and on to chain
conveyors. Underground access to the coal seam is
through vertical shatis. The support system used in the
galleries, wherever required, mostly is conventional ones
consisting of timber, steel and rock bolts. In good ground,
the developed galleries normally span 4.2 m without any
support.

The Endless Haulage roadway of XIV seam in the
colliery was selected for the SFRS trial support. This
roadway is disturbed from 7th to 13th Dip. These are worked
out and stowed panels on both dip and rise sides of the
roadway. The panels were worked out in the year 1993-95.
The shotcrete trial was conducted between 9th and 11th
Dip. The site specifications are :

""\_'. % - A AR o 1 il
Fig. 6 : Steel crossbar and goal-pos Endless Haulage
roadway in Digwadih Colliery (courtesy TISCO, Jamadoba, Basu,
1999).

Depth from the surface =225m,

Excavated roadways width =3.6m,

Roadways height =1.8m,

Roofrock RMR =35

Side wall = coal withwell developed cleats.

Ground condition

Presence of the goaves on both sides of the roadway
has induced compressive stress in the side walls. This has
resulted in extensive fracture and spalling from the side
walls in the area. The induced stresses have caused further
separation in the layers of shale in the roof. The slip planes
and other geological discontinuities have resulted in severe
damage of the roof. The shale is also prone to deterioration
due to moisture and air, and this has further aggravated the
problem. The endless haulage roadway’s width has
increased to 4 m due to the side spalling. The roadway’s
height has also increased to 4.2m at some places due to
gaving in the roof.

The conventional support system and problem

The roadway is supported through out the length by
steel crossbars over goal-posts (Fig. 6 and 7). Three props
are used between which two haulage tracks are laid. Even
with this support system, a number of times, there were
severe roof falls which were cleaned and the area was re-
supported. At one of the sites selected for the shotcreting,
a large cavity in the roof was formed due to the roof fall.
The fall was recovered and area was re-supported by
wooden chocks over mild steel sheets which were laid
over the steel crossbars (Basu, et.al. 1999), This
conventional support was giving too many problems, It
renders obstruction in operation of the mine haulage and
the mine return air current. Further, frequent rehabilitation
of the conventional support system has proved to be very
expensive and disruptive. There was also no alternative
support to prevent the side spalling.

The shotcrete support design

The ground belongs to the Class Poor (RMR = 35).
The SFRS-bolt support system was designed following

[ :i‘-. . - ! 4 !
Fig. 7 : The same area as shown in Fig. 6 after SFRS-bolt support
installation {courtesy TISCO, Jamadoba, Basu, 1999),
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the approach described in Section 3. The design is given
as follows:

Roof  :SFRS; 75 mm thick; 60 kg/m? steel fibre in the mix.
:Bolt; bolt length, L. = 1.8 m, bolt spacing, S, =Sr=
2.0 m; bearing plate diameter = 150 mm (100 mm
was considered for the design),

Side wall: Plain shotcrete; 100 mm thick.

The base mix proportion of the SFRS was 2.6:1.9:1
(Coarse chips(-10 mm): Damodar river sand: slag cement)
by weight. 150 mm cube compressive strength of the base
mix was 25 MPa. The 60 kg/m?steel fibre in the mix results in
40 kg/m’ steel fibre in the shoterete layer after loss of the
fibre in rebound. The flexural strength of the shoterete layer
was 5.5 MPa and the residual flexural strength of the 75mm
thick 40 kg/m?® SFRS layer remained 3 MPa up to 2-3 mm
wide crack in the shoterete layer (Singh and Mishra, 1998
& 1999). Using Eq.3, the calculated rock load q was 32 KN
for the RMR=35 & B=S,=2m, and using Eq. 1, the computed
bearing capacity and the residual bearing capacity of the
designed shotcrete-bolt system were 32 KN and 17 KN
respectively.

Method of shotcreting

The coal on both the side walls was highly fractured,
loose and spalling due to the induced stresses and well
developed cleats in the coal. No effort was made to remove
the immediate fractured coal from the walls, as it would
have been resulted in further widening of the roadway. The

surface was thoroughly cleaned off the dust by a stream of
water and compressed air just before beginning the
shotereting. Thus the shoterete was sprayed on the already
fractured coal in the sides walls. The initial fine sand, cement
and Condensed Silica Fume grout penetrated into the
fractures. The subsequent shotcrete layers were deposited
on this thin sticky layer. The net result was a stable side
wall, Further, the side and roof convergence reference points
were also installed in the area before the shotereting.

At first, both the side walls were supported by the
plain shoterete. 100mm thick layer was deposited in a single
pass. For shotcreting in the roof, a few lagging between
the roof and the cross bars were carefully removed. This
resulted into fall of already loose rock pieces from the roof.
No effort was made to dress down the roof. While removing
the lagging, it was ensured that the roof did not become
unsupported. For doing the shotereting, the roof surface
was cleaned by a stream of water and compressed air. 75mm
thick SFRS layer was deposited in two passes of 30 and
40mm. The rock bolts in the roof were installed in the
shotcreted roof and the bearing plated were covered with
plain shotcrete. After supporting a substantial area by 75mm
SFRS and the rock bolts, the remaining laggings were
removed and their shadows on the roof were cleaned off
from the loose shotcrete and were covered with fresh SFRS,
The same area of the roadway is shown in Fig.4 after the
SFRS-bolt support installation. The steel girder and props
seam in this figure were later removed . The roof and side
convergence were regularly monitored and the monitoring
has shown no movement at all after replacement of the
conventional support by the SFRS one.

Table 5 : A Cost Comparison of different types of support in coal mines roadways

SI No. Support Cost (Rs. / m?)
L. Bolt ;22 mm g, 1.5m long, 1.2 x 1.2 ¢/c grouting with 3 cement capsules 115.00
2 ‘W’ Strap: 2.6 mmx 45 cm x 3 mat 1.2 m interval in a roadway of 4.2 m width 70.00
g 3 Piece Girder Support : Roadway size 3.6 x2.4 m, 1320.00
Support interval = | m (no side support)
4, Steel arch : at 0.9 m interval for 16 m* X - section roadway (Barve, 1995) 2407.00
5. Girdersupport : (Barve, 1995) 2390.00
Roadway size=4.2x42m
* Girder (200 x 100 mm) fixed in side wall with concrete at 0.7 m,
» channels (100 x 50 mm) placed over the girder.
* no side support
6. Cost of shoterete support : in 4.2 m x 2.4 m roadway in NMC - 3 (WCL) Mine (Barve, 1995) 388.00
* 50 mm plain shotcrete in side wall
¢ 50 mm Netlon (CE - 153,45 mm x 45 mm) reinforced shotcrete support in roof
7. SFRS support cost for a week roof and stressed side wall (4.2 m x 2.4 m roadway)
(Singh & Mishra, 1998)
e SFRS support cost per m? (bar reinforced SFRS beam at 1.5 m interval) 896.00
® SFRS support cost per m* (bar reinforced SFRS beam at 0.9 m interval) 1016.00
8. Steel Cross-bars over 3 steel props in a severely damaged endless haulage (4 x2 m). 15500.00/m length

(Basu, 1999)

The cost of the shoterete support in place of the above conventional one

¢ 100 mm plain shotcrete on side wall

6000.00/m length

75 mm 60 kg/m* SFRS in roof with 1.8 m rock bolts at 2.0 m centre to centre distance 600.00/m* (approx.)
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Cost benefit

A total 18 m length of the endless haulage roadway
was shotcreted as per the design. The shotcreting cost
was Rs. 4500/m’ inclusive of material and man power. The
cost of shotcrete bolt support system was Rs. 6000/m
roadway length where as it was Rs. 15500/m for the
conventional steel support. A comparison of the cost of
different types of support in coal mine roadways (Table 5)
reveals that the shotcrete is costlier than the rock bolt and
‘W’ strap ones. However, it is definitely cost effective over
the conventional steel girders and arches for poor and very
poor strata.

CONCLUSION

* The shotcrete support has been related to the
CMRI Geomechanics Classification System (RMR).

* A SFRS support design methodology has been
developed for roadways in coal major rocks.

* The role of a bearing plate with bolt is very
important in increasing the restraining capacity of a
shotcrete layer.

* The SRFS-bolt support for the poor ground in
Digwadih Colliery was cost effective over the conventional
steel support. There is a saving of Rs. 9500/m of the
roadway length over the conventional one.

* In general, It is cost effective for the poor and
very poor ground when we consider long term stability,
and time and cost for repair of the conventional supports,
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INTRODUCTION

Flotation column differs radically from conventional
mechanical flotation cell both in design and operating
philosophy. The basic principle of flotation column is the
counter current flow of air bubbles and solid particles and
behaves as a plug flow reactor in contrast to conventional
cells which more or less resembles a continuous stirred
tank reactor. The air is injected at the bottom of the column
to form the bubbles and allow to raise them through a
downward flowing slurry. It has been fairly well
established, that column has certain distinct advantages
over the conventional mechanical cells such as simple
construction and easy to fabricate locally without any
moving parts, less capital cost as material requirement is
low, less power consumption, low operating and
maintenang€ cost, ease to control with better computer
control facilities, reduction in number of stages of
operation for required grade and recovery, requirement of
relatively small floor area, ability to handle fine particles
and better performance with respect to grade and recovery.
During the last three decades, there have been significant
developments relating to design, operation, scale up,
simulation and optimization and application of technology
to extract maximum advantages of this machine in the
mineral industry[ 1-3].

A major difference of flotation column is the cleaning
zone in comparison with mechanical cell. Wash water is
added in the cleaning zone to eliminate the gangue
minerals from the concentrate so that the grade of the
concentrate increases.

A specific to coal fines a lot of R&D work have been
carried out [4-31]. Based on these results, number of
commercial plants have come up in different countries for
beneficiation of coal fines. The high lights of some of the
commercial plants are given below.

A coal preparation plant in Pennsylvania is operating
a 2.4 m diameter and 5.2 m height flotation column for the
recovery of—28 mesh coal. It produces a concentrate with
6.3% ash from a feed containing 26% ash at 85% yield [3].

The 1.7 m diameter, 5.5 high column was installed at
Riverside and commissioned in September—October 1986.
Through the use of wash water, a single stage of column
flotation can produce 10% ash concentrates from 40-45%
ash ultra fine feed at 70-80% recovery of combustibles [25].

The Middle Fork Preparation Facility located in Russel
County near Carbo, Virginia, USA has installed five 3 m
diameter microcel flotation columns to process
approximately 100 tph of minus 150 microns raw coal. It is
able to produce the ash content 8% from 45-55% feed coal.
Comparison with conventional cell, it can reduce 7% ash
further by increasing 27% combustible recovery [26].

Four flotation columns of 2-4 m diameter and 6.7 m
heizght each were installed at Mayflower preparation plant
of Powell Mountain coal company at Virginia. These
flotation columns are processing about 18 tph of fine coal
refuses from 500 tph coal cleaning plant and producing
about 5.4 to 7.2 tph clean coal at 6% ash {19].

*Regional Research Laboratory, Bhubaneswar -751013
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10 and 22 em diameter and 250 cm height glass flotation
columns were used in the laboratory experiments for coking
coal fines. Based on laboratory results, 1 metre diameter
flotation column was designed and installed at Sudamudih
coal washery, BCCL, Dhanbad and West Bokaro coal
washery-II, TISCO, West Bokaro at the capacity of 2.5
tonnes of feed per hour [14, 29]. In West Bokaro, the column
was used to recover the carbon values from plant tailings.
In this paper the results of both laboratory as well as pilot
scale experiments have been discussed.

MATERIALS AND METHODS

Raw Materials

The coking coal fines from Sudamudih and Bheltand
coal mines and plant tailings from West Bokaro coal
washery were used for the experiments [ 14, 28-29]. The ash
and size distribution of each samples are given in Table 1.

Reagents

Commercial grade light diesel oil was used as
collector whereas MIBC supplied by National Organic
Chemical Ltd., Bombay, India as frother.

Flotation study at laboratory

Batch flotation tests were carried out using Denver
D- 12 sub-aeration flotation machine with 10 litre capacity
of cell. About 800 gm of sample was taken in each
experiment. The sample was made 40% solid concentration
with water and conditioned with required amount of diesel

oil as collector at 1000 rpm. Then the solids concentration
was brought down to 10% by adding additional water in
the cell. Then the required amount of frother was added
and conditioned for two mm. Then the flotation was carried
out using the induced air. The experiments were carried out
at different operating parameters. The flotation
concentration and tailings were collected separately in each
experiment and both were dried, weighed and analysed for
ash according to ASTM standard using Fisher coal .
analyser model 490.

Continuous flotation studies were carried out
employing 100 mm and 220 mm diameter of flotation
columns. The schematic diagram of the whole set up is
shown in Fig.1. The total height of the column is 2.5 m,
which consists of 1.5 m flotation zone and 1.0 m of cleaning
zone. The diffuser, which is an inverted cone over which a
filter cloth is fixed. The feed was introduced at 1.5 m above
the diffuser level. The air is passed through diffuser to
generate the bubbles from surface of the filter cloth. The
tailings were removed by a siphon arrangement, which
maintained the interface level in the column. The ratio of
diameter of diffuser and column is 0.8113]. Initially 20 kg of
coal sample was conditioned with required dosage of
commercial diesel oil as collector. The additional water was
added to bring down the solid concentration from 40% to
20% in the 200 litre capacity of the conditioner. From
beginning of the experiment, compressed air is passed to
the diffuser through rotameter before adding water in the
column to prevent the entering of the water inside the
diffuser. Superficial air velocity was maintained within range
of 0.6-1.5 cm/sec. To run the equipment, first tap water was
pumped by slurry sand pump with frother from dosing pump
to generate the bubbles inside the column. Simultaneously

Table 1 : Size and Ash Distribution of Samples

Size, Sudamudih coal Bheltand coal West Bokaro tailings
Microns Wi, % Ash, % Wi, % Ash, % Wit, % Ash, %
+ 1200 24 254
-1000 +500 14.5 12.1 27.2 32.2 342
500 +420 13.5 2
-500 +300 18.9 26.5
-500 +210 344 31.2
-420 4210 29.9 29:1
-300 +150 20.9 18.3
=210 + 125 T3 30.0
-210+75 12.0 29.6
=150 +75 12.4 13.8
-125+75 8.6 342
-75+45 14 67.6 5.0 17.6 6.2 3%
45 24.9 36.6 28.3 18.0 15.2 46.2
Total 100.0 31.0 100.0 19.8 100.0 34.6




Table 2 : Results of Batch Flotation Tests of Sudamdih Coal

SI. No. Weight, % Ash, % Combustible
Product Tails Product Tails Feed Recovery, %

1 56.8 432 20.93 69.71 41.86 77.2

2 61.1 38.9 21.85 73.69 42,02 82.3

3 60.4 39.6 20.00 74.46 41.57 82.7

4 72.0 28.0 18.31 67.37 32.05 86.5

Table 3 : Results of Column Flotation Tests of Sudamdih Coal

Sl. No. Weight, % Ash, % Combustible
Product Tails Product Tails Feed Recovery, %

1 48.0 52.0 11.5 50.8 31.9 62.4

2 48.1 519 15.2 61.2 39.1 70.8

3. 56.3 43.7 12.5 61.9 34.1 74.8

4. 52.2 47.8 14.2 62.6 37.3 71.5

5. 17.1 829 7.1 42.5 36.3 25.0

6. 76.0 24.0 20.0 72.9 32.7 90.4

7 61.3 38.7 212 79.8 43.8 86.0

8. 50.0 50.0 13.6 60.8 37.2 68.8

9, 59.6 40.4 17.3 69.4 38.3 79.9

10. 40.3 59.7 13.1 65.6 44 4 62.9

11. 85.3 14.7 11.2 70.5 30.3 86.3

12. 78.5 21.5 21.7 75.7 323 92.7

13. 62.2 37.8 17.1 63.8 34.7 79.4

14, 63.8 36.2 18.5 66.3 35.8 81.0

15. 29.6 70.4 10.1 48.4 37.1 423

Table 4 : Results of Batch Flotation Tests of Bhelatand Coal

Sk No. Weight, % Ash, % Combustible
Product Tails Product Tails Feed Recovery, %

1 10.4 89.6 6.1 23.54 21.70 12.5

2 36.5 63.5 7.0 31.90 22.80 44.0

3 68.2 31.8 9.5 50.10 22.40 68.2

4 76.2 23.8 10.5 59.40 22.10 87.0

5 85.0 15.0 12.6 68.20 20.30 94.5

Table 5 : Results of Column Flotation Tests of Bhelatand Coal

SI. No. Weight, % Ash, % Combustible
Product Tails Product Tails Feed Recovery, %

1 56.6 434 7.6 36.6 20.2 56.6

2 67.3 32.7 8.2 48.8 21.5 67.3

3 68.3 37 8.4 54.7 23.1 68.3

4 77.3 22.7 8.7 57.0 19.7 T3

3 842 15.8 8.9 844 20.8 96.8




Table 6 : Results of Batch Flotation Tests of Recovery of Carbon Values
from West Bokaro Washery Tailings

Sl. No.

Weight, % Ash, % Combustible
Product Tails Product Tails Feed Recovery, %
1 6.5 935 11.00 32.80 31.10 8.50
2 23.5 TS 12.50 36.50 32.50 36.50
3 37.1 62.9 15.30 41.00 31.40 46.10
4 52.6 47.4 16.70 47.80 31.40 63.90
5 .68.7 33 20.40 59.30 32.50 81.00
Table 7 : Results of Column Flotation Tests of Recovery of Carbon Values
from West Bokaro Washery Tailings
Sl No. Weight, % Ash, % Combustible
Product Tails Product Tails Feed Recovery, %
1 46.1 53.9 13.10 46.30 31.00 58.0
2 55.6 44.4 15.60 48.00 30.00 67.0
3 60.0 40.0 17.60 52.10 31.40 72.1
4 61.8 37.2 18.50 52.80 31.60 73.6
5 68.0 32.0 19.90 52.10 32.50 80.7

Table 8 : Results of Pilot Plant Column Flotation Tests of Recovery of Carbon Values
from West Bokaro Washery Tailings

Sl. No. Weight, % Ash, % Combustible
Product Tails Product Tails Feed Recovery, %

1 52.0 48.0 17.90 49.20 32.90 63.6

2 455 44.5 16.00 44.50 31.50 55.8

3 433 46.7 16.90 46.20 33.50 54.1

4 48.0 52.0 14.80 40.90 28.40 37.1

5 522 47.8 17.40 49.10 32.60 63.7

6 60.2 39.8 14.50 43.70 26.10 69.6

7 ST 32.9 18.50 44.90 29.80 66.3

8 62.1 37.9 16.70 44.70 27.30 71.1

9 T3 28.7 16.00 47.50 25.00 79.8

wash water was added through peristaltic variable speed
pump to maintain the steady state in the system. Then the
slurry was pumped by peristaltic pump at particular feed
rate to the sand pump in place of tap water and the slurry
flow rate frem the outlet of sand pump was checked
measuring the slurry rate by conventional method. The
details set up and running of the flotation column is shown
in Fig.2. The experiments were carried out by varying the
different rate of feed slurry, air, wash water, collector and
frother. In each case, when the steady state reached, the
concentrate and tailings were collected separately for
analysis, Then the samples were dried and weighed. The
proximate analysis was carried out according to ASTM
standard using Fisher Coal Analyser Model 490,

RESULTS AND DISCUSSION

Size and ash distribution of each samples were given
in Table 1. In each case there is also substantial amount of
+500 micron particles. The flotation was carried out at
different dosages of reagents in both flotation cell and
column. The experiments were also carried out at different
operating variables i.e., air rate, feed rate, wash water rate
and variable solid concentration of slurry in the flotation
column. Some of the results of flotation cell and columns
for different samples are given in Table 2-7. Typical results
of pilot plant flotation column at West Bokaro coal washery
is given in Table 8, The results of the batch flotation in cell
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FLOTATION COLUMN
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Fig. 2 1 Experimental set up of flotation column,

and column flotation tests on Sudamudih coal are given in
Table 2 & 3. It has been observed that the flotation column
gives better results in comparison with flotation cell with
respect to ash percentage of the concentrate and
combustible recovery. Similar observation has been seen
in Table 4-7 in case of Bheltand coal and West Bokaro
washery tailings. The pilot plant results are given in Table
8. It can be concluded that almost the laboratory results
could be reproduced in the pilot scale plant. As coal is low
cost material, addition of cleaning stage will be expensive.
For single stage flotation, the column will give better
performance than flotation cell due to have extra cleaning
zone. As all three samples contain substantial amount of

30

Fig. 3 : Pilot plant flotation column at West Bokaro coal washery.

+500 micron, so that maximum coarse particles were reported
in tailings in the flotation column due to high residence
time and high froth bed. If the sample does not contain +
500 microns particles, the results of the flotation in the
column will be excellent.
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In coal flotation, the amount of froth is more and also
the length of cleaning zone is more in comparison with
flotation zone with respect to flotation of other minerals [1
3-14]. The shower type wash water system was used in this
study. When this shower type wash water distributor was
kept at little bit lower than the froth discharge levelin 1.0 m
diameter of flotation column (capacity of 2.5 tonne/hr of
feed and 2.0 m length of cleaning zone) for recovery of
carbon values from plant tailings at West Bokaro coking
coal washery-11, TISCO, the flow of froth from flotation
column reduced tremendously [14]. As the coal has natural
hydrophobicity, the drainage of water from froth in cleaning
zone is more, so that the solid load in the froth increases.
When froth of coal particles came up on the top of the
wash water distributor, the froth character changed and
became more sticky, as a result, flow of froth from column
decreased a lot. When the wash water system was kept
just above the flotation column as shown in Fig. 3, the flow
of froth increased and positive bias water reduced. But it
was also observed later on that for this arrangement of
wash water although the flow of froth increased whereas
positive bias water was reduced because of which the
entrainment of gangue minerals in froth increased. Based
on this experience, wash water system was further modified
from shower type to pipeline distributor system in the
laboratory column to increase the bias water and is shown
in Fig. 4. Later on silicon-carbide sintered tube was used in
place of the filter cloth to reduce the cross sectional area of
the diffuser and to avoid mechanical problems for disposal
of tailings and easy maintenance of the diffuser system.
The latest study on performance of flotation column can
be noted that the design and location of diffuser and wash
water system play the major role to increase the efficiency
of the system . The latest model for wash water and diffuser
system is shown in Fig, 5. In addition to this, RTD study
requires to evaluate the mixing characteristics of the system
i.e., axial dispersion coefficient, Peclet number etc which
helps a lot during scaling up the column.

CONCLUSIONS

Flotation column which has unique advantages for
beneficiation of coking coal with respect to grade as well
as recovery. If particles are less than 500 micron, the
performance of'the flotation column could have been better.
Using the latest diffuser system and wash water distributor,
the results of column might have been excellent.
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HAZARD IN COAL MINES USING THE
ENERGY RATE CONCEPT

P. R. Sheorey*

T e ® FieT Tl o 922r foahed & ] %Y -
vean faftfaee o 9on guw femgd o - =1 wegdteor fiF
213 2wl =aga 9 9 al qu fed = fafe amE

o dense & o ol frepras 1 ¢ w1 sifes fean man
1 398 e Frerd forereran € for s fawmie & frdaor & forg
do fierd & W fegafn s faftr @ Sem 21

INTRODUCTION

With the advent of advanced computer modelling
techniques, rock burst control by mine layout design has
become a reality using a new parameter, energy release rate
* (ERR), in S. African gold mines (Salamon, 1983). ERR is the
strain energy released by mining a unit area of the seam or
ore body. It has been shown from case studies that the
number of rock bursts is non-linearly proportional to ERR,
Fig. | (Ortlep, 1983).
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Fig. | : Variation of rock burst incidence with EER in 5.
African gold mines

Planning of a mine layout consists of minimising ERR by

adopting the following strategies:

(a) Reduction in panel width
(b) Reduction in extraction height
(c) Filling or stowing

Another method gaining increasing popularity, in coal
mines particularly, consists of leaving carefully designed
yield pillars (Campoli etal. 1987).

CASE STUDIES OF ROCK
BURSTS IN COAL MINES

Although rock bursts in coal mines of Ranigunj
coalfield have been reported since the 1920’s, scientifically
studied cases are very few.

Only two known cases of rock burst, Chinakuri No. 1
mine and Girmint of ECL, which led to fatality or serious
injury could be studied in detail. Of these, Koithee seam
workings of Girmint, in which the rock burst occurred, are
now closed. On the other hand Dishergarh seam at
Chinakuri No. | continues to be exploited and in facf,
longwall extraction with caving was planned until recently
in this seam.

Girmint Colliery

Panel 26-K of Girmint, where one serious injury
occurred due to a coal bump on 19.2.85, was probably the
deepest case of depillaring with caving (depth 490 m). It
had the following particulars:

Seam Koithee
Panel 26-K

. Average depth 490m
Extraction height 4.5Tm
Seam thickness 457m
Gradient 1in8.5
Pillar size (c/c) 40to 54 m
Roadway width 42t04.8m
Roof Coaly shale

*Central Mining Research Institute, Dhanbad-826 001
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Fig. 2 : Location of rock burst at Girmint

The method of extraction consisted of conventional
depillaring with ribs and slices and wooden supports. The 246m
site of the rock burst (bump), the position of the face etc.
can be seen from Fig, 2. Only a little caving had taken place
until that date.

Sandy Shale

Since CMRI was approached some time after the fact a
physical picture of the incident was collected from the
management, Considerable coal had dislodged from one 155m }__

— e — . — e 5]

171
side near the floor knocking a few props down, while the [
chocks remained standing. I%Jo roof ?a]]};l the accident site Siisalpnd et i !
could be seen. This was thus a case of coal bump than of 124m —I )
roof or floor burst. Shaly Sst : 1
oam | | 2 | 2
The initial DGMS permission allowed two dip-rise _g"! I g
splits in a pillar with ribs 2.5 m and slices 3.9 m wide. A Rer Sand Stone 3 l -4 B
the accident the permission was revised to level splits 4 I
(splitting being now restricted to only one row of pillars) 47m | L_
and a slice width of 3 m only. Sst 35m ] J ;] 1
Sandy Shale ,, B3
CMRI investigations included determination of the l |f
energy index of the coal which was found to be 3.17, Coaly Shale om ]
indicating moderate bump-proneness, and roof diamond Koithes P . & o+ - RQD, %
drilling to obtain RQD and strength, which are shown Comp. str.. MPa
plotted in Fig. 3. CMRI also recommended side rope T ——— Cuving Index, x 100
stitching. Further extraction in the panel could be done ) A
without incident. Fig. 3 : Roof characteristics at Girmint
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The ERR values were obtained by 3-D BESOL
modelling as

Average ERR
Maximum ERR

1.32x 10° Jim?
1.50 x 10° J/m?

The CMRI cavability index (Sarkar and Singh, 1985)
may be calculated here as a matter of interest from

I=g 1S
where o = compressive strength of'a bed, I.cg/cm’
= bed thickness, m

t
L = average core length, cm
n 1.0 for RQD <80 and 1.2 for RQD > 80

Chinakuri No. 1 Mine

The Panel in this mine, where a rock burst took place
on 10.10.92 leading to 3 fatalities, had the following details:

Seam Dishergarh
Panel W-13
Average depth 600m
Extraction height 2m

Seam thickness 335m
Gradient 1in4.5
Pillar size (c/c) 45m (min.)
Roadway width 3.6-4m
Roof strata Coal &

intercalation

The method of working was straight line depillaring
(modified longwall, Barry face longwall) with stowing using
TCR props and link bars and chain conveyor. Coal wining
was done by drilling and blasting, each cut being 0.6 m. At
the end of extraction of the first row of Pillars, 7 m wide ribs
(as per permission) were left, the chain conveyor and
supports were shifted to the outbye advance gallery and
the second row extraction was started. When the average
rib width was 8 m, (average 8.2 mto be exact) preparations
for the new face were going on in 58R and a rock burst
occurred (see Fig. 4) in this roadway.

Visual and Scientific observations

Underground inspection revealed the following;

(@) About 1.5 - 2 in of roof consisting of coal and
shaly sandstone had collapsed in S8R dislodging all
supports. Some falls in 1| WRL and 2 WRL ahead of the
face had also taken place.

(b) Severe spalling, squeezing and extrusion of ribs
had taken place.

(¢) Warm water was dripping at the face, which was
always dry.

Because of the roof fall and rib extrusion this was a
case of roof burst as well as coal bump.

= <Ht

.

Fig. 4 : Location of rock burst at Chinakuri No. 1.
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Scientific observations taken from the start of the Panel
consisted of drilling yield tests at the face and vertical strain
monitoring in ribs ahead of the face, Drilling yield testresults
are given in Fig. 5 and the last test on 9.10.92, when the rib
width was 8.5 m indicated a rock burst.

Vertical rib strain was measured with simple mechanical
strain bars installed ahead of the face. The strain changed
from compression to tension as the Pillar width reduced
and lastly to accelerated tension when it was 10 m or less
(Fig. 6). These observations were typical of pillar failure
and were valuable in that they gave the stable rib size as +
10m.

A BESOL model of the situation gave the average rib
load as 28 MPa while the rib strength was obtained from
the CMRI Pillar strength formula as 27.1 MPa:

§=0270 b0+ [(1250)+ 1].[(w/)-11  Mpa

where o, = coal strength (35 MPa)
h = extraction height (2 m)
H = depth (600 m)

w=2w W /(W +w,)

w = rib width (8 .2 m)
w,=rib length (40 m)

The safety factor of the rib was thus 0.97, indicating
failure.

The strain bar observations and this pillar stability
calculation afforded a simple and expeditious means of rock
burst control in this situation and that was to increase the
rib width to make it stable. CMRI recommended a width of
10 m which was increased by DGMS to 12 m to be on the
safe side. A plot of RQD, Compressive strength and Caving
index is given for Chinakuri roof strata in Fig. 7.

A BESOL model with 12 m ribs and a4 m slice was run
to obtain the ERR values for W-13 Panel as

Average ERR
Maximum ERR

3.68 x10% J/m?
458 x 10° J/m?

Longwall and Yield Pillar Modelling

Since single lift longwall with caving has been
contemplated at Chinakuri, it was decided to study the ERR
behaviour for the following conditions:

(a) Longwall caving width different face lengths

(b) Depillaring with yield pillars

(c) Barry face depillaring with stowing

The results of BESOL modelling are shown in Fig. 8.

? -
Drill rod 1,
jommed
5 -
5 =
E
=
A ¥
=
g <
£ 3
= -y
&)
z -
'l =
%

Depth of hole, m
Fig. 5 : Drilling yield test results at Chinakuri No. 1.
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Fig. 8 : Comparison of ERR for different mining layouts,

CONCLUSION

It is readily seen from Fig. 8 that stowing is better than
longwall caving and yield pillars are better than stowing.
Yield Pillars, obviously, have to be designed for “stable”
rather than sudden failure.

The ERR has so far been used only as a comparative
index. The question arises is: is it possible to reduce ERR
to a cut-off value at which rock bursts can be totally
eliminated? Such a cut-off value must exist as is seen from
Fig. 1. Since coal measures ave roughly 10-20 times weaker
than burst-prone rocks in gold mines, the ERR cut-off value
in coal mines will be that much less.
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INTRODUCTION

In India the earliest mine fire was detected in 1865 in
Ranigan] coalfield. The mine fire in Jharia coalfield first
surfaced in 1916, which was located at Bhowrah colliery.
Over the years, the number of such fires have increased to
about 70. Mine fires in the coalfields have assumed very
serious proportions causing colossal damage to the
country’s scant resource of prime coking coal, safety and
economic health of mining operations. According to official
estimates 45 million tonnes of prime coking coal have
already been lost in Jharia coal field alone and devastated
about 17.32 sq. km. of land. Moreover, nearly 2000 million
tonnes of prime coking coal have been locked up by these
mine fires. Several methods have been tried to control these
fires and marginal success could be achieved so far.

In this context, a project entitled “Design and
installation of two coal fired inert gas generators, for
combating mine fires in Jharia coal field” was undertaken
by CFRI under SSRC-8 & T grant of Department of coal.
The decision to use coal based inert gas was taken due to
its cheap price, density nearly equal to that of the goaf gas
and efficacy to combat mine fires. As per DGMS
specifications inert gas should contain less than 0.1 %
carbon monoxide at maximum oxygen concentration of 2.0
%, rest being carbon dioxide and nitrogen.

With this objective, two coal-based inert gas generators,
each of capacity 500 m’/h, with direct & indirect cooling
systems, were designed and installed at CFRI. Several coals
(coking I non coking) were tried to examine their capability of
producing inert gas having the specified quality, as laid down
by DGMS, under optimum conditions.

This paper deals with the observations obtained from
using different types of coals, cooling systems and plant
operating conditions for producing inert gas of desired quality,

INERT GASES FOR COMBATING
MINE FIRES

It has been reported that 75 to 85% of mine fires all
over the world are caused by spontaneous combustion of coal
which can be well prevented by reducing oxygen
concentration below 3% [1]. Significant advances have been
made in recent years towards the control of mine fires by
using fogged inert gas (a mixture of inert gas and water
vapour droplets), dry inert gases (a mixture of inert gases
and nitrogen) for extinguishing underground mine fires [2].
The use of inert gas for combating mine fires greatly reduces
the time of recovery of a fire zone as compared to the old
method of sealing a fire and waiting long enough for the fire
zone to cool sufficiently before its reopening. Theoretically,
any inert gas can be used for the purpose of combating mine

*Central Fuel Research Iastitute, P.O.-FRI, Dhanbad - 828 108
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Table - 1 : Properties of feed coals

North Raniganj Jharia coalfield

Karanpura Coalfield

Coalfield

K.D, Jambad Sendra Tetulmari GOCP (V,

Hasalang Colliery Bansjora colliery VIi& VII

colliery Open cast seam)
Proximate analysis, %
Moisture 46 7.1 13 1.0 0.7
Ash 448 245 40.0 327 362
Volatile matters 215 290 14.0 13.6 162
Fixed carbon 29.1 394 447 52.7 469
Ultimate analysis (damf basis), %
Carbon 90.55 90.85 92.61 92.52 91.79
Hydrogen 6.58 632 493 481 539
Sulfur 1.06 0.74 0.67 087 0.54
Nitrogen 1.81 209 1.79 1.80 228
Caloric value, kcals/'kg 3490 5280 4800 5380 5140
Ash Fusion Range, 0C
L.D. Temperature 1260 1320 >1400 1185 1360
Hemp. Temp. >1400 >1400 >1400 >1400 >1400
Fluid. Temp. >1400 >1400 >1400 >1400 >1400
Particle Size distribution, wt. %
Size range, mm
6.00-3.33 24.0 12.0 220 140 470
3.33-1.65 530 425 42.5 48.5 212
1.65-0.50 225 450 345 370 28.5
0.50-0.00 05 05 1.0 05
Average particle, size, mm 208 1.56 1.75 1.72 359

fires. However,., in practice the choice narrows down to
carbon dioxide, nitrogen and flue gases of combustion
(petroleum fuels/ coal).

Although carbon dioxide was one of the earliest
candidates for the role of inertisation of mine atmosphere,
it suffers from several drawbacks. It is not available in large
quantities, stratifies along the floor forcing the fire to migrate
to upper sections and is difficult to remove during recovery
operations,

Nitrogen is extensively used for this purpose in the
countries abroad [2,3] and available experiences using
liquid nitrogen in India are limited [ 4.5]. [thas some inherent
disadvantages. It being lighter than goaf gas, even
distribution particularly in the bottom section is not always
feasible, escapes faster, necessitating higher quantity of
gas input, Moreover, commercial production of nitrogen
by liquefaction of air needs a very high level of capital
investment and its production by PSA (pressure swing
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adsorption) method is dependent on imported carbon
molecular sieve [6].

Inert gas based on petroleum fuels is costly as these
fuels e.g. diesel, kerosene and fuel oil etc. are scares and
costly. The coal based inert gas works out to be extremely
cheap. Moreover, its density is more or less same as goaf
gas in the fire zone permitting even distribution in the entire
void area.

COAL BASED INERT GAS
GENERATOR

The generation of inert gas is based on the principle
of fluidised bed combustion of solid fuels under specific
process canditions [7]. The coal based inert gas generator
can take up widely different qualities of coal independent
of their sources. The process flow sheet of the pilot plant is
shown in Figure - 1. :



Table - 2 : Result of typical tests with coals of different qualities

North Raniganj Jharia coalfield

Karanpura Coalfield

Coalfield

K.D. Jambad Sendra Tetulmari GOCP (V, V1

Hasalang Colliery Bansjora colliery & VII seam

colliery Open cast
Feed size, mm 6.00 6.00 6.00 6.00 6.00
Feed rate, kg/h %0 &0 55 50 80
Average bed temp., °C 910 900 900 900 900
Superficial fluidising velocity, m/s
At 300¢ 0.46 042 035 037 040
At average bed temp. 1.81 1.65 135 143 1.55
Airto coal ratio, Nm3/kg 463 630 566 6.69 564
Product inert gas analysis, vol. %
Carbon dioxide 1670 1620 16.90 1660 17.10
Oxygen 1.70 200 1.60 1.80 140
Carbon monoxide _ 0.05 0.06 0.05 0.06 0.03
Nitrogen 81.55 81.74 81.45 81.54 8147
Heat input rate, kW 365.0. 3683 3069 3127 478.1
Heat release rate, kW 357.7 3573 294.6 297.1 456.6
Combustion efficiency, % 98.0 97.0 96.0 95.0 95.5

The combustor is a cylindrical vessel the bottom
section of which is lined inside with a layer of firebricks. A
distribution plate is fitted at the bottom of the combustor
on which coal is fed through screw feeders and conveyed
by the primary air. A cooling coil is placed inside the lined
section through which water is circulated in order to control
the reaction temperature The combustor is also provided
with an overflow pipe centrally placed for the ash discharge
as well as control of the bed height. Thermo-wells at different
places and pressure tapping are also provided for the
measurement of temperatures and pressure drop in the bed.
The combustor is followed by cyclones (primary &
secondary) for cleaning and cooling systems (indirect/
direct) for the product gas. On-line oxygen and carbon
monoxide analysers are also fitted before its exit to the
atmosphere to monitor the quality of the gas continuously.
In the first unit, for indirect cooling, two shell and tube
(single pass) heat exchangers in series have been installed
where hot gas is passed through tubes and cooling water
through the shell. In the second unit, for direct cooling a
partially packed spray tower has been used to cool the hot
product inert gas to ambient temperature,

TEST PROCEDURE

The primary air through coal fee ' line and secondary
air through distribution plate were pz sed to keep the bed

(coal ash & lignite) fluidising. The bed was then ignited by
addition of a small quantity of separately lighted sized
charcoal. When the bed temperature reaches the ignition
temperature of coal, feeding of coal (crushed and screened
below 6 mm) was started and gradually raised to the desired
level. The air and water rates were then set accordingly in
order to attain optimum condition which is indicated by the
temperature and pressure drop of the bed. After attaining
the steady state conditions a test was conducted for period
4 to 5 hours for the data collection,

COALS TESTED AND THEIR
OBSERVATIONS

Coals, both non-coking and coking with wide variation
in ash content, (24 to 45%) and from different coalfields
were tried. Their analyses and physical properties are
presented in Table - 1. The details of optimized process
variables, e.g. average bed temperature, bed height, coal
feed rate, air rates, coal particle size and average composition
of the product gas obtained are shown in Table - 2,

It was observed that at an average bed temperature of
920+/- 20°C and feed rates varying between 50 to 90 kg/h
with non-coking coals from K. D. Hasalang colliery of North
Karanpura field as well as Jambad colliery of Raniganj field
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and coking coals from (I) Sendra Bansjora open cast (VIII
seam), (i) Tetulmari colliery (Il seam), (iif) GOCP coal (V, VI,
VII seams) of Jharia field the inert gas containing CO less
than 0.1% at 02 levels 0f 2% or below could be produced [8].

Carbon dioxide and nitrogen present in the inert gas
were 16 to 17 % and 81 to 82% respectively. Other
combustible gases e.g. hydrocarbons and hydrogen were
absent. The combustion efficiency in all cases was found
to be above 95%. A gradation in combustion efficiency
obtainable with variation in rank of coal was observed.
Higher the rank, lower was the combustion efficiency. The
results suggest that within the range of the process variables
employed the rank of coal played an important role in
deciding combustion efficiency which in turn dictates the
quality of inert gas.

The effect of residual oxygen content in the inert gas
on carbon monoxide content has been shown in Figure - 2,
Desired CO concentration was found well within the reach
at 1-2% 02 in the inert gas with all coals tested in the pilot
plant. The product gas was cleaned by two suitably
designed cyclones (primary & secondary) and installed in
series.

In the indirect cooling system the inert gas (350°C after
exit from the secondary cyclone) could be cooled to 50°C.
The critical temperature of the product gas is around 49°C
below which the moisture (6 to 8% by wt.) gets condensed
and causes corrosion in the tubes of the heat exchangers
due to SO, (present in the inert gas) dissolved in the
condensed moisture. Also fine dust (escaped from the
cyclones) present in the gas (up to 40gm/m?) gets
accumulated at the mouth of the heat exchangers and gets
stuck on the inner surface of the tube, which in the longer
period (after 13 to 15 days) cause choking. Hence, heat
exchangers need to be cleaned frequently,

In the direct cooling system the product inert gas could
be cooled from 350°C to ambient temperature and also
completely free from dust. However, cooling water in the
gas cooler becomes acidic in nature and contaminated with
dust, Therefore, fresh cooling water is needed continuously
for the purpose. Only the bottom part of the gas cooler,
which remains in contact with the acidic water, needs an
acid resistant lining for protection from corrosion, For gas-
water, resistance to heat transfer is offered mostly by the
gas phase. So, for efficient cooling in case of high gas
velocity, a packed bed is an obvious choice for this
purpose. This in turn makes pressure drop a eritical
consideration. It has been estimated that a bed (packed
"with 25 mm raschig rings) 0.8 meter in diameter and 2 meters
in height will be required to cool the gas to ambient
temperature. But in this case the packed bed is liable to be
choked due to dust load (40 gm/m® of the product gas)
leading to gas channeling through the bed. So, the cooling
tower is kept partially packed which causes less cost as
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well as low pressure drop i.e. less load on the fan. Cooling
tower functions trouble free and needs no maintenance
even after running for longer periods.

COST ESTIMATE

The cost estimate was made by the standard progedure
and on the basis of two shifts, each of 8 hours duration
and 300 working days per year. The cost estimate is given
below:

Rs. (Lakh)
Fixed Capital 22.80
Working Capital ) 222
Production Cost © 2220
General Expenses 3 647

The cost of production of coal based inert gas thus
works out to be around Rs. 1.20.

CONCLUSIONS

The findings of the present study has established
that the inert gas of desired quality can be produced
cheaply by burning low grade coals by the technology
developed at CFRI which has potentiality of combating
mine fires successfully at the present juncture and also
in future. The pilot plant is flexible in respect of quality
and source of coal. The plant of this capacity is suitable
for commercial exploitation hence needs no scaling up.
The plant is extremely simple and cheap involving all
indigenous equipment and instruments. Maintenance
cost of the plant is very low. There is an urgent need for
actual field trials with this inert gas generator in the
selected mine under fire.
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INTRODUCTION

The failure process in rock around any excavation
depends on the total stresses which are a sum of the pre-
excavation or in situ stresses and excavation induced
stresses. These stresses are matched against a suitable
failure criterion to define failure or stability. Coal pillars,
Wwhich occur between roadways or gob excavations, must
also be assessed for stability using this fundamental
procedure in rock mechanics. This procedure in the case of
pillars need not be fallowed rigorously, and in fact, an
indirect method can be adopted for defining pillar strength
because such factors as the influence of width-to-height
ratio (w/h) and size on pillar strength are more or less well
established.

L. Itshould fit as many case studies (both failed and
stable) as possible.

2. Itshould preferably be applicable to all practical
ranges of w/h.

3. The effects of w/h, end constraint, and size
should be incorporated in the equation. The
equation should be amenable to changes for
unusual and conditions (e.g.. soft bands in the
roof/floor),

4. A suitable coal strength parameter should be
included in the formula. The uniaxial compressive
strength of small specimens (1 inch cubes) is
recommended, as the in situ large-scale strength
is likely to be biased with cover depth (1)

5. The influence of in situ stresses should be
properly included.

A pillar strength equation was earlier developed based
on these features (1). This paper examines the performance
of this equation against case studies as well as against the
Indian Coal Mines Regulations (1957) and suggests
suitable refinement of the equation.

PERFORMANCE OF EARLIER
FORMULA

The Central Mining Research Station (CMRS) formula
reads as follows :

$=0.27 a_h®*+[h/160 {(w/h)- 1}] 1)
where S pillar strength, MPa,

g, + strength of 1-in cubes of coal, MPa
h = extraction height, m
H = depth ofrock cover, m

and w = pillar width, m

The first term on the right defines the effect of size on
strength, and the second incorporates the influence of
w/h, end constraint, and pre-excavation stresses jointly.
The formula is thus essentially a triaxial strength relation,
with the first term defining the uniaxial strength of a unit
cube of side h, and the second defining the increase in
strength due to triaxial effects when w/h>1 and decreases
when w/h<1,

Performance of equation 1 along with some of the
better known equations was studied (1) againtst 23 failed
and 20 stable pillar cases (Tables 1-2) using the follwing
two criteria specified by Salamon and Munro 2):

I In a plot of safety factors, the line of safety factor
= | must pass through the middle of failed case
data points.

All stable cases must have safety factors > 1.

)

* Central Mining Research Institute, Barwa Road, Dhanbad - 826 001
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Table 1 : Failed pillar cases

M Seam H,m h,m w,m B.m w/h c,MPa
. Amritnagar Nega Jamehari 30 45 36 57 0.8 45
2. Amritnagar Nega Jamehari 30 6.0 3.6 54 0.6 45
3. Begonia Begonia 36 3.0 39 6.0 1.3 26
4.  Amlai Burhar 30 54 45 45 0.83 25
5. Sendra Bansjora X 23 8.1 465 5.55 0.57 24
6. W. Chirimiri Main 9 375 54 6.0 144 45
7. Birsingpur Johilla Top 129 36 75 6.0 208 38
8. PureKajora Lower Kajora 4 36 54 6.0 1.5 3
9, PureKajora Lower Kajora 56 36 495 645 138 3
10. Shankarpur Jambad Bottom 42 48 45 4.5 094 47
11. Ramnagar Begunia 70 1.8 285 3.15 1.58 26
12. Ramnagar Begunia 3l 1.8 30 36 1.67 26
13. Kankanee X 160 6.6 19.8 42 30 27
14. Kankanee Xiv 140 84 186 54 22 25
15. Jitpur Xiv 450 36 18x34.5 6 6.5 19
16. Jitpur XV 450 36 10.5x12 6 308 19
17. Jitpur XV 450 36 12x12 6 4.13 19
18. Jitpur XV 450 36 18x21 6 533 19
19. Jitpur XV 450 36 18x25.5 6 583 19
20. Jitpur hAY 450 36 15x63 6 667 19
21, Jitpur XV 450 36 18x30 6 625 19
22, litpur XV 450 36 18x30 6 625 19
23. Jitpur XV 450 3.6 15x32 6 567 19

Note : In the case of rectangular pillars, the equivalent square pillar width was obtained from 2 W, W /(W + W) where W, W, are
the two sides of a rectangular pillar.

Table 2 : Stable pillar cases

Mine Seam H,m h, m W,m B,m ‘wh o,MPa
I. Bellampalli Ross 36 30 54 6.0 1.8 48
2. Nimcha Nega 48 6.0 99 60 17 50
3. Morgan Pit Salarjung 270 30 8.1 3.6 29 46
4. Ramnagar Ramnagar 75 27 9.9 66 37 28
5. Lacchipur Lower Kajora 38 5.1 72 39 1.4 33
6. N.Salanpur X 30 51 9.0 6.0 1.8 21
7. Bankola Jambad Top 102 48 10.1 24 2.1 35
8. Bankola Jambad Top 75 30 63 42 2.1 35
9. Surakacchar Gl 106 35 16.0 40 4.6 29
10. Lacchipur Lower Kajora 38 5.1 183 42 36 33
I1. Sripur Koithi 266 4.8 40.0 50 83 43
12. E. Angarpathra Xl 30 21 6.0 6.0 29 19
13. Kargali Incline Kathara 36 36 93 5.7 26 40
14. Jamadoba 6 & 7Pits  XVI 80 2.1 58 5.5 29 2
15. Topel Singharan 85 1.8 70 39 39 41
16. Jitpur XV 450 3.6 21x39 6.0 76 19
17. Jitpur XV 450 36 18x48 6.0 73 19
18. Jitpur pAAY 450 36 19.5x30 60 65 19
19. Jitpur XV 450 36 18x31.5 6.0 64 19
20. Jitpur XV 450 36 18x42 6.0 70 19
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For estimating the safety factor, pillar load P was
estimated from :

P=yH[ {w+B}/w}?

unitrock pressure =0.025 MPa/m
roadway width, m.

where y =
and B

Figure | shows that the two conditions of Salamon
and Munro are well satisfied.

Since the publication of this equation, the author and
his mining colleagues had occasion to use it in a variety of
situations. It was seen that the equation underestimated
pillar strength to some extent under shallow covers. It was
also observed that pillar sizes increased rather slowly at
depths greater than 300 m. The first discrepancy was
noticed from its application to the Indian Coal Mines
Regulations, which specify pillar sizes at various depths
(Table 3). Generally, these regulations have given stable
pillars except in very weak seams (,<20 MPa) or at greater
depths (H > 400 m), when some side spalling has been
evident. Figure 2 shows two example plots when the
roadway widths are 3.0 and 4.8 m and the coal strength is
g, = 15 MPa. The safety factor taken is 2.0 for long-term
stability, which is the usual value taken in India.

MODIFICATION OF CMRS
FORMULA

The general form from which equation | has been
derived is :

S= g h*+amy[da/d(w/h)].[(w/h)-1]

where o = exponentdefining size effect,
a = triaxial factor
and m = horizontal to vertical in situ stress ratio

The differential coefficient defines the rate of change
of the total horizontal stress o, with w/h and end constraint.
For simplicity, it is assumed to be directly proportional to
depth so that

S= g h*+amycH.[(Wh)-1] @)

Thus, H is the average vertical stress and the in situ
stress ratio m is assumed to be constant at all depths. This
assumption is incorrect as it has been shown that m reduces
with depth according to the general form (3)

m=p-+q/H (&)

where p and q are empirical constants.

The constants p and q can vary considerably
depending on local conditions. Unfortunately, inseam stress
measuremeni data are very scantly, and hence the values
of these constants have been estimated from a theory being
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Table 3 : Pillar sizes according to Regulation 99 of
Indian Coal Mines Regulations, 1957
(h equal to or less than 3 m)

Depth of cover Pillar size (centre to centre)
(H),m for different roadway widths (B), m
B=3.0 B=36 B=42 B=43

<60m 12 15 18 19.5
60-90 13.5 16.5 195 2
90- 150 16.5 19.5 25 245
150-240 225 255 305 | 345
240-360 28.5 345 395 45

= 36() 39.5 42 43 48
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published elsewhere (4). This theory indicates that the
average horizontal in situ stress depends on rock properties
and is given by

g,=y H [v/1-v] + [FEG/1-v].[H + 1000] @

= horizontal elastic modulus, MPa,
v Poisson’s ratio

B = coeff. of linear thermal expansion,
G thermal gradient, °C/m.

where E

Il

and

The depth H is in meters and the unit rock pressure y
is in megapascals per meter. This equation is derived for
more or less horizontally disposed rocks.

Lindner and Halpern (5) have published a compilation
of stress measurement data along with elastic modulus
values. Equation 4 was checked for validity against these
data using the following average values for crustal rocks:

= 0.027 MPa/m
= 02

= 50,000 MPa
= 0.024°C/m

= 0.6x10°/C

=™ QM
I

Figure 3, despite the inevitable scatter, indicates a
reasonable correlation between the average measured
horizontal stress and that predicted by equation 4.

This equation can thus be used for obtaining the
average inseam horizontal stress. The following average
values may be assigned to coal seams (6) :

¥ = 0.025MPa/m
vy =03

E = 3,000 MPa
G = 0.03°C/m

B = 3x10%/C

Dividing equation 4 by yH, the in situ stress ratio m
was finally obtained as

]

m 0.58 +154/H

or m 0.6+ 150/H say %)

Substituting equation 5 in equation 2, the general
equation becomes

§= ¢ h*+acyH.[0.6 + (150/H)].[(w/h)-1]
S= g h*+CH.[0.6 + (150/H)].[(w/h)-1]
The value of @ =0.36 as in equation | and the value of
o_as the strength of 1-in cubes results in the equation in SI

units ;
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$=027 g, h9%-+ CH[0.6 +(150/H)].[(w/h)-1] MPa

The constant C was determined from the case studies
of Tables 1 and 2 such that the two criteria of Salamon and
Munro were satisfied approximately, as shown in Figure 4.
The final pillar strength equation is obtained as

§=0.27 o+ [(H/250)+1] . [(w/h)-1]MPa (6)

Figure 5 shows the performance of equation 6 against
the pillar sizes of Regulation 99 for o, = 15 MPa. The
improvement in the performance is apparent when compared
with Figure 2.

GENERALIZATION FOR
IN SITU STRESSES

Equation 6 can be generalized to include any arbitrary
in situ stresses. Equation 2 can be rewritten as :

$=0.27 ¢ h**+m. acy. (yH/y). [(w/h)-1]

or $=027 g ho%+
[ /150yL.[p+(a/H)].[(W/h)-1]

or §=027 rrth“‘+
[o/3.75].p+ (g/H)].[(Wh)-1]MPa (7)

in which yH is replaced by the vertical stress g, since the
two are not necessarily equal.

Equation 7 may be used for coal pillar design in unusual
in situ stresses.

CONCLUSION

Equation 6 is proposed for pillar design in average
coal measures. It was derived with the help of case

studies, and its performance is checked against Regulation
99 of the Indian Coal Mines Regulations
for the seam strength of 15 MPa, which is one of the lowest
values in India. These regulations generally
provide stable pillar sizes, although they are not
entirely true to logic since the ‘pillar sizes increase
slowly down to the depth of 150 m, whereafter they increase
rapidly. i

Equation 7 is proposed for unusual in situ stresses in
coalfields. The vertical stresses o, and the constants p and
q have to be determined by stress measurement in such
cases.

Equation 5, which is proposed for the inseam
horizontal-to-vertical stress ratio, may be verified by stress
measurement.
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INTRODUCTION

For improving the productivity in coal mines, it is
imperative for the coal mining industry to introduce more
and more mechanization. Roof bolting has been recognized
as the most effective system of support. Though roof
bolting has been introduced in several mines, drilling in the
roof has been a major constraint for its large scale
application in Indian coal mines. Particularly in mechanized
workings, the progress of extraction is much below the
desired level because the conventional supports and the
manual bolting operations do not keep up pace with the
drivage advance., Therefore, there is a need to develop
indigenous equipment that would facilitate faster roof
bolting operations in mechanized districts (1).

CONVENTIONAL DRILLING
PRACTICES

Presently, drilling for roof bolting is done manually
using hand-held electric coal drills. The workers resent
drilling vertical holes in the roof with these machines as the
dust falls directly on their heads, As these machines are
not quite efficient, particularly in sandstone strata, the
support operations are slow and time-taking, Therefore
these systems do not provide immediate support close to
the working face.

Imported hydraulic drills, such as the PTT-46 of UK,
were tried earlier. This is a portable equipment, weighing

less than 50 kg. The machine is mounted on a pusher leg.
They were suitable for drilling in soft and moderately hard
rocks with compressive strength up to 50 MPa. Tests were
also carried out with Pegasus drill (Victor make) of UK.
This is mast-mounted equipment. The drill machine moves
along the vertical steel mast, and the drill could be operated
from a safe distance. It had high torque of 135 N-m, and
therefore, suitable for drilling in hard sandstone roofs.
However, movement of the mast unit was found difficult in
slushy or uneven floor, and shifting of the power pack was
difficult due to its heavy weight.

Similar equipment was also developed indigenously,
such as those of Shanark Co., and those fabricated by the
Korea regional workshop in Chirimiri Area, SECL. However,
all these systems suffer from two main drawbacks, namely
that the mast unit is too heavy, and that it is very difficult to
shift the power pack from one place to the other.

Light-weight, compressed air operated drill machines
of Australian make are available. However, there has been
a general resistance from the practising mining engineers
to the introduction of this type of machines, because of the
problems of introducing a new system such as the
compressor and its air lines.

NIRM took the initiative to develop hydraulic drilling
equipment under an S&T project funded by the Department
of Coal (2). These include a mobile type, self-propelled
drilling machine mounted on a jeep chassis, a system of
twin-mast drilling equipment mounted on a road header,

*Scientist, National Institutc of Rock Mcochanics, Kolar Gold Fields
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and a drill mast mounted on an SDL. These equipment are
innovative in design, specifically suitable for Indian coal
mining conditions (3).

MOBILE BOLTING EQUIPMENT

This is a fully self-contained and self propelled
hydraulic drilling machine. In this, all the drilling
components are placed on a single chassis, which is
provided with traction for mobility (Fig. 1). From one
standing position, it can drill four to five holes vertically in
the roof, and the whole equipment can be easily taken from
district to another. These features are not available in any
other equipment manufactured in India or abroad.

The equipment overall height is 1.4 m, total length is
4.6 m, and the maximum width is 1.4 m. Total weight of the
equipment with oil is about 800 kg. The equipment consists
of a power pack, control console, and a mast unit attached
to a hydraulic pusher arm, all mounted on a 4-wheel jeep
chassis. A traction drive is provided for all four wheels.
Hydraulic braking arrangement is provided, and the machine
can cope up with slushy floors, steep gradients and
underground coal mining conditions.

The electro-hydraulic power pack consists of an FLP
electric motor, a hydraulic pump, and a hydraulic tank. To
the 15/20 hp electric motor, compatible electrical starter,
joint box and push button station have been connected
with plug & sockel joints. The motor runs the hydraulic
gear pump, which in turn distributes the hydraulic oil to
different hydraulic motors. High pressure hydraulic hoses
with snap-on quick release couplings have been provided
between the different units.

The control panel is located near the hydraulic tank. It
consists of directional control valves for operating the
pusher arm (swing arm arrangement), stelling jack, rotation
motor and feed system. It also contains flow control valves
for controlling the speeds of rotation and feed motors. The
traction mechanism can be activated only from this control
panel. A 5-core trailing cable receives power from the Gate
End Box in the mine, and feeds to the FLP junction box
through a plug-and-socket arrangement. The motor, the
starter and the junction box are connected through a 3-
core cable.

The mast unit is mounted on a hydraulic swing-arm
arrangement (“Pusher Arm”). With a hydraulic extension
0f 0.7 m, it can swing in a horizontal arc of 110°, The drill
mast is a structural steel unit welded with guides for travel
of the rotation motor. It can be-folded back on to the chassis
when not in use, and can be lifted up for drilling position.
Its closed height is 2.3 m, and open height 3.1 m. It can drill
vertical holes in the roof, to a maximum depth of 1.65 m.

Danfoss make hydraulie motors have been provided
for all the drilling units. The drilling operation is through a
rotation motor coupled to a drill chuck, mounted on a drive
sprocket and a double length chain feed. The feed motor is
fixed at the bottom of the mast, and runs on chain/sprocket.
Spikes are fitted at both ends for spragging the mast firmly
in drilling position. The hydraulic motor of the drill rotation
unit runs at 250 to 500 rpm, with a torque of 120 N-m, The
equipment uses the conventional drill rods and bits.

The equipment is mounted on a 4-wheel drive jeep
chassis, consisting of four brake hubs (2-differential, 2-
axles), and clutch and pedal operated brake system. Steering

Fig. | : Jeep-chassis mounted mobile drilling machine
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system is provided for the two front wheels. Danfoss make
hydraulic motor is provided to drive the traction gear box.
The drive motor is provided with an independent hydraulic
braking valve. Each wheel is provided with brakes, which
can be actuated from a centralized position within easy
reach of the operator. Positive hydraulic brakes are applied
all the while when the power pack is in operation; but the
drilling units are independent of the traction mechanism.

Masts in vertical position,

Fig. 2 :Road header mounted drill
masts;
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The Directorate General of Mines Safety, Dhanbad,
had approved all the electrical units of the equipment, and
had given permission for the experimental field trials. The
trials were carried out at GDK-10 incline Ramagundam
division of Singareni Cdllieries Co Ltd. The equipment has
good mobility and maneuverability, but has the imitation of
working in gradients steeper than 1 in 6. The equipment
has now been deployed at Saoner mine, WCL.

ROAD HEADER MOUNTED
BOLTING EQUIPMENT

In longwall gate road drivages, bolting operations
using the hand-held electric coal drills do net match the
fast rate of cutting by the road heading machines. Special
type road headers fitted with a separate boom for drilling
are available in world market, but they are very expensive.
In Australia, individual hydraulic drilling units are mounted
on either side of the road header, This type arrangement
was successful in achieving high bolt installation rates.

Similar type of road header mounted drilling
arrangement has been developed in India too. The
equipment consists basically of two hydraulic drilling
masts, along with a bracket type clamping device. With the
help of the clamping device, the two masts are mounted on
either side of the cutter boom of a road header. Additional
hydraulic jacks are provided for positioning of the masts in
a line by tilting the masts for drilling inclined holes on both
sides of the boom (Fig. 2). With this arrangement, 4 to 6
bolts can be installed from one fixed position of the road
header boom. The hydraulic power required for the drilling
operations is drawn from the road header itself.

Each drill mast operates independently. The mast
length is 2.2 m, and it has a slide of 0.6 m. When placed in

Masts in inclined and resting
positions



the normal position, they can drill vertical holesat 1 to 1.2
m apart. The masts can swing out through an arc of 45° for
drilling inclined holes in the same line. When not in use,
the masts can be folded alongside the boom.

The control panel consists of a manifold block with
direction control valves for rotation motor, feed motor, tilt
cylinder and jack-up cylinder functions. It is equipped with
a selector valve which diverts the operational functions to
either Mast-1 or to Mast-2 via the two logic cartridge blocks.
When placed in the neutral position, the flow from the main
manifold is diverted to the road header functions.

The hydraulic power is tapped at the chain conveyor
function of the road header. It is fed to a main manifold
block consisting of a logic cartridge valve, a pressure relief
valve and two flow control valves. They in turn effect the
drill mast functions and then feed back to the two return
lines. All the hydraulic hoses are neatly tucked at appropriate
places. To avoid clustering of the hoses, steel lines have
been used on the boom along its length.

This type of twin mast arrangement on the road header
would increase the speed of roof bolting in the longwall
gate roads, and thus help in faster roadway development.
This equipment has been mounted on a Dosco LH-100 road
header. The equipment was demonstrated at GDK 10 A

mounting bracket

incline of Ramagundam division, SCCL. However, it was
observed that the drill masts were coming in the way of the
cutting operations of the road header boom, Further
modifications are necessary in this system,

SDL MOUNTED BOLTING
EQUIPMENT

The productivity in mechanized depillaring districts
could be further improved by the use of hydraulic roof
bolting equipment for drilling and fixing the bolts. Such
systems could be directly mounted on the SDLs/LHDs, as
there would be sufficient idle time available for these
equipment. Accordingly, a hydraulic drill mast unit
compatible with an SDL has been developed (Fig. 3). There
is a clamping arrangement for fixing the mast unit on the
SDL, and there is also an arrangement for swinging it in
and out,

The mast unit is provided with a jacking arrangement,
and drill and rotation motors. Danfoss motors have been
provided for all the hydraulic operations. This equipment
has been fitted on to an Eimco-Elecon SDL-625 at the rear
side (front side is for the bucket loading operations), It
draws the required hydraulic power from the additional
banks provided on the SDL. The equipment underwent field

' drilling in progress

Fig. 3 : SDL mounted drilling equipment;
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trials first at Bandewara colliery in Rajur Sub-area of Wani
Area, WCL, and later at Ballarpur 3&4 Pits, Ballarpur Area,
WCL.

CONCLUSIONS

All the above hydraulically operated roof bolting
equipment have been developed indigenously to the
specific needs of the industry. These equipment fulfill a
long felt need for a mechanized system of drilling for faster
and easier roof bolting operations. The different types of
equipment cater to the support needs of different mining
situations, such as in depillaring and other extraction areas
where mechanized loading is being practised and in longwall
gate roads.

It is hoped that the successful application of these
systems would enable faster support operations in
mechanized workings, and increase the productivity form
underground coal mines. NIRM had taken the initiative and
developed the above proto-types. The industry may now
follow up, and further develop the items as required by
them.

ACKNOWLEDGEMENT

The above work was carried out as part of an S&T
project “Development of hydraulic roof bolt drilling
equipment, and drilling accessories for mechanized bord
and pillar workings and fast roadway drivages”, funded by
the Department of Coal, Govt of India. The officers of

54

CMPDI, Ranchi, carefully monitored the progress of the
project. The main idea behind the development of'the items
is of Dr NM Raju, ex-Director, NIRM. M/s Arrow Metalspin
Ltd, with the active participation of their Manager, Mr RJ
Bastian, fabricated these equipment. The management of
GDK-10 and GDK-10A inclines, the General Manager and
other officers of RG-2 Area, SCCL, and the management
and E&M engineers of Ballarpur 3&4 Pits, and of Rajur
colliery (Wani Area), WCL, extended us the facilities to
carry out the field investigations,

I thank all the above for their contributions to the
success of this project. I also thank our Director, Prof RN
Gupta, for his permission to publish this work.

References

I. NM Raju & B Singh, 1989 : High speed bolting technology for
niechanization of underground coal mines, Proc National Seminar
on Modernization and Technology Upgradation in Indian Mines,
Minerals & Metallurgical Industry, New Dethi, 28-29 April, 1989
(pp. 162 - 167)

2. National Institute of Rock Mechanics, 1998. Development of
Hydraulic Roof Bolt Drilling Equipment and Drilling Accessories,

for Mechanized Bord and Pillar Workings and Fast Roadway
Drivages. S&T Project Report (MT/91/95), Department of Coal,

Govtof India (82 pp.)

3. V Venkateswarlu & NM Raju, 1999. Development of roof bolting
equipment for coal mines in India. Proc National Sem. Mining
Machinery — Present Status & Future Developments, ISM,
Dhanbad (26-27 Nav, 1999) (pp. 110 - 113)



Minetech, Volume 21, No. 3 & 4, P55 -63

May - Aug., 2000

DEVELOPMENT OF MODELS FOR THE
PREDICTION OF SINGLE AND MULTI-SEAM

SUBSIDENCE

P. R. Sheorey, J. P. Loui, K. B. Singh and S. K. Singh’

T @ § UFA U6 aga wigen gwn @ frepwo
AT & T SR R - EE % e % fa faefim
fafi Hieet =1 wega foman o &1 S o e € fo s
SR sreifem v (e €) ol ve @ Suftem ufew T
(wgw Wm) & A= @ frewdo § s 2 @ ol 2o @
T S s B €1 HereTey B H 3 3 feafirat &

fer srem-arem Tt SR fafa iy my #) T 3 T

o srmd -4wm ¥ aifees T o €, s foan i
f fenifa =1 T 2

T SR e W % for areatas et ¥ srer
fean T € R W wRom @) faae i f

INTRODUCTION

In various Indian coalfields, the undergound coal
mining has been carried out mostly at shallow or moderate
depths. Problems due to surface subsidence have been a
common feature in all the coalfields of India. Prior to any
mining activity undergound, it is necessary to estimate the
resulting surface subsidence and strain values which may
cause damages to surface structures. Under shallow covers,
discontinuous subsidence has also been found to take place
which can cause more devastating surface damage.

In most of the coalfields multiple seams are extracted,
and at times, extraction takes place below overlying goaf(s).
The subsidence behaviour is found to be different when
the extraction takes place below fractured rock.

Bord and pillar mining which is the principal method
of extraction of coal in India mostly results in irregular panels.
The basic terms used in subsidence engineering like width-
to-depth ratio, critical width, subsidence profile, angle of

draw etc. assume a plane strain condition and are thus
difficult to correlate with an irregular extraction panel
geometry. Therefore, a three dimensional and more
comprehensive subsidence prediction model has been
developed using influence function method. The influence
function method has been proved to be more versatile while
dealing with irregular workings and, with the use of a
computer, this method can be applied to a gamut of
underground mining situations.

This paper describes the development of norms to
predict the important parameters which define surface
subsidence. Also explained is the development of a three
dimensional subsidence prediction tool using the influence
function method. -

DISCONTINUOUS SUBSIDENCE

Subsidence is termed as discontinuous when it
oceurs in shear steps and when the subsidence trough or
profile cannot be represented by a continuous function.

Nomenclature

a subsidence factor

A, area of influence circle

d distance of extraction element centroid from
starting face line

d, distance of extraction element to nearest
boundary

d e distance between starting and ending face
line

e extraction expressed as percentage or
fraction)

E . Maximum compressive strain

Maximum tensile strain
Maximum slope

H depth of cover

K, K, K, constants in equations for maximum slope,
compressive strain and tensile strain
respectively

K. influence function for subsidence

i width of panel

NEW non-cifective width-to-depth ratio

r radial distance of sector centroid from cen
ter of influence circle

R radius of influence circle
maximum subsidence

S . maximum possible subsidence (when the
panel width is critical or super critical)

T parting thickness between seems

*Central Mine Research Institute, Barwa Road, Dhanbad - 826 001, Bihar, India.
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The surface damage due to this type of subsidence is
particularly severe. Depth of cover, working height and
percentage of extraction have been identified as the three
major parameters which may decide the nature of subsidence
(continuous or discontinuous). A line of demarcation
between continuous and discontinuous subsidence cases
is shown in Figure 1. This line has the equation (depth #
and working height /4 in meters and extraction e in percent)

Hih.e=03

which covers both single and muiti-seam mining
conditions. The ‘condition for discontinuous subsidence
to occur is thus

H/h.e <03 ()

NON-EFFECTIVE WIDTH

The non-effective width is the maximum width of
extraction upto which no significant symptom of subsidence
occurs at the surface and is normally expressed as a ratio of
this maximum width of extraction to the depth of cover. The
non-effecive width to depth ratio is abbreviated as NEW,

For single seam cases, NEW has been found to vary
between 0.3 and 0.8 depending on the strata competence.
However, in multi-seam cases the NEW is found to vary
between (.23 and 0.37.

Several attempts were made to correlate NEW with
strata characteristics but in the absence of complete
geomechanical data for the entire strata sections, all such
attempts led to poor correlations which were not statistically
significant. Consequently, NEW was assigned only
approximate values in different parts of the country
depending on observation and experience.

SUBSIDENCE FACTOR

In order to eliminate the variation in NEW the maximum

subsidence has been plotted versus x = L/ H/NEW as

shown in Figures 2 and 3 for single and multi-seam
extractions. Only those cases in which the NEW was
actually measured have been selected for these two plots.
A hyperbolic tangent function has been chosen and the
general equation which would fit these plots has been
chosen in the form

S=Ci.h.€|:l—tanhcz(xﬂcl)j| @

tanhc, (1-¢,)

where ¢,, ¢, and ¢, are constants. During this exercise
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it was seen that several cases from central India (SECL

i /(h'e)) as 0.3-

0.35. Such unusually low values have not been reported
from anywhere in the world. In addition, while fitting the
influence function model to many single seam cases, higher
values of the subsidence factor were really required. These
cases of low subsidence factor, therefore, had to be
regretfully rejected until such time that the reasons for such
low subsidence could be established. Also eliminated from
these plots are the cases of discontinuous subsidence.

mines) gave the subsidence factor (S

It may be seen from Figures 2 and 3 that the subsidence
factor increases from 0.69 for single seam cases to 0.81 for
multi-seam cases.

Equation (2) has been non-linearly regressed
employing the “search method” of solution which would
satisfy the law of least squares, This led to the following
two relations

single seam cases

S = 033[1 + 11tanh(14(x — 18))] @)

multi-seam cases
S =012[1+59tanh(038(x—145))] @

A word of caution regarding equation (4) is necessary.
It may be noted that in multi-seam bord and pillar extractions
the overlying goaf(s) may or may not overlap the extraction
panel and also can have widely different and irregular
shapes. Equation (4) therefore is only approximate and it
will be always prudent to use the influence function method
for assessing the complete subsidence in a given multi-
seam situation.
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The critical width of extraction is found to be
3.5 x NEW insingle seam cases while in multi-seam cases

it is found to be 6.5-7 times the NEW, This clearly happens
because of a fall in the NEW value in multi-seam cases.

MAXIMUM SLOPE AND STRAINS

Standard relationships for maximum slope and strains
in relation to the maximum subsidence are given in the
Subsidence Engineers’ Handbook[1] which are as follows,

il
H
S
E_ =K —
(=) ZH
S
E. =K —
(+) 3H

From these relations the constants K, K, and K, can
be calculated from subsidence, slope and strain
measurements at the surface. Figures 4 and 5 are plotted
with the variable L/H/NEW as the abscissa. The two plots
are given separately for single and multi-seam cases. In
Figures 4 and 5 the curves are hand drawn and have not
been obtained as best fits from regression analysis.

A MODIFIED INFLUENCE
FUNCTION METHOD

Of all the different tools available for subsidence
modelling the influence function method with suitable
modifications appears to be a powerful method for complete
subsidence prediction for all shapes of extraction panels.
This method, in its classical form, consists of laying a
surface grid of square elements overlapping the panel up
to the draw limits. An influence circle, subdivided into a
sufficient number of rings and sectors, gives the subsidence
at the grid point which is the sum of the weighting factors
of all the sectors falling within the extracted area. The
weighting factors are derived from an axisymmetric influence
function of bell shape covering the influence circle. The
classical method, however, requires some modifications to
suit the observed subsidence behaviour.

Modification of the Method

The following influence function

05352[ JT-?‘)
K = l+cos——
E R’ R . (5)

was found to be suitable while simulating surface
subsidence. An influence function can have various forms,
since the method is really empirical and the choice of a
function is arbitrary, but it must satisfy the condition

_[LGK‘.dA=1 ©

where A_ is the area of the influence circle.

The conventional method as described earlier gives
rise to much higher subsidence at the edges of a panel, as
reported earlier [2,3]. This was also experienced by the
authors of this paper. Ren et al. [2] have suggested drawing
an artificial boundary some distance inside the panel on all
sides and treating this new boundary as the extraction
panel. Liao [3] has suggested fuzzifying the influence
function closer to the panel edges.

Besides the correction to the influence function for
panel edges, another correction required was to account
for the asymmetry of the subsidence trough which is
invariably found in Indian conditions. The point of maximum
subsidence always occurs closer to the start line of the
panel.

The correction function (weighting function) has been
suitably designed as

W. =05 tanh[ >,

2% a4l
: 1SNEWh ] ™

where d, is the distance of the extraction element to
the nearest boundary of the extracted area.

The correction function for asymmetry has been
designed as follows

0. =09-0ltanh[05(d - 044, )]  ®

where d is the distance of the extraction element
centroid from the starting face line and d__ is the distance
between starting and ending face line.

We thus have the modified influence function using
equations (7) and (8) as

av, = o.w.av,

Influence of Overlying Goaf

As mentioned earlier, overlying goaf(s) influence the
surface subsidence, changing the subsidence factor as well

as the maximum slope and strains. After some hit and miss
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trials it was found that a 40% reduction in the original NEW
value along with a 17% increase in the subsidence factor
enables prediction of multi-seam subsidence to a reasonable
accuracy. Since the overlying goaf may or may not
completely overlap the extraction panel, these changes in
NEW and subsidence factor would be applicable only for
those elements falling within the goaf area. Moreover, since
the parting between the extraction panel and the overlying
goaf is intact, the final evaluation is done by taking a
weighted average as

0.6 NEW(H —T)+ NEW(T)
H

eil L17a(H-T)+a(T)

E H

where T is the parting between the extraction and
overlying goaf.

COMPARISON BETWEEN
PREDICTIONS AND ACTUAL
OBSERVATIONS

NEW' = 9)

Subsidence Contours

A computer program has been developed for this
modified influence function method beth for single and
multi-seam extraction. To check the validity of the method
8 single seam cases and 5 multi-seam cases were taken.
The comparison between the predicted and observed
subsidence values was found to be satisfactory. Only one
single seam case and one multi-seam case are shown as
examples in this paper. For sufficient clarity, the predicted
and observed values have been compared as contours on
panel plans. '

Jaykay Nagar (single seam case): Plan of the bord
and pillar panel worked out at Jaykay Nagar colliery. ECL is
shown in Figure 6. This panel occur at an average depth of
141m. The height of extraction for this panel was 2.1m, the
extraction being 75%. Field observations gave a non-
effective width-to-depth ratio of 0.48 and an angle of draw
of 17° The predicted and observed subsidence contours
are presented in Figures 6a and 6b respectively

RK-8 incline (multi-seam case): Two bord and pillar
panels were extracted side by side as shown in Figure 7,
The simultaneous workings of 3 and 4 seams in these two
panels are at an average depth of 100m from the surface.
The overlying goafs in 2 seam occur at a parting of 35.6m
from the 3 seam and their boundary is shown in Figure 7. 3
and 4 seams were simultaneously worked out to a combined
height of 3.6m with an extraction of 90%. The observed
angle of draw is 25°and NEW is 0.51. Figure 7a and 7b show
the predicted and observed subsidence contours
respectively for this case.

Slope and Strain

One case for multi-seam subsidence (RK-8 incline,
SCCL) illustrates the comparison between observed slope
and strain variation as shown in Figure 8. The subsidence,
strain and slope profile is plotted along the section A-A
marked in Figure 7.

DISCUSSION AND CONCLUSION

The line demarcating the limit of discontinuous
subsidence has been given for single seam as well as multi-
seam cases, but it is felt that the thickness of unfractured
rock in relation to the total depth in multi-seam cases will
probably make some difference to this limit.

A definite increase in the subsidence factor and also
slope and strains is noticeable while extraction below goaf(s)
is carried out.

Norms for assessing the maximum slope and strains
for single seam and multi-seam subsidence have been
established separately.

The influence function method with suitable
modifications, as mentioned in this paper, for subsidence
asymmetry, edge effect and overlying goaf(s) is found to
be reasonable for all panel shapes and sizes.

The influence function method as described in this
paper is for horizontal or near horizontal seams and when
the gradient starts influencing subsidence, the predictions
do not agree very well with the observations. As an éxample,
this can be seen from the case of RK-8 incline (Figure 6b)
where the gradient is 1 in 4. The authors intend to further
the work and develop a suitable model for inclined seams.

The occurrence of unusually low subsidence in some
of the SECL mines cannot be explained properly and a
detailed investigation for this specific area may be
necessary. Such low subsidence may be related to several
causative factors such as bulking factor upon caving, in
situ stress field ezc. Some studies may be done in the future
to identify the factors responsible for such low subsidence.
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INTRODUCTION

The problem of spontaneous combustion/heating is
very common in coal mines of different countries. Coal
industry is facing a lot of problems due to occurrence of
spontaneous combustion in the mines. The exact
mechanism of spontaneous combustion of coal is not yet
fully established. However, most of the researchers agree
that reaction of oxygen with coal is a surface phenomena
which is believed to start at -80 °C, as-soon as the coal is
subjected to atmosphere, Every coal has its own incubation
period. Coal gets oxidised within the incubation period. It
has been found that about 75% of fires eccur in coal mines
due to spontaneous combustion. At present over 75% of
the production of coal is being carried out by open cast
mining and most of the coal seams are thick and highly
susceptible to spontaneous combustion.

in open cast mines, the main factors attributable to
bench fires due to spontaneous combustion are:

- presence of micro and macro cracks in the bench
walls which provide air entry within,

- long exposure of the bench walls to the open
atmosphere,

- accumulation of loose coal at the bench floor,

After exposure of the coal benches of open cast mines,
it is essential to apply suitable fire protective coating material
over the coal surface to cut off the contact of air with the
coal surface for preventing spontaneous combustion, With
this idea in view, a suitable fire protective coating material
and a small spraying system were developed earlier under
S & T project funded by Ministry of Coal, Govt. of India [ 1]
and [2]. The earlier developed spraying system was
successfully utilised during field application in Karkatta
OCP, Dakra (N.K. Area, CCL) and Jagannath OCP, Talcher
(Jagannath Area, MCL [3] and Jhingurdah OCP, Singrauli,
NCL [4] for spraying the fire protective coating in the
benches of open cast coal mines. But the capacity of
spraying the material was maximum up to 10 mand discharge
of the material was 3 litre/mm. As that small spraying system
was in-effective for height more than 10 m but in actual
practice some of the benches are more than 10 m high,
where we feel difficulty for spraying the fire protective
coating and we found that the uncovered portion more
than 10 m high caught fire within the incubation period.
Thus it is felt that there is an urgent need for development
of a mechanised spraying device for spraying the fire
protective coating material to cover about 20 meters height
in large open cast mines so as to prevent spontaneous

* Scientists, Mine Fire Section, Central Mining Research Institute, Barwa Road, Dhanbad - 826 001, Bihar, India.
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combustion. Accordingly, for fulfillment of the need of the
mining industry a mechanised spraying device has been
developed for spraying the fire protective coating material
for industrial application in the coal benches of large
opencast mines jointly by CMRI, Dhanbad and M/s Signum
Fire Protection (India) Pvt. Ltd., Nagpurunder S & T grant
project funded by Ministry of Coal Govt. of India [5].

LITERATURE SURVEY

After carrying out literature survey and Patent search,
it has been found that no mechanised spraying device is
available elsewhere in the world for spraying the fire
protective coating material in the coal bench of open cast
mines up to 20 meters height. Earlier CMRI developed a
small, simple and easy spraying system for spraying the
fire protective coating material in the coal benches of open
cast mines effective up to maximum 10 meters height under
S & T Project. In this spraying system, compressed air was
being used and maximum throw obtained was 10 meters
high and discharge of the fire protective coating material
was 5 liters per minutes. This system has been successfully
applied for spraying the fire protective coating during field
trial in two Indian opencast coal mines viz. Karkatta open
cast project, Dakra (CCL) and jagannath open cast project,
Talcher (MCL). Later on in another project, the same system
has been utilised for spraying fire protective coating in
Jhingurdah OCP, Singrauli (NCL), India. It has been
observed that the uncovered portions of the coal bench
more than 10 meters height caught fire within the incubation
period whereas the covered portion remained safe from
occurrences of spontaneous combustion/fire.

MECHANISM OF OXIDATION IN
COAL BENCHES OF OPENCAST
MINES

Coal interacts with oxygen of air at all temperatures.
Higher is the temperature, greater is the rate of oxygen
interaction with coal. At a lower temperature (40 °C and
below) the interaction are mainly physical adsorption and
chemisorption of oxygen with the formation of surface
oxycomplex, with very low evolution of gaseous products.
With rise in temperature (between 40 OC =70 OC) the surface
oxycompounds break down, resulting in more rapid rate of
oxidation, leading at more evolution of gaseous products
and heat.

Due to use of heavy explosives, movement of heavy
earth moving machines and transport vehicles on coal
benches as well as relative movements of strata and
deposits, fractures and micro fractures are created in the
coal massive of the bench. The process results in incredsed
overall permeability, Very close to the surface of top and
side wall (less than 0.25 m) of the bench are particularly
reckoned for susceptibility to oxygen due to abundance of
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both coal fines in clear cracks and the air supply. Although
the rate of oxidation is high, the initial temperature rise is
not much due to heat dissipation by wind current. Beyond
half metre or so from the surface, interaction of oxygen
with coal that has been powdered in the cracks may lead to
profuse heat build up due to adverse heat transfer
conditions, This nucleus zone is the most vulnerable one
during the early periods of heating and threshold
temperature is likely to reach earlier. The heat from this
zone is, however, conducted in all directions as per thermal
gradient created and the transfer of heat is determined by
the surroundings temperature, wind current condition and
free moisture of coal apart from thermal conductivity [6].

Besides this, it has also been observed that fine grained
loose coals accumulated near the toe of high wall side of
bench catch fire first and then the coal face catches fire by
induction,

PREVENTION OF AIR INGRESS
THROUGH BENCH WALLS

In the process of winning of coal by blasting, some
portion of the bench walls generally develop cracks. Due
to presence of macro and micro cracks, air enters into the
cracked holes which leads to coal oxidation and heat build
up. To render the bench walls impermeable to air, suitable
fire protective coating should be applied over the exposed
coal bench. Since vulnerable sites in the coal benches are
only up to a meter deep from the surface, it may be useful to
spray fire protective coating material under suitable pressure
so that the material could fill up the cracks up to a certain
depth, in the holes present in the coal massive.

DEVELOPMENT OF
MECHANISED SPRAYING DEVICE

During the development of the mechanised spraying
device, various designs and drawings were discussed and
thoroughly scrutinised to fulfill the need of the mining
industry. Out of these, one sketch was selected for
fabrication and development of the spraying device. The
details of the mechanised spraying device is as follows [5].

The mechanised spraying device comprises of a
storage vessel, for storing fire protective coating material
and another storage vessel for storage of raw water
connected to a diesel operated engine driving the equipment
through which the fire protective coating is delivered to
the spray nozzle. Both the storage vessels are connected
to a high pressure output equipment through valves for
changing over of operation from spray cycle to cleaning
cycle and vice versa. The equipment has suction port
connected from the storage vessels, and delivery port
connected to delivery line. The delivery line is further



connected to a valve which facilitates control of fire
protective material to the spray nozzle. The valve is
connected to the spraying device, mounted on a stand
through flexible hose. The whole system is mounted on a
trolley which can be driven by suitable vehicle. The
materials~ storage vessel and the water storage vessel are
provided with a drain valve and two ports.

The design of the spraying device has been develop
for the purpose to throw fire protective coating materials
up to 20 meters height over the exposed coal surface for
preventing spontaneous combustion. The coating material
is sucked directly from the material containers, through
flexible hose to the material storage vessel and controlled
through flow valve from material vessel or material
containers as deemed suitable at specific time. After
completion of spraying job, the raw water vessel connected
through a pipe line to the suction equipment through a
valve. When the valve opens the suction line operates from
raw water storage vessel and closes the suction line from
material storage vessel. Cleaning liquid is sucked through
the raw water vessel and delivered by the system equipment,
through the delivery line to the spraying device and drained
out. The valve is completely closed to the delivery line
during the cleaning cycle. The valve is also completely
closed to the suction line from material storage tank during
cleaning cycle. The bye passed material in material
storage vessel can be sprayed through the system or
drained to empty material containers again if desired at
the site (Figure 1).

LABORATORY SCALE STUDIES

For carrying out studies in laboratory a post of 20 m
height was erected, After that several laboratory scale
studies were conducted with different types & sizes of
fabricated nozzles with the developed spraying system.

(1) In this mechanised spraying device, the equipment
specially fabricated for this fire protective coating (cationic
bitumen emulsion based) is fitted with suction and delivery
pipe attached with different sizes of fabricated spraying
nozzle tips of various Internal dia. one by one, After carrying
out experimental work, a throw up to a height of 20 meters
could not be achieved through any of the spraying device
tips fitted during the trials. Maximum throw obtained was
up to 16 meters height.

(2) In the same mechanised spraying device, the
equipment was fitted with another pipe attached with
fabricated nozzles one by one, After carrying out experiment
work with another different types of spraying nozzle tips of
various internal dia. one by one, a throw of 20 meters height
with sufficient discharge of the fire protective coating
material was achieved.

Finally after carrying out a series of studies on
laboratory scale and further analysis of the feedback data,
a mechanised spraying device has been developed. The
results were established by conducting several repeat runs
with the above developed spraying device.

Fig. 1 : A mechanised spraying device mounted on trolley
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FIELD TRIAL

CMPDIL, Ranchi suggested Jhingurdah open cast
project, Singrauli, NCL as a site for field trial. Jhingurdah
open cast project has a large number of fire problems in the
coal benches due to low incubation period, low CPT value
and high spontaneous heating susceptible characteristic
of coal. Accordingly, we visited Jhingurdah OCP for the
selection of site for testing the field effectivity of the
developed mechanised spraying device (Figure 2). After
selection of site, the exposed benches were monitored by
infra-red thermometer and the fire protective coating
material was sprayed by the developed mechanised
spraying device in the 708 face of Jhingurdah top seam
(Figure 3).

The details of the field trial is as follows:

Name of the Mine : Jhingurdah opencast

project, Singrauli, NCL

Seam : Jhingurdah Top Seam
Bench height 119m

Location : 708 face

Area sprayed ;90mx19m

Bench height covered : 19m

Spraying time : Two hours including spraying of
the material, shifting of machine
& refilling of fire protective coat-
ing material into the material
storage vessel.

1 0.80100.90 Kg./sq. m.

Consumption of
material by this system

COAL CHARACTERISTICS OF
JHINGURDAH OCP, SINGRAULI,
NCL, INDIA

Jhingurdah seam of Jhingurdah open cast project,
Singrauli, belongs to Raniganj Measure. It is one of the
thickest seam in the world with thickness measuring up to
138 m. The seam is spread North wise in a gradient 1 in 6
and terminates abruptly by an up throw fault. The coal is
won by blasting, The blasted coal is removed with large
mechanised shovel which also fills the dumper for
subsequent transport. Coal is oflow grade (E) and is mainly
supplied to the power houses. For quite a long time almost
very soon after the start of the mine, the problem of
spontaneous heating in the coal benches is creatin g lots of
problem to the colliery authority for winning of coal.
Jhingurdah top seam coal is of high moisture low grade as
observed from its proximate analysis results.

The coal of Jhingurdah top seam showed very high
susceptibility to spontaneous heating on the basis of the
crossing point and ignition point temperature values. The
high moisture, high VM content of the Jhingurdah seam
coal may be attributed to the high oxidation and proneness
to spontaneous heating in view of increased oxygen avidity.
In fact it has been reported by the colliery authorities that
the incubation period of the coal is found to be four weeks
in the coal benches and about two weeks in the loose coals,
From practical experiences it has been established that high
moisture, high VM, low CPT and low grade coals have a

Fig. 3 : Spraying of fire protective coating at 20'm height of coal bench using spraying device in Jhingurdah OCP, Singrauli, NCL.
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greater affinity for oxygen absorption and hence more
susceptible to spontaneous combustion. The details of coal
characteristics are stated in Table 1.

Table 1 : Coal characteristics of Jhingurdah top seam,

Singrauli, NCL
Seam : Jhingurdah Top seam
Grade +1E

Incubation period . Four weeks in the coal benches

& about 2 weeks in the loose

coals.
Seam thickness : 138m
Proximate Analysis
Moisture : 7.5108.0%
VM. t 24t027%
Ash : 30t037%
EC. : 31t035%
Crossing point and Ignition point Temperature
EFE i A05%€
LPT. ¢ 160°C

Though there was heavy rainfall during the field trial
period (Table 2), still the fire protective coating material
remained intact over the coal surface.

Table 2 : Total rainfall data during the field trial period
at Jhingurdah OCP, Singrauli

Sk No. Month (1999) Rainfall (mm)
1 May 16.00
2 June 276.90
3 July 53940
4 August 274.90

RESULTS AND DISCUSSION

After carrying out field trial of the effectivity of the
developed mechanised spraying device in Jhingurdah OCP,
Singrauli, NCL. It has been observed that fire protective
coating material has been successfully sprayed on the coal
benches uniformly up to 20 m height of the coal bench. The
exposed coal benches of 19 m height was covered by fire
protective coating material fully and after the lapse of the
incubation period of the coal benches of Jhingurdah OCP
(five weeks) temperature was measured by Chino Infrared
thermometer and found that temperature in the applied
coated zone varied from 40.5 to 42.0 °C in the coated sites
and ambient temperature was 38.5 °C. Temperature of the

applied coated zone was near ambient, There was no
indication of temperature rise in the coated zone,
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APPLICATION

The developed mechanised spraying device will be
very much useful as routine application for spraying the
fire protective coating material in the exposed coal surfaces
for preventing spontaneous combustion in various areas
of coal mines.

- in the freshly exposed coal benches of open cast
mines

- in coal stacks

- in out bye sides of the developed galleries worked
by open cast method.

CONCLUSION

To avoid further loss of valuable natural resources
like coal, due to fire, the coal industry should give whole
heartedly effort to stop further occurrences of spontaneous
combustion in open cast coal mines. After careful
examination of the results of laboratory and field studies
authors conclude that the developed mechanised spraying
device is simple and easy in operation, has easy mobility in
coal mines, covers large surface area in short time, throw
up to 20 m height of the coal bench, and suitable for
industrial application in large open cast coal mines for
preventing spontaneous combustion.
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INTRODUCTION

The important role played by coal as a primary source
of energy in the country is beyond any doubt. However in
the present era of quality and cost consciousness, the coal
mining and processing industries, like other sectors, faces
now a days the challenge to minimize the cost of production
at the first instance. One of the ways to attain this could be
to make most effective utilization of manpower and
machinery system. Down time costs quite heavily in this
case in view of long time needed for the replacement of
failed components in various machines. Obviously,
measures taken to improve the working efficiency and
prolong the life span of the machinery components could
lead to at least one step forward towards attaining the goal.

In view of the above, an attempt has been made in this
paper to analyze the nature of the problem and suggest
possible remedial measures to minimize the extent and
severity of the problems. The views putforth have further
been substantiated through appropriate case studies.

NATURE OF THE PROBLEM AND
REMEDIAL MEASURES

Failure of majority of mining and mineral processing
machinery components is through wear and tear, Table 1
represents some of the components along with the nature
of the wear experienced by them. Wear is an unwanted but
inevitable removal of material due to relative motion between
two interacting surfaces under pressure. As the definition
indicates, wear related failure of materials is a surface
phenomenon. Accordingly, surface characteristics and
conditions of working greatly influence the overall

performance of components. The aspect becomes of great
concern for components working in dusty environments
(such as during mining, crushing and grinding operations)
or in corrosive environments (e.g. in operations like stowing,
pumping, coal washing etc.). In practical situations, a blend
of corrosive and dusty environments is generally
encountered by the components during operation.

Accordingly, a number of material and working
condition related parameters come into picture when the
question of their effect on the working efficiency of
components arises, In fact, a precise assessment of the
performance level of a component becomes difficult, in spite
of available related scientific information. This is because
of the complexity of the processes occurring in actual
working conditions. However, the problem could be reduced
considerably through a systematic study of various factors
responsible for a specific level of performance under
various conditions on a laboratory scale followed by
performance evaluation under actual working conditions,

Development of any engineering component involves
design of material and product. Both the aspects are
interrelated and strongly influence the overall performance
of the product(s). In general, aspects pertaining to
component design are paid primary attention. On the
contrary, parameters relating to material design are not
considered seriously due to a lack of understanding and
complexity involved therein. In fact, responsibility goes
primarily to the material at the first instance in the event of
a component failure in practice. It may be noted that design
of a component normally does not change much, once
finalized, whereas there always lies ample scope to modify
the materials design with a view to improve the performance
of the component.

Regional Research Laboratory (CSIR) , Bhopal - 462 026
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Table 1 : Various mining machinery components and associated mode(s) of wear causing failure

Components’

Nature of Wear

Sprockets, gears, shafis, axles,
pinion , teeth, concrete and pan mixer
wear plate, ropeway. car rails, wheels,
points and crossings, crane wheels,
ropeway trolley wheels, bush etc.

Crane wheels, gears, shafts, brake shoes,
rail ends, conveyor bucket lips, AFC pans,

shear blades, shovels, dredger and elevator bucket lips,

rock drills, impellers, excavator buckets, bucket teeth,

cams, fan blades, exhaust blades, craper bars,

mill hammers, pulverisers, grinder rings, crusher hammer,

roll crusher, track shoes, picks of coal cutter,

Rolling and Sliding

Abrasive Wear

digger teeth, valve seat, dredger buckets, rail road trucks,

conveyor screws, boring tools,

impellers, mill hammers,

mixer blades, digger teeth,

hoppers, conveyor and screws, coke chutes,
grinders, pump, impellers etc.

High pressure valves, turbine blades
and valve seat

Erosive Wear

Note : Corrosive wear also occurs along with the mentioned mades of wear wherever the environment contains (corrosive) liquid,

In the subsequent text, the role of material related
parameters on the wear performance on a laboratory scale
and their correlation with field performance would be
discussed with the help of typical case studies.

Factors controlling the wear performance of
components can be related to material and service
conditions. Material related aspects include shape, size,
hardness, mode of distribution and content of various
phases in the material microstructure. The parameters can
be controlled through compositional modifications and
ad8pting appropriate processing cycles/ parameters to suit
specific service conditions. In this context, it is imperative
to note that a proper optimization of the parameters needs
to be carried in order to realize best performance of
components in practice. In fact, specific material properties
emanate from appropriate optimization of mentioned
microstructural factors. No direct correlation between
mechanical and wear properties exists in reality in spite of
the general understanding that, harder and stronger the
material, better the wear response. Further, the wear
performance is greatly dependent on working conditions

to a great extent. Accordingly, the same material can work
differently in various service conditions. Another important
aspect of components for wear related applications is that
their surface characteristics play the principal role in
controlling their performance and bulk properties bear rather
secondary importance. Accordingly, modification of surface
characteristics has nowadays become an important tool
towards the realization of good service life of components.

An appraisal of the above discussion suggest that
there exist several factors which greatly control the overall
performance of a component. Optimization of various
microstructural parameters could lead to best performance
of components in specific applications.

Regional Research Laboratory (CSIR), Bhopal has
been carrying out extensive R&D work towards the
development and characterization of different material
systems and components thereof to suit different
engineering applications. They include zinc alioy bearings,
aluminium alloy composites for mineral processing
machineries and automobiles, steels and their processing
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Figure 1 : Tooth Points of P&H Shovel

for preparing improved versions of mining machinery
components and surface modification of steels and
components. The developments have been undertaken
under various sponsored projects to bridge the gap between
the present practice and latest scientific information
available. The studies have also enabled to translate the
outcome generated through laboratory scale investigations
into actual practice through the development of typical
prototypes followed by their performance evaluation in field
as discussed subsequently.

One of the R&D activities sponsored by Ministry of
Coal was pertaining to the development of improved
versions of tooth points (Fig. 1) and AFC pans (Fig. 2). The
study was initiated with the analysis of the material
composition and mechanical properties of the existing
components. This was followed by the synthesis and
processing of several modified compositions of the material
system and characterization of the compositions for their
relevant engineering properties on a laboratory scale. The
laboratory scale investigations indicated considerable
scope to (a) improve the performance of the existing material
composition through appropriate processing cycles and
parameters and (b) develop improved performance
components through compositional and microstructural
modifications.

Based on the outcome of the studies, prototype
components (tooth points and AFC pans) were prepared
using optimized material composition and processing (e.g.
heat treatment/ surface treatment) parameters.

In the case of tooth points, the existing components
after treatment as well as the ones developed using modified
material compositions and processing (heat-treatment)
cycles performed considerably better than the existing
components, Further, the tooth points developed by RRL,
Bhopal performed comparable to the imported ones at one
of the mine sites (Rajrappa and Gevra) of Coal India Ltd.,
while they cost nearly one-third of the latter.

In the case of AFC pans, a variety of hardfacing
materials were developed and characterized by RRL, Bhopal.
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Figure 2 : AFC Pan Assembly

One of the best ones was used for the surface treatment of
the existing AFC pans and tested for their field performance
at Munidih Colliery, Dhanbad. The study showed that same
level of performance can be realised by treating the AFC
pans with a material with ~60% cost of the conventionally
used ones.

Material treatment in this study involved bulk
treatment such as heat treatment and surface treatments.
In the case of bulk treatment, properties of the entire material
undergo a change. On the contrary, surface treatment
involves modification in the (surface) characteristics only
up to a thickness of ~0.01-2 mm of a component, bulk
characteristics remaining practically unchanged.
Accordingly, the (surface) modification treatment has the
potential to become a cost and energy effective proposition
to develop components with much improved performance.
The treatment is especially suitable for conditions such as
wear wherein surface properties mainly control the
performance of a component,

In another investigation, attention was focused to
develop better substitutes to bronze (copper-based alloy)
components used in heavy machineries. An alternate alloy
system was developed and characterized on a laboratory
scale to assess its working capability in place of bronze
components. Typical bushes (Fig. 3) were fabricated and

Figure 3 : Bushes of P & H Shovel



Table 2 : A comparison of the cost and the range of physical and mechanical properties of the
developed bush material system with the conventional gun metal/bronzes

Sr. No. Property

Developed Material . Gun Metals

System (Leaded-tin bronzes)

1 Cost, Rs. per Kg 150 250
2 Melting Range, 'C 375-500 850-950
3 Density, gm/cc 45-6.0 8.5-9.5
4 Thermal Conductivity, W/m°C 115-125 46-60
5; Sp. heat, KJ/Kg/K 450-525 376-386
6 Coefficient of Linear Expansion, 104 24-26 17-18
7 Energy Required for Melting, K WH/Ton 150 225

8 Tensile Strength, MPa 275-440 200-250
9 Yield Strength, MPa 210-370 120-130
10. Elongation, % 3-12 5-15
11. Young’s Modulus, x10° MPa 75-85 7590
12, Hardness, BHN 85-120 60-80

Table 3 : Properties of the composite and cast iron

S. No. Properties Al-Si-SiC Composite Cast Iron
1. Density (g/cc) 2.8 7.2
2. Thermal Conductivity (W/m. K) 182 47
3. Specific Heat (J/kg. K) 837 402
4. Thermal Expansion Coefficient, x10* 174 2.2
5. Tensile Strength (Mpa) 240 250
6.  Hardness (HV) 140 200

tried out at one of the mine sites (at Gevra) of Coal India
Ltd. The components having identical performance level
cost~ 60% of that of the ones fabricated with conventional
bronzes. In another similar application at Hindustan Zinc
Ltd. (Agucha Mines), the new material components offered
double the life span of the conventional (bronze) ones
(while costing ~ 60% of the latter). Table 11 shows
comparative properties of both of the alloy systems.

Overall performance of cast components greatly
depends on its quality such as dimensional accuracy and
level of porosity within. Castings from which the
components are given the final shape need to be sound
enough otherwise, no matter how appropriate remaining
processing steps/ cycles/ parameters are, the components
are bound to perform poorly in service. Under an R&D
project sponsored to RRL, Bhopal by Singreni Collieries
Company Ltd., Kothagudem, it was shown that there exists
tremendous scope to significantly reduce the level of
porosity and improve the yield of castings (Fig. 4) by
adopting simple but logical modifications in the mould
design and other related methodologies. The outcome was

lively demonstrated on the shop floor at Kothagudem in
association with the working personnel. However, this
needs proper education of the working personnel which
was materialized through delivering a series of technical
talks to them and discussion thereof on related issues.

Aluminium alloy hard particle composites are another
important development at RRL, Bhopal which has great
potential for use in mining industries, The laboratory has
synthesized a variety of composite materials by selecting
various matrix alloys and reinforcements and characterized
for their relevant engineering properties. Table I11 shows a
comparison of various properties of a typical aluminium
alloy composite vis-a-vis a conventional cast iron used for
fabricating automobile brake drums. On the basis of
encouraging observations made during the investigations,
typical engineering components (Fig. 5) for automobile and
mineral processing machineries have been fabricated.
Performance evaluation of the developed automobile
component such as brake drum (Fig. 5a) has shown
significantly improved braking efficiency and less frictional
heating than that of the conventional cast iron component
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(a) Automobile brake drum

(b) Refrax Apex Insert of Cyclone

Figure 5 : Typical components developed using aluminium alloy composites

in actual working conditions. Components of mineral
processing equipment such as refrex apex insert of a cyclone
(Fig. 5b) have also been developed using the composite
materials. Their preliminary trials have shown encouraging
results.

CONCLUDING REMARKS

There exist several material and working condition
related parameters which control the working life of
components in various coal mining and processing
machineries. The view has further been substantiated
through typical examples

A systematic understanding and analysis of the
same could enable to find out cost and energy effective
solutions to various material related problems. This could
ultimately lead to the development of engineering
components with significantly improved performance/
life. In view of the expertise developed and experience
gained in this area, RRL Bhopal could be helpful to
effectively resolve the issues addressed in this study
under sponsored R&D projects.
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INTRODUCTION

Fuel cell is an attractive power generating device, which
is highly efficient and environmentally friendly. It works on
the principle of converting oxidation energy of a fuel into
electricity and heat via an electrochemical reaction. There
are different types of fuel cells such as Alkaline Fuel Cell
(AFC), Polymer Electrolyte Membrane Fuel Cell (PEMFC),
Phosphoric Acid Fuel Cell (PAFC), Molten Carbonate Fuel
Cell (MCFC) and Solid Oxide Fuel Cell (SOFC). AFCs and
PEMFCs are low temperature fuel cells being developed
for transportation applications. PAFC operates at 200°C and
is suited for stationary applications. High temperature fuel
cells like MCFC and SOFC are also suitable for stationary
applications and are more efficient than PAFCs [1].

Molten carbonate fuel cell operates at 650 °C. It has
the advantage of being able to use coal gas as fuel, which
makes it suitable for cogeneration. The fuel H_, along with
CO, is fed to the anode while the oxidant and C-Ozare fed to
the cathode (Figure 1). The electrodes (nickel + aluminium
anode and lithiated nickel oxide cathode) are separated by
a molten carbonate electrolyte, retained in a porous lithium
aluminate matrix, which provides carbonate ions for the
reactions. The components are housed in stainless steel
end plates. At the anode the fuel reacts with carbonate
ions to form water, carbon dioxide and free electrons. At
the cathode the oxygen reacts with carbon dioxide and
electrons to form carbonate ions. The electrons are
transported through the external circuit and the carbonate

ions are transported through the electrolyte. The electrode

reactions are shown below. Figure 1 represents a monocell;
such cells are stacked up in series to obtain the desired
power output.

Anode reaction
Cathode reaction
Overall reaction

H2+ COJ-"—PHEO -+ CO:+ 2e
203+ CO_,+ 23—)CO;"
H.,+ 20., e HJU

When coal gas is used as fuel, the CO gets converted
to H, via the water gas shift reaction[2].

CO+H,0 — CO,+H,

Compared to other technologies for obtaining
electricity from coal such Pressurised Fluidized Bed
Combustor Combined Cycle (PFBCC) and Integrated
Gasification Combined Cycle (IGCC), the Integrated Gasifier
Molten Carbonate Fuel Cell (IG-MCFC) offers higher
efficiency and has tremendous potential in a coal based
power deficit country like India.

MCFC work at TERI was initiated with support from
CMPDIL with the view of assessing and demonstrating

MCEFC technology using Indian coal. In this paper, the
results from the study are described.

COMPONENT DEVELOPMENT

Electrodes

The characteristics of the porous nickel electrodes are
different for cathode and anode. The anode has a porosity

d *(ﬂ End Piate

< 0:,C0
e ey
d Porous Lithiated NiD
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e'* ¢ BT

Fig. 1 : Schematic diagram of MCFC

*Tata Energy Research Institute, Habitat Place, Lodhi Road, New Delhi 110003
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Fig. 2 ; Pore distribution of anode.

of 5 5-70 vol% and a mean pore diameter of 3-6 .um while
the cathode has porosity of 70-80% and 7-12 micron mean
diameter [3], [4]. The nickel cathode forms lithiated nicke|
oxide insitu during cell heating,

The development efforts were aimed at achieving these
values. The electrodes were prepared by tape castin g and
sintering.

The appropriate slurry preparation and sintering
conditions were identified to obtain optimum aluminium
incorporated nickel anode and nickel cathode. The
characteristics of anode and cathode are shown in F igure
2, Table | and Figure 3, Table 2 respectively,

Table 1: Anode porosity data

Total intrusion volume 0.2067 cc/gm
Total pore area 0.160 sq. mg
Median pore diameter 5.81 microns
Bulk density 2.9560 g/cc
Porosity (assuming 8.9g/cc as 66%

density of zero pore sample)

Table2 : Cathode porosity data

Total intrusion volume 0.47 10 ce/gm
Total pore area 0.162 sq. m/g
Median pore diameter 11.4284microns
Bulk density 1.6289 g/ce
Porosity (assuming 8.9g/cc 81.6%

as density of zero pore sample)

Matrix

The gamma lithium aluminate support which retains
the molten carbonate was Prepared by tape casting and a
suitable slurry formulation was developed. Since the matrix
was being used in the green form in close contact with
hygroscopic carbonate electrolyte, a non-aqueous system
was selected,
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Fig. 3 : Pore distribution of cathode,

Electrolyte

The electrolyte loading was attempted in different
ways during cell testing. In the initial cell tests, the lithium
and potassium carbonate powders were mixed in the
appropriate ratio and used in the powder form. However, to
facilitate the assembly of the cell, the electrolyte was
preferred in the form of a tape. Therefore trials were made
to obtain a suitable slurry for tape casting using non-
aqueous binders,

CELL TESTING

Several cell tests were performed with different
electrode combinations, electrolyte loading and with
different fuels (hydrogen and coal gas). The assembly and
testing procedure were same as described in reference [3].
The coal gas compositions that were tested are shown in
Table 3, These compositions were simulated in the lab and
cell performances obtained are shown in Table 4. The cel]
performance was also monitored by changing the fuel feed
from hydrogen to coal gas. The change led to a voltage
drop of -150 mV, However, the original voltage could be
recovered by changing the feed back to hydrogen even
after -10 hours. This is shown in Figure 4,

The first field demonstration of this concept was
carried out at Louisiana Gasification Technology
Incorporated, USA using a Energy Research Corporation,
USA's 20 kW MCFC stack. The typical gas composition is
shown in Table 5. The coal gas after cleaning and
humidification was fed to the fuel cell. The stack generated
up to 21 kW and post test analysis revealed no apparent
effects of contaminants.

CONCLUSION

The components for MCFC can be fabricated with the
required properties by suitably controlling the processing
conditions. The cells tested with these components gave
satisfactory results. The tests with coal gas demonstrate
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Fig. 4 : Performance of MCFC monocell
with different fuel gases.

Table 3 : Composition (vol%) from BHELs coal gasifier
using different varieties of Indian coal

Gas composition (vol %) dry basis

Gas/coaltype CO, CO H, CH, N, 02 HCV
(keal
NM-3)
Coal typel B34 112 128 09 6150 02 8136
Coaltype Il 140 102 12.870.87 62.06 - 7826
CoaltypelIl 135 12.1 12.581.05 60.77 - 8484

Table 4 : Open circuit yoltage and operation hours of
MCFC running on simulated coal gas

Coal type/variable Coaltypel Coal typell Coal type 111

Open circuit 73 730 750
voltage (mV)
Operation hours 8 8 8
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Table 5 : Typical syngas properties

Raw Syngas Vol%

H, 43

(69) ;3

Co, 2

N, 12

CH, 12

HHY 8960-9330kJ/m*

(240 -250 Btu/cft)

that Indian coals, gasified and after suitable clean up can
be used effectively as fuel for MCFC. This concept has
also been tested in the field with satisfactory performance.
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INTRODUCTION

In India, out of a total land area of 328.8 mha, coal
occurs over an area of about 2,13 mha. Conceding that
degradation of land is an inevitable consequence of mining
for minerals, damage over 0.3 mha i.e. 0.1% of the total
land surface can, at the most, be attributed to past coal
mining activities. As per requirements, by 2000 AD, the
country may produce 400 million tons of coal of which about
275 million tons would be by opencast mining alone. It is
estimated that every million ton of coal extracted through
application of open cast mine damages a surface area of
about 4 ha. With the level of production planned for the
future, the coal industry accounts for rendering biologically
unproductive an area of about 500 hectares a year today
which will rise to no less than 1400 haa year by 2000 Ad (1).

Fly ash, the principal by-product of coal-fired thermal
power station, is the residue resulting from the combustion
of pulverised fuels. This material is mainly piped as slurry
of ash and water to storage ponds located near power
stations, These ponds are referred to ‘ash ponds’. Once
the ponds are filled with slurry, they are abandoned and
the area becomes unproductive,

Establishment of vegetation on abandoned fly ash
ponds serves a variety of functions, including stabilizing
the ash against wind and water erosion, providing shelter
and habitat for wildlife and providing aesthetically
pleasing landscape. However, revegetation of these sites
often proceeds slowly due to the presence of physical and/

or chemical conditions in the ash that are deleterious to the
survival and growth ofplants [2.3,4, 5, 6, ik

The formation of mycorrhizae is considered essential
for the survival and growth of majority of plant species in
natural ecosystems. VA mycorrhiza is estimated to form
association with almost al] angiospermous plants {8}.
Their role in enhancing water and nutrient uptake,
especially P, Zn and Cu is well known. Success or failure
of plant species on mine sites depends on the presence of
suitable and viable mycorrhizal inoculum. They also help
in the establishment, survival and growth of sand dune
colonizing plants {9},

MATERIALS AND METHODS

Twenty plant species were selected to plant the ash
pond area. Of these, 10 plant species belong to orchard
species.and the other 10, forest tree species. Uniform sized
plants of each species were planted in 2" x 2’ x 2’ pits. In
order to give anchorage to the plants, the pits were filled
with red soil, tank silt and press mud, a waste from sugar
mills in the ratio of 1:1:1 (v/viv),

Plants were inoculated with an endomycorrhizal fungus
Glomus mosseae, which was isolated from the ash pond (Fig,
1). All the plants were inoculated with a mixture of bacterial
biofertilizers (Azospirillum, Azotobactor and phosphobacteria)
irrespective of mycorrhizal inoculation. Six replicated were
maintained in each plant species. The chemical constituents
of ash pond soil are presented in Table L

*Centre for Advanced Studies in Botany, University of Madras, Guindy Campus, Chennai - 600 025
¥* Centre of Theoretical Biology, No. 40, I Main Road. Indira Nagar, Chennai - 600 020
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Table 1 : Chemical characteristics of ash pond soil

Parameter ‘Ash pond soil
Loss of ignition % 13.06

Silica as Si CI)E% 70.93
Alumina as ALO,% 2.81

fron as Fe O,,. 6.4

Calcium as CaO0% 5.6

Magnesium as MgO% 1.2

Fig. 1 : Spore of Glomus mosseag X 510

Sulphates as 5O, Traces

Height of plants, mycorrhizal colonization andnumber  RESU LTS
of VAM spores in the rhizosphere soil were recorded for a
period of one year at 3 month intervals. Mycorrhizal
colonization was estimated using the clearing and staining Increased colonization dueto mycorrhizal application
method of Phillips and Hayman {10} and the mycorrhizal resulted in the increased growth of plants. Height of plants
spores were isolated using wet sieving and decanting affer 3 months of planting and mycorrhizal inoculation,
method of Gerdemann and Nicolson {11}. ' are presented in Table 2 and 3.

Table 2 : Height, mycorrhizal colonization and number of VAM spores in the
rhizosphere soils of plants grown in ash pond soil after 3 months of planting.

Plant species Height of plants (cm) VAM colonization(%) Spores/100g soil
Control VAM Control VAM Control VAM

Achras sapota * =2 60(11) 5 19 16 4
Anacardium occidentale 20 22(10) 6 14 15 31
Annona squamosa 2 39(9) 5 21 15 36
Artocarpus integrifolia 38 41(8) 6 12 13 2]
Citrus Limonum 2 25(14) 2 12 14 2
Emblica officinalis 38 45(18) 10 26 18 38
Mangifera indica 46 S51(11) 7 16 11 26
Murraya konigii 5 6(20) 6 10 11 20
Psidium guajava 17 24(41) 4 14 14 K
Punica granatum 16 19(19) 5 16 12 26

Values in parenthesis indicate the per cent increase in height of mycorrhizal inoculated plants over uninoculated plants.

Table 3 : Height, mycorrhizal colonization and number of VAM spores in the
rhizosphere soils of plants grown in ash pond soil after 3 months of planting.

Plant species Height of plants (cm) VAM colonization(%) Spores/100g soil
Control VAM Control VAM Control VAM

Tamarindus indica 4] 45(10) 12 21 18 33
Acacia leucophloea 33 4021 14 31 16 39
Albizia lebbeck 63 68(8) 10 21 15 23
Azadirachta indica 45 56(24) 12 24 23 44
Casuarina equisetifolia 17 19(12) 9 3 28 3
Bombax ceiba 50 58(16) 11 20 20 30
Dendrocalamus strictus 66 76(16) 13 32 34 53
Eucalyptus spp 2 81(13) 10 27 2 40
Pongamia pinnata 32 359 7 20 20 36
Tectona grandis 11 15(36) 11 30 26 4

Values in parenthesis indicate the per cent merease in height of mycorrhizal inoculated plants over uninoculated plants.



Plant species Height of plants (em) VAM colon ization( %) Spores/1 00g soil
. Control VAM Control VAM Control VAM
Achras sapota 58 68(17) 8 28 18 47
Anaeardium oceidentale 77 31(15) 1 23 20 46
Annona squamosa 35 2(17) 12 30 B 30
Artocarpus integrifolia 46 51(13) 10 21 17 43
Citrus Limonum 26 31(19) 5 19 I5 31
Emblica officinalis 111 134 (21) 16 38 23 54
Mangifera indica 36 67(20) 8 26 15 38
Murraya konigii 13 17(31) 8 I8 14 34
Psidium guajava 28 40(43) 10 Y 20 49
Punica granatum 28 34(21) 10 24 18 37

Plant species Height of plants (cm) VAM coloniza tion(%) Spores/100g soil
Control VAM Control VAM Control VAM

Tamarindus indica 49 60(22) 17 3 30 .
Acacia leucophioea R 100(9) 3 49 ) 56
Albizia lebbeck 124 150(21) 18 37 28 47
Azadirachta indicq Y 105(12) 20 39 40 68
Casuaring equisetifolia 38 55(45) 20 47 44 78
Bombax ceiba 117 142(21) 18 4 36 57
Dendrocalamus strictys M 108(15) 2 36 51 88
Eucalyptus spp 119 14421 19 A 34 63
Pongamia pinnata 48 58(21) 15 36 31 56
Tectona grandis 3 49 (44) 20 43 37 69

The percent increase in height of mycorrhizal After 6 months of planting, per cent increase in the
inoculated plants over control plants ranged from 8%-4] %.  height of mycorrhizal inoculated plants over control plants
Inoculated Psidium guajava and Tectona grandis had 36%  ranged from 9%-45%. In the orchard plant species, Emblica
and 41% increased height over their respective control officinalis developed good growth (111-134 ¢m height)
plants. followed by other plants (Table 4). Citrum limonum had

the lowest height. In forest tree species except Tecrona

Myecorrhizal colonization ranged from 2%-10% and grandis, Casuaring equisetifolia and Pongamiq pinnata
10%-26% in the uninoculated and mycorrhizal inoculated all other plants displayed excellent growth (Table 5) .
plants, respectively in orchard plant species (Table 2). In

the forest tree species, VAM colonization ranged from 7%- Mycorrhizal colonization ranged from 5%-16% and
14% and 20%-33% in the uninoculated and mycorrhizal 18%-38% in control and VAM inoculated plants
inoculated plants, respectively (Table 3), Colonization respectively in orchard plants species (Table 4), In forest
increased due to the inoculation of mycdrrhizal fungus. plant species, colonization ranged from 15%-23% and

33%-56% in control and VAM inoculated plants, Number
Number of VA mycorrhizal Spores in the rhizosphere  of Spores ranged from 14<5] and 31-88 in control and
soils also increased due to the application of G. mosseae. mycorrhiza inoculated plants respectively.,
Number of spores isolated form 100 g of soil was 11-18 and
20-38 in control and VAM applied plants respectively in Inoculation of G. mosseqe on to plants grown in ash
orchard plant species and in forest plant species it ranged  pondsoil increased the growth of plants. A fier 9 months of
from 15-34 and 23-53 in the control and VAM inoculated planting and mycorrhizal inoculation, mycorrhizal
plants, respectively, colonization ranged from 23%-49% in orchard plant
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Table 6: Height, mycorrhizal colonization and number of VAM spores in the
rhizosphere soils of plants grown in ash pond soil after 9 months of planting.

Plant species Height of plants (cm) VAM colonization(%o) Spores/100g soil
Control VAM Control VAM Control VAM

Achras sapotd 70 90(29) 10 35 20 55
Anacardium oceidentale 58 73(26) 15 30 VL] 60
Annona squamosa 85 110(29) 18 40 27 65
Artocarpus integrifolia 98 131(34) 14 30 2 (7}
Citrus Limonum 43 51(19) 7 3 17 ‘40
Emblica officinalis 219 27927 19 49 2 65
Mangifera indica 63 83(32) 1 32 19 50
Murraya konigii 39 47(21) 9 24 17 43
Psidium guajava 127 163(28) 15 30 24 60
Punica granatum 48 64(33) 13 31 21 53

Values in parenthesis indicate the per cenl increase in height of mycorrhizal inoculated plants over uninoculated plants.

Table 7 : Height, myecorrhizal colonization and number of VAM spores in the
rhizosphere soils of plants grown in ash pond soil after 9 months of planting.

' Plant species Height of plants (cm) VAM colonization(%) Spores/100g soil
Control VAM Control VAM
Tamarindus indica 74 89 (20) 21 42 40 80
Acacia leucophloea 199 244(23) 30 &0 40 95
Albizia lebbeck 366 433(18) 23 47 39 75
Azadirachta indica 216 262(21) 25 50 56 90
Casuarina equisetifolia 27 342(26) 31 9 55 106
Bombax ceiba 197 242(23) 7} 46 49 86
Dendrocalamus strictus 291 365(25) 34 70 63 125
Eucalyptus spp 330 426 (29) 31 6l 44 98
Pongamia pinnaia 128 153 (20) 24 47 45 81
Tectona_grandis 156 196 (26) 26 2 47 9%

Values in parenthesis indicate the per cent increase

species and 42%-70% in forest tree species (Table 6-7).In
the uninoculated plants, per cent mycorrhizal colonization
ranged from 7%-1 9% in the orchard plant species and 21%-
34% in forest tree species. Colonization was higher in forest
tree species than in orchard plant species, in both
mycorrhizal inoculated and uninoculated plants.

Per cent mycorrhizal colonization was positively
correlated with the growth of plants. The height of plants
increased due to mycorrhizal inoculation up to 27% in
orchard plant species 29% in forest tree species. VAM spore
production increased in forest species when compared with
orchard plant species. It was due to the size of plant root.
In forest plant species, all the plants showed good growth
when compared to orchard plants. In the orchard plant
species, Emblica officinalis responded very well compared
with other plant species. ’

After one year of planting; mycorrhizal inoculation
markedly enhanced the growth of plants (Fig. 2-5).
Mycorrhizal colonization ranged from 11%-42% and 30%-
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in height of mycorrhizal inoculated plants over uninoculated plants.

72% in the control and inoculated plants, respectively. The
range of colonization varied from 11%-28% and 30%-62%
in the control and mycorrhizal inoculated plants
respectively, in orchard plant species (Table 8). In forest
tree species, the VA mycorrhizal colonization ranged from
22%-42% and 50%-72% in control and mycorrhizal
inoculated plants species (Table 9). Spore counts ranged
from 24-82 and 51-136 in the control and G. mosseae
inoculated plants, respectively. Per cent increase in height
of mycorrhizal inoculated plants over control plants was
19%-33% (Table 8-9).

Mycorrhizal inoculation influenced plant growth.

Forest plant species are more suitable than orchard plant
species for vegetating ash pond (Fig. 6-7).

DISCUSSION

Ash pond soils have very low water holding capacity
when compared to the red soil. One of our experiments



Table 8 : Height, mycorrhizal colonization and number of VAM spores in the
rhizosphere soils of plants grown in ash pond soil after 12 months of planting,

Plant species Height of plants (cm) VAM colonization(%) Spores/100g soil
Control VAM Control] VAM Control VAM

Achras sapota 78 101(30) 16 49 31 66
Anacardium occidentate 7] 94(32) 18 41 30 71
Annona squamosa 123(28) 24 48 33 78
Artocarpus integrifolia 130 173(33) 17 36 28 70
Citrus Limonum 49 59(20) 11 30 24 51
Emblica officinalis 228 205(29) 28 62 45 2
Mangifera indica 81 105(90) 17 40 28 58
Murraya konigii 53 64(20) 12 30 25 51
Psidium guajava 146 191(31) 9. - 43 43 74
Punica granatum 57 74(30) 17 40 32 60

Table 9 : Height, mycorrhizal colonization and number of VAM spores in the

Plant species

rhizosphere soils of plants grown in ash pond soil after 12 months of planting.
Height of plants (cm)

VAM colonization(%) Spores/100g soil

Control VAM Control VAM Control VAM
Tamarindus indica 8 10821) 2 51 46 2
Acacia leucophloea 20 268(22) 4 66 2 104
Albizia lebbeck 380 452(19) 26 53 30 68
Azadirachta indica 232 285(23) 28 58 69 95
Casuarina equisetifolia 292 374(28) 39 66 71 113
Bombax ceiba 211 25521) 3 50 58 o
Dendrocalamus strictus 319 418(31) 19 i 8 136
Eucalyptus spp 356 463 (30) 38 68 63 119
Pongamia pinnata 140 172(23) 28 2 59 2
Tectona grandis 171 219(28) 30 56 62 120

Values in parenthesis indicate the per cent increase in height of mycorrhizal inoculated plants over uninoculated plants.

indicated that ash pond soil retained only 18% of the water
added in a simulation column and red soil retained about
27% of the water. One of the additions in the pits, press
mud retained about 70% of the water added to the column
. Press mud is rich in organic carbon (11%) and contains a
moderate level of N (85 kg/acre). The N content in the press
mud, red soil and tank silt alleviated the very low level of N
content in the ash pond soil, Generally ash is low in N due
to volatilization during combustion [12]. '

Though there are generally high concentrations of P
present in ash compared with soil [13], it is not in a form
readily available to plants, presumably due to interaction
with A1 and Fe present in acidic ash and in case of highly
alkaline ash, with Ca [3, 14, 15]. Mycorrhizal fungi are known
to improve the nutrient status, especially P of Plants, that
support plant growth to a large extent. Mycorrhizal
colonization and spore prevalence in the rhizosphere soils
were positively correlated with the growth of plants. The
mycorrhizal hyphae have the ability to act as a substitute
for a more extensive root system.

Development of vigorous microbial community can
increase the suitability of the ash as a substrate for plant
growth [16]. Addition of nitrogen fixing bacteria
Azospirillum and Azotobactor and P mobilizing
phosphobacteria compensated the N and P requirements
of plants and enhanced the mycorrhizal activity.

Some fly ashes also exhibit pozzolanic properties i.e.
they can react with water in the presence of lime to form
cement, which can result in reduced infiltration and root
penetration in ash deposits and ash amended soils [1, 3,
15.]. But in weathered or lagooned ashes, this property is
substantially reduced and can affect the root development
only in the deeper layers. Stem and foliar development can
indirectly indicate the development of root system and its
function,

Since bacterial biofertilizers are added to all the plants,

increased growth due to mycorrhizal fungus Glomus
mosseae inoculated plants can be attributed to the
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mycorrhizal symbiosis, Clearly biofertilizers can be
successfully used to reclaim ash pond soils,
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INTRODUCTION

Among the environmental pollutants noise is
considered to be a cause of the widespread occupational
and community health problems in mining complexes.
Adequate control measures have been taken in different
countries, which mainly emphasize engineering control for
major noise sources. Applicability of these measures is only
possible in case of new mines or overall reconstruction of
old mines, Since most of the Indian coalfields consist of a
mix of old and new mines, it has so fagnot been possible to
integrate the latest noise control technologies in mine
planning.

The recent trend is to develop green belts in and
around the mining and urban areas to minimise ambient air
and noise pollution. It has been regarded as one of the
cheapest method of pollution control in the developing
countries. In managing noise, sound propagation in the
environment has attracted attention of acousticians and
environmentalists, Research in this field is directed towards
absorption of acoustic energy by the different structures
in a plant community (Martens, 1981). Plant leafs absorb
acoustic energy by transferring the kinetic energy of the
vibrating air molecules in a sound field to the vibration
pattern of the leafs. Therefore vibration energy is withdrawn
from the acoustic field and part of this energy is lost by
transfer to heat since in a vibrating plant leaf friction occurs
(Martens et al., 1982). Some pilot studies with Laser-
Dopplex-Vibrometer System showed that when a sound field
is present, vibration patterns exist over the leaf structures

depending on the structure of the leaf, Vibration velocities
at 100 dB sound pressure level are between 10 and 3x10"
m/s. However, the exact mechanism of reflection, diffraction
and absorption of sound waves around deciduous plant
leaves is presently poorly understood (Martens etal., 1981).

The importance of different ground effects
encountered in well developed green cover due to formation
of highly porous humus layer with lower flow resistivities
is noticeable (Piercy et. al., 1979 and Aylor, 1972). Ground
effect produces excess attenuation below 500 Hz. Excess
attenuation at or above 1 KHz has been attributed to both
scattering by trunks and branches and scattering and
absorption by foliage [Aylor (1972), Empleton (1963),
Martens and Michelsen (1981), and Fricke (1984)].

This paper highlights the results of the systematic
noise attenuation studies at eight plantation sites of Jharia
and Raniganj coalfields (JCF & RCF respectively) [Saxena
etal. (1999)].

CHARACTERISATION OF
PLANTATION SITES

Eight plantation sites, four each from JCF and RCF
were selected keeping in view of the following.

*  Already existing, well developed plantation sites.
+  Accessibility from the point of view of studies.
# A minimum width of 50 m.

* Assistant Professdor, Centre of Mining Engineering, Indian School of Mines. Dhanbad-826 004.
#+ §¢. Rescarch Fellow, Centre of Mining Engineering, Indian School of Mines, Dhanbad-826 004.
*#* Professor, CME & Dean, Indian School of Mines, Dhanbad-826 004.
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Methodology

Standard quadrate method was used. Two to four
quadrates of 10 m x 10 m were considered. The following
parameters were observed.

*  Aerial height (AH)

* Diameter at breast height (DBH)

*  Branchless lower trunk (BLT)

*  Canopy branch cover (CBQO)

Vegetation density quantification through vertical
light penetration and horizontal light penetration.

NOISE ATTENUATION STUDY

Instruments used

For noise monitoring, B & K Modular Precision Sound
Level Meter (Type 2231) and B & K Noise Analyser (Type
2260) were used. Wide band mode of B & K sound source
(Type 4224) was used as noise source.

Noise level parameters monitored

MaxL — Maximum Root Mean Square (RMS) level
which indicates the sound pressure level (SPL) exceeding
10 percent of the monitoring time.

Leq — The energy equivalent sound level which
equals the constant SPL whose acoustic energy is
equivalent to the acoustic energy of a fluctuating sound
over some time interval,

Monitoring procedure

A systematic noise attenuation study at different
plantation sites of JCF & RCF was conducted using B & K
sound source (Type 4224) during 1997—98 (monsoon
season). Green belt upto 50 m width was considered for
monitoring, Ambient sound level in terms of MaxT, and Leq
was determined at the boarder line, 10 m, 20 m, 30 m, 40 m
and 50 m within the green belts. With noise source (placed
on ground at about 10 m far off from the border line) in
operation noise level parameters were monitored in a similar
fashion and average noise levels were determined. The
noise monitoring instrument was set on a tripod at 1.5 m
height from the ground,

Frequency spectrum analysis (171 octave band) was
conducted to evaluate frequencywise attenuation at
different distances from the source in the green belts,

Meteorological parameters, i.e,, wind speed and
direction, humidity and temperature were also monitored,

RESULTS AND OBSERVATIONS

Green belt characterisation

From the plantation composition, characteristics, etc.
of the sites of JCF and RCF, it was observed that Loudoha
forest, Jhanjhra incline mine and Bera plantation sites had
more diversified species, In terms of. average density (plants/
ha) Loudoha College site had the maximum, Average
spacing between consecutive plants varied from 1.1mx 1.0
mto3.0mx 1.5m. Average canopy cover at different
plantation sites also varied with respect to different species
(Paletal. 1998).

The ground cover of the sites was studied and
dominant species were modified. Vertical light penetration
at 1.5 m above the ground and horizontal light penetration
were observed as per standard procedure.

Noise attenuation

The total noise attenuation for MaxL and Leq levels in
Wide band mode of B&K type 4224 noise source increased
steadily with the increase of the width of green belt at all
the plantation sites of JCF (Table 3) and was maximum at 50
m width of the green belt as shown in Table 1.

Table 1 : Total noise attenuation at 50. width in JCF

Plantation site Wide band
Maxl, " Leq
dB(A) dB(A)
Bera 252 256
Simlabahal 248 239
Putki Balihari 21.0 203
Kustore 21.0 27

Similar total noise attenuation pattern was observed
for all plantation sites of RCF (Table 4). Maximum
attenuation for both MaxL and Leq was at 50 m depth of
the green belt as shown in Table 2.

Table 2 : Total noise attenuation at 50, width in RCF

Plantation site Wide band
MaxL Leq
dB(A) dB(A)
Loudoha college 211 232
Loudoha forest 21.1 224
Jhanjhra project 20.9 20.1
Jhanjhra incline 249 240

The noise attenuation in green belt was due to the
combined effect of geometric spreading, plantation, ground
cover and meteorological effect. Out of the these, the first
three are supposed to contribute maximum to noise
attenuation, whereas the noise attenuation due to
meteorological effect is supposed to be negligible. The
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Table 3 : Average total noise attenuation characteristics in different plantation sites of Jharia Coalfield
(monsoon season)

Noise Source : B & K Type 4224 (wide band mode)

Sound attenuation in dB(A)

Locations Bera Simlabahal Putki Balihari Kustore
MaxL, Leq MaxL, Leq MaxL, Leq MaxL, Leg
At border 0.0 00 00 0.0 0.0 0.0 0.0 0.0
Line (90.1) (89.5) (87.9) (86.3) (862) (85.7) (88.4) (87.9)
At10m 5.7 49 7.0 6.0 42 42 49 43
0.70 062 091 0.83 -0.56 0.55 061 057
At20m 9.7 89 134 113 85 88 83 87
-110 -1.06 -1.13 -1.18 -1.03 099 098 099
At30m 13.7 129 188 143 119 12.1 11.6 11.8
-1.10 -1,12 -1.37 -125 -1.19 -1.18 -1.16 -1.15
At40m 182 174 20.8 188 169 17.1 172 16.8
-127 -1.31 =144 -140 =135 -130 -1.31 =127
At50m 21.7 22.1 24.8 239 21.0 203 21.0 2.7
-140 =157 -1.60 =1.55 -140 -1.36 -1.40 -1.56

Table 4 : Average total noise

Figure within () indicates average observed noise level.

(monsoon season) .

Type 4224 (wide band mode)

attenuation characteristics in different plantation sites of Ran iganj Coalfield

Noise Source : B & K

Sound attenuation in dB(A)

Locations Laudoha College Loudoha Forest Jhanjhra Project Jhanjhra Incline
MaxL Leg MaxL, Leq MaxL, Leq MaxL, Leg
At border 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Line (89.3) (88.7) (86.3) (85.8) (86.0) (854) (87.8) (822)
At10m 37 3.6 44 44 28 23 7.1 6.1
-0.86 -0.87 -0.86 -0.87 -0.58 0.57 -1.01 .84
At20m 8.7 87 87 89 6.8 7.0 135 114
-1.11 -1.12 -L11 -1.13 -0.99 -1.00 -1.14 -1.13
At30m 13.1 132 120 122 11.9 119 18.9 144
111 -1.12 -1.10 -LI1 -1.12 -1.13 -1.30 -1.12
At40m 172 185 17.0 17.1 17.8 168 209 189
-1.30 -132 -130 -131 -1.32 -130 -1.40 -1.31
At50m 211 232 211 224 209 20.1 249 240
-134 -1.60 -136 -1.55 -148 -1.38 -1.59 -1.60
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ground effect, generally speaking, includes-reﬂecting,
scattering and absorption of sound waves.

For all the plantation sites, maximum excess noise
attenuation for both Maxl, and Leq was at 50 m, depth of
the green belt as shown in Table 5. The average excess
noise attenuation js due to the combined effect of
the characteristics of the green belts, However, the
contribution of aerial height on excess attenuation seems
to be negligible.

Frequency Spectrum analysis

Frequency Spectrum analysis for al| the eight
plantation sites, of JCF & RCF showed that the dominant
frequency range at border line was 125 Hz to | KHz for
Wide band mode. The total attenuation for aj the sites

Table 5 : Excess noise attenuation

Plantation site Wide band
Leq

dB(A) dB(A)
1. Jharia coalfield
Bera 4.8 4.4
Simlabahal 6.1 3.2
Putki Balihari 4.8 3.8
Kustore 44 5.7
2. Raniganj coalfield
Loudoha forest 83 8.1
Jhanjhra incline 6.2 5.8
Loudoha college 6.6 6.1
Jhanjhra project 63 6.2

Frequency spectrum values in open space due to
geometric spreading and ground cover were used to
evaluate frequency wise €xcess noise attenuation
exclusively by the green belt for all the plantation sites of
JCF and RCF,

For all the cases, the excess attenuation was found to be
varying with respect to different frequencies. For lower
frequencies, i.e., upto 125 Hz, the excess attenuation was
relatively less [within 3-4 d B]. The maximum excess attenuation
for certain higher frequencies was as shown in Table 7.

Statistical Relationship

Excess noise attenuation values at 50 m, depth of eight
plantation sites of JCF and RCF using B & K Type 4224
noise source (Wide band mode) were used to develop a
statistical relationship through SPSS package as outlined
below.

Dependent variable
X, = Excess noise attenuation (Leq) in dB(A)
Independent variables

X, = Average density (number of plants/ha)
X, = Average aerial height (m)
X, = Average canopy branch cover (m)

X, = Average diameter of the trunk
at breast height (mm)

X,= Vertical light penetration
Xe,= Horizontal light penetration

Both vertical and horizontal light penetration were
considered to assess canopy and branching coverage of

Following multivariable linear relationship was found
X, =-0.8612+3.5296x |~ X, -0.0016Xl+0.0689x4
+ 03196 X, +2.2231 Xt 1.8123 X, (hH

The correlation coefficient (0.96) and coefficient of
determination (0.92) were highly significant. Standard error
estimate and analysis of variance justified the significance
of the relationship,

Equation (1) indicates that all the independent
variables (except X ,) contribute directly towards the excess
noise attenuation, Average diameter of trunk at breast height

height (X,) isnot contributing to overall excess attenuation,
This was due to the location of the noise source (on the
ground) and the monitoring instrument (at 1.5 m height
above surface), Inspite of this, aeria] height is found
contributing negative effect, may be due to back reflection
and scattering of some sound waves directed towards
higher altitude.
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Table 6 : Maximum total noise

attenuation at 50 m width for certain frequ

encies for Wide pand mode of noise source

Jharia Coalfield -

Bera
500 Hz—23.1dB
[ KHz—20.8dB
I6KH=-2I.I dB

Ranigani Coalfield

Loudoha college

125Hz—23.0dB
2 KHz—26.5dB
4KHz—26.0dB
g§KHz—24.3dB

Putki Balihari
500 Hz—20.3dB
[KHz—203dB
g§ KHz—22.5dB
16 KHz—24.4dB

Loudoha forest

500 Hz—20.2dB
| KHz—20.2dB
§KHz—22.4dB
16 KHz—24.3dB

Kustore
63 Hz—20.3dB
500 Hz—20.3 dB
2 KHz-20.0dB
8 kHz-21.9dB
16 KHz—23.0dB

Jhanjhra project

63 Hz—20.5dB
125 Hz—20.3dB
250 Hz—20.6 dB

Simlabahal
63 Hz—21.0dB
125 Hz—20.6dB
500 Hz—21.6dB
8 KHz-20.7dB
16 KHz—23.5dB

Jhanjhra incline

63Hz—21.3dB
500 Hz—21.9dB
g KHz—21.0dB
16 KHz—23.5dB

Wide band mode

Table 7 : Maximum eXcess attenuation for certain frequencies

Jharia Coalfield

Jiat e e——

Bera
500 Hz—6.9dB
| KHz—5.4dB

Raniganj coalfield

Jhanjhra project
250 Hz—5.3dB

4 KHz—1.9dB

Putki Balihari
4KHz—64dB

g KHz—7.9dB
16 KHz—8.4dB

Jhanjhra incline
4KHz—5.9dB
8§ KHz—6.3dB
16 KHz—7.7dB

Kustore
4KHz—7.3dB

8 KHz-7.4dB
16KHz—7.1dB

Loudoha college
2KHz—12.2dB
4 KHz—12.2do
8§ KHz—9.4dB

Simlabahal
4KHz—5.6dB

8§ KHz—6.1dB
16KHz—7.4dB

Loudoha forest
4KHz—63dB
8§ KHz—7.8dB
16 KHz-8.3dB

The excess noise atte
alone as evaluated using equ
Table 8. These computed va
excess attenuation as observed in

investigations.

nuation due to the green belt
iation (1) was as shown in
lues are close to the actual

DISCUSSIONS AND

CONCLUSIONS

Noise attenuation studies at various plantation sites
soon season indicated the
on at 50 m.

of JCF & RCF during mon
following range of total an

width.

Total attenuation (Leq) :
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d excess attenuati

the field

RCF :20.1—24.0 dB(A).
JCF :20.3—23.9 dB(A).

Excess attenuation (Leq) :

RCF : 5.8—8.1 dB(A).
JCF : 3.8—5.7 dB(A).

This was due to the diverse characteristics of the green

belt.

Figures | and 2 show
attenuation (both total and
sites of JCF and RCF. The to
plantation sites of JCF increase

the summarised average noise
excess, Leq) at the plantation
tal attenuation at different
d linearly with the depth of

the green belt, whereas the increasing trend of excess
attenuation is less with the depth of the green belt. It is
imperative to conclude that the main contributor to higher
total attenuation at higher depth is the effect of geometrical

spreading. More or less a simil

ar trend was observed for

the plantation sites of RCF (Fig.2).
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Table 8 : Validation of the statistical model

Plantation Parameters considered Predicted Actual
site Av.density Av.aerial Av.canopy Av.dia.of  Vertical  Horizontal Excess observed
(plants/ha) height (m) branch the trunk light light noise excess
cover(m) atbreast penetration penetration  attenuation noise
height(m) atl.5m at20m at50m  attenuation,
above distance through db(A)
ground model, dB(A)
i. Putki 2091 734 3.84 755 05 04 438 3.80
Balihari
ii. Kustore 2100 10.36 565 8.72 0.7 03 5.14 5.70
iii. Bera 4200 402 268 411 04 0.6 428 440
iv. Simlabahal 3200 774 403 769 0.8 03 531 520
v. Loudoha 2372 21.76 10.00 14.71 0.8 0.6 8.19 8.10
Forest
vi. Jhanjhra 2600 751 568 898 04 0.8 564 5.80
Incline
vii. Loudoha 5900 1035 861 485 0.6 09 631 6.10
College
viii. Jhanjhra 5800 11.87 6.65 520 05 09 6.03 620
Project

It was also observed that the excess attenuation for
higher frequencies (>250 Hz) was more than that at lower
frequencies (<125 Hz).

From 82 to 89 dB(A) Leq levels at border line of the
green belt due to B & K noise source (Wide band mode),
the average trend of total noise attenuation with the depth
of green belt was as given below.

JICF RCF
10m. depth: 4.9-6.9 percent 33-74  percent
20 m. depth: 9.9-13.1 percent 82-139 percent
30 m. depth: 14.1-16.6 percent 13.9-17.5 percent
40mdepth 19.1-21.8 percent 19.6:23.0 percent
50 mdepth  23.7-27.7 percent 234-292 percent

Based on the average trend of total noise attenuation
(percent) at different depth of the green belt, the desired
minimum thickness of the green belt computed for different
locations of coal mining complexes was computed as shown
in Table 9.

A multi—variable linear regression equation was
established for assessing the excess noise attenuation for
Wide band mode of noise source (B & K Type 4224). This
can be used for designing the green belts.
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NearOCP  70-80 75 (Industrial 10 m
mines
area)
Near CHPs 8090 75 (-do-) 30 m
Near shaft  80-87 75 (-do-) 30m
Nearmine 8592 75 (-do-) >50 m
exhaust fan
(low frequen-
cy dominant
situation)
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INTRODUCTION

India is a vast country with diversified soil and climatic
conditions. Forest plays important role in ecological
balance. They regulate water supplies and reduce the
incidence of floods and droughts by absorbing rain water
which would otherwise, on unprotected land, run-off at a
faster fertile soil. Forest have a beneficial role on climate
and act as wind breaks and shelter belts.

Due to increase in population, industrialization and
Jarge demand for fire wood by rural population have
compounded the deforestation problem. The demand for
land for various purposes is on the increase. Agricultural
and forest land cannot be spared for obvious reasons like
continued self-sufficiency for food and long term ecological
security. But for the development of country, industries
play very important role and mining is a most important
industry next only to agricuiture.

Hazaribag district consists mainly coal mining areas
and comes under a separate Bihar, Orissa and West Bengal
geo-botanical region. The following physical divisions have
been recognized:

(A) Southern highlands : This is a high land tract
which is the southern part of this region. The hills ave an
extension of the Deccan plateau — Chotanagpur plateau.
The rocks belong to the Archean — Dharwar era, including
the coal bearing Hazaribag, Dhanbad, Giridih tract, mineral
bearing Singhbum tracts and Mica bearing Koderma and
Giridih tract.

(B) Ganga plain : The river Ganga flows across central
Bihar and then diverges into a series of distributaries to
from the famous Sunderbans delta.

(C) Coast: This region comprises of the coastal areas
of Orissa and delta of the river Mahanadi. It is a tract of
coastal sand of varying width broken by cliffs and lowhills.

Number of studies and research projects have been
undertaken by various agencies on reclamation of coal mines
areas. But all these studies restricted to revegetation of
degraded land without knowing natural ecology of
surrounding areas. With this view , the present
investigation has been planed to know the natural growing
trees plants species of surrounding coal mines areas of
different types.

MATERIALS AND METHODS

In the present investigation, the following spots were
selected:

(1) First type - Where open cast coal mining is
operating:

(a) Tapin North open cast coal mines areas,
(b) Tapin South open cast coal mines areas,
(¢) Parez East open cast coal mines areas, and

(d) Kuju open cast coal mines areas.

*University Department of Botany, Vinoba Bhave University.Hazaribag — 823 301 (Bihar)
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Tapin North Open Cast Coal Mines Area

Parez East Open Cast Coal Mines Area

(2) Second type - Where coal is reported but mining is
not going on:

(a) Parez West project areas

(3) Third type - Green forest near coal mines areas:

(a) Parez Green forest area

(4) Fourth type - Undisturbed forest lands:

(a) Charhi Forest areas and

(b) Canary Forest areas.

The frequency, density and abundance of forest trees
surrounding all the selected open cast coal mines areas
and undisturbed forest areas were studied by taking
observation of five quadrats. Each quadrats size was 30 x
30 m? The frequency, density and abundance were
calculated by the following formula;

Total number of quadrats-

in which species occurred
x 100

Frequency Percentage =
Total no. of quadrats
studied

Kuju Open Cast Coal Mines Area

Total number of individ-
uals of the species

Density =
Total number of quadrats
studied
Total number of the individuals
of the species
Abundance =

Total no. of quadrats
in which species occurred

After calculation of frequency, density and abundance
of all above mentioned coal mines forest areas, their mean
value were taken in the Table No.- |,

RESULTS AND DISCUSSION

Ecological investigations were carried out of above
mentioned all spots. After detail work, 56 trees plants were
identified (Table 1). The tree plants were identified with the
help of standard literature (Haines, 1910, 192/, 1925;
Randhawa, 1965; Santapau, 1967; Sharma etal., 1993). The
density, frequency and abundance of all trees plants (56)
were calculated,
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Table 1 : Frequency, Density and Abundance of Tree Plants of coal mines forest areas

Botanical Name of Plants

ACACIA CATECHU Willd.
ACACIA NILOTICA Benth.
ACACIASP.

ADINA CORDIFOLIA Hock.
AEGLE MARMELOS Correa.
ALBIZIA LEBBECK Benth.
ANOGEISSUS LATIFOLIA Wall.

ANTHOCEPPHALUS KADAMBA Migq.

AZADIRACHTA INDICAA. JUSS.
BAHUINIA VARIEGATAL.
BOMBAX MALABARICUM DC,
BOSWELLIA SERRATA Roxb.
BUCHANANIA LATIFOLIA Roxb.
BUTEA FRONDOSA Roxb.

BUTEA SUPERBA Roxb.

CASSIA FISTULA L.

CASSIA SIAMEA Lam.

CARISSA SP.

CROTON OBLONGIFOLIUS Roxb.
DALBERGIA SISSOO Roxb.
DIOSPYROS MELANOXYLON Roxb.
ELAEODENDRON GALUCUM Pers,
EMBLICA OFFICINALIS Gaertn,
EUCALYPTUS CITRIODORA Hook.
ERYTHRINA INDICA Lamk.
EUGENIA JAMBOLANA Lam.
EUGENIASP,

FICUS BENGALENSISL.

FICUS GLOMERATA Roxb.

FICUS INFECTORIA Roxb.

FICUS RELIGEOSALL.

GAMELINA ARBOREA Roxb.

HOLARRHENAANTIDYSENTRICA Wall.
LAGERSTROEMIA PARVIFLORA Roxb.

MADHUCA LATIFOLIA Roxb.
MANGIFERA INDICA L.
MANGIFERA PINNATAL. f.
MILLINGTONIA HORTENSIS L.
MILIUSAVELUTINAH.F. &T.
NYCTANTHES ARBOR-TRISTIS L.
OLAXSP,
PARKINSONIAACULEATEAL.
PELTOPHORUM PTEROCARPUM
PHOENIX ACAULIS Buch.
PONGAMIA GLABRAVENT,

PETEROSPERMUM CANESCENS Roxb. MUCHKANDA

SEMICARPUS ANACARDIUM L.
SHOREA ROBUSTA Gaertn.
TAMARINDUS INDICAL.
TECTONA GRANDIS L.
TERMINALIAARJUNA Bedd.
TERMINALIA BELERICRoxb.
TERMINALIA CHEBULA Retz.
Z1ZYPHUS JUJUBA Lank.
ZIZYPHUS OENOPLIA Mill.
ZIZYPHUS XYLOPYRA Willd.
Few unidentified trees

Common Name Family Mean Mean Mean
Density AbundanceFrequency %

KHAIR MIMOSACEAE 08 23 27
BABUL MIMOSACEAE 0.6 10 66
- MIMOSACEAE 1.0 25 40
KARAM RUBIACEAE 02 1.0 25
BEL RUTACEAE 1.6 26 40
SIRIS MIMOSACEAE 1.0 25 60
DHAUNTA COMBRETACEAE 14 25 62
KADAMB RUBIACEAE 02 1.0 20
NEEM MELIACEAE 03 1.0 30
KACHNAR  CAESALPINIACEAE 15 21 60
SIMAL MALVACEAE 09 22 46
SALAI BURSERCEAE 1. 27 65
PIAR ANACARDIACEAE 22 5.1 30
PALAS PAPILIONACEAE 125 45 &
PALAS PAPILIONACEAE 14 35 40
AMALTAS  CAESALPINIACEAE 04 23 58
- CAESALPINIACEAE 04 20 20
KARAUNDA APOCYNACEAE 70 103 70
PUTRI EUPHORBIACEAE 40 7.6 5
SHISAM PAPILIONACEAE 24 6.0 &0
KENDU EBENACEAE 84 10.6 &
RATANGURA  CELASTRACEAE 80 80 €0
AMLA EUPHORBIACEAE 04 0.6 20
SAFEDA MYRTACEAE 1.4 35 40
PHRAD PAPILIONACEAE 05 1.7 40
JAMUN MYRTACEAE 08 20 50
KATH-JAMUN MYRTACEAE 22 36 &0
BARGAD MORACEAE 04 20 40
GULAR MORACEAE 02 1.0 24
PAKAR MORACEAE 04 20 20
PEEPAL MORACEAE 04 20 20
GAMBHAR VERBENACEAE 1.6 23 60
KORAIYA APOCYNACEAE 99 10.6 80
SIDHA APOCYNACEAE 40 76 72
MAHUA LYTHRACEAE 42 52 75
AAM ANACARDIACEAE 24 23 60
AMRA ANACARDIACEAE 08 L1 20
AKAS-NEEM BIGNONIACEAE 0.6 08 20
KARI ANONACEAE 1.7 28 50
HARSINGAR OLEACEAE 02 1.0 20
- OLEACEAE 02 0.6 20
- CAESALPINIACEAE 04 20 20
- OLEACEAE 0.6 1.0 20
KHAJUR PALME 27 438 46
KARANIJ PAPILIONACEAE 10 25 63
STERCULIACEAE 23 1.6 40
BHELWA ANACARDIACE 6.6 82 &0
SAL DIPTEROCARPACEAE 286 328 2
IMLI CAESALPINIACEAE 038 20 35
SAGWAN VERBENACEAE 26 3.1 &0
KAHUA COMBRETACEAE 16 26 40
BAHERA COMBRETACEAE 18 27 60
HARA - COMBRETACEAE 08 20 40
BER RHAMNACEAE 21 38 60
DATHORA RHAMNACEAE 26 6.8 50
KATBER RHAMNACEAE 26 78 40



On the basis of detail observations, it was found that
Tapin North open cast coal mines forest areas consists of
29 types of trees while Tapin South open cast coal mines
forest areas consists of only 10 tree plants species, Parez
East open cast coal mines forest areas consists of 14 types
of tree plants while Kuju open cast coal mine forest areas
consists of only 16 tree plants species Parez west project
forest areas includes 20 tree plant species while in Parez
green forest areas, 27 types of tree plants were found.
Among undisturbed lands, Charhi forest areas showed the
presence of 24 tree plants while Canary forest areas consists
of maximum 46 tree species.

Few trees plants species were also found in Tapin
North, Tapin South and Parez East open cast coal mines
overburden (O.B.)-areas in which main ly Acacia catechu,
Cassia siamea, Butea Jfrondosa, Dalbergia sissoo,
Eucalyptus citriodora, Ficus bengalansis, Gamelina
arborea, Zizyphus jujuba were found in overburden dump
with low frequency percentage.

On the basis of mean frequency( 60% to 100% ), mean
density and mean abundance of tree plants, the following
tree plant species dominated in all selected open cast coal
mines and forest areas:

Acacia milotica (Babul), Albizia lebbeck (Shiris),
Anogeissus latifolia (Dhaunta), Bauhinia variegata
(Kachnar ), Boswellia serrata ( Salai ), Butea frondosa
(Palas), Carissa sp. (Karunda), Cassia fistula ( Amaltas),
Croton oblongifolius ( Putri ), Dalbergia sissoo ( Shisham),
Diospyros melanoxylon ( Kendu ), Elacodendron galucum
(Ratangura), Gamelina arborea ( Gambhar), Holarrhena
antidysentrica (Koraiya ), Lagerstroemia parviflora ( Sidha
), Madhuca latifolia (Mahua ), Mangifera indica (Aam ),
Pongamia glabra ( Karanj ), Shorea robusta (Sal), Tectona

grandis ( Sagwan), Terminalia belerica (Bahera), Zizyphus
jujuba (Ber), and few others.

In conclusion, the forest which occur in the
investigated areas, falls under following type (A) Dry mixed
deciduous forest, (B) Moist mixed deciduous forest and
(C) Evergreen forest. It was also observed that above
mentioned natural plants species were also found in
operating open cast coal mines areas. On this basis, one
can conclude that these tree plants can be considered as
natural forest tree species of coal mines region. These
natural growing forest plants species can be tried for
reclamation of surrounding barren lands of open cast coal
mines areas,
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DUST FILTERING CAPACITY OF SOME
DOMINANT TREES IN OPEN CAST COAL
MINES REGION OF HAZARIBAG DISTRICT

AN Prasad*, Binay Kumar Singh* and M. K. Dangi*
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E. jambolana T fast famm foran w1 S S 2
fip o fafasa & g9 & fon g6 % w6 w1 gaee €
forgm e 7 v 81w o srEees fwan e o b
gt < E A § O sEem SiE-wiE whE A

INTRODUCTION

The various direct effects of air pollutants on plants
have been reviewed in detail by Hill (1971); Stern (1973);
Mansfield (1976); Lal & Ambastha (1980); Agarwal &
Khanam (1989) and Prasad & Inamdar (1990).

Open cast coal mines are operating in Hazaribag
district. Considerable amount of coal dust particles and
poisonous gas (SO?) are emitted in the environment of
Charhi and Kuju open cast coal mines areas. As we know
that coal mining is very important industry next to
agriculture and it is also critical to the national development.
The open cast coal mining will be increased to 61% by
2000. Amount of coal dust and poisonous gas will be also
increased and ultimately effect the surrounding coal mines
areas.

It has long been suspected that plants green areas
can filter out dust, smoke and many other aerosol particles,
With this view, dust filtering efficiency and stomatal index
studies of different dominant trees leaves of coal mines
region were investigated.

MATERIALS AND METHODS

For present investigation, 15 dominant trees species
were selected on the basis of percentage frequency. These
plants are grown on roadside of the different open cast
coal mines areas of Kuju and Charhi coal mines region of
Hazaribag district.

The leaves of different dominant forest trees species
of the approximately same age and same height were
carefully collected in the polythene bags. The deposition
of the dust per unit of the leaf surface was measured by
removing the dust particles from the surface of the leaf
with the help of clear hair brushes and weighing them in a
chemical balance and dust / sq.cm of the leaf surface of
each plant was calculated.

Stomatal frequency were determined in the separated
epidermal peelings of all the leaves of selected dominant
plant species. Stomatal Index of each plant was calculated
by using the following formula:

8
Stomatal Index = x100
E+S
Where S= Number of stomata per microscopic

field area
E= Number of epidermal cells per
microscopic field area

RESULT AND DISCUSSION

Table | shows that leaf area is not the only character
for the collection of air particulates because average leaf
area of B. frondosa and T. arjuna is more or less similar,
72.2 cm?and 83.5 cm?respectively. It is observed that B.
frondosa is best dust collector (1.149 mg/cm?) while T
arjuna is observed as bad dust collector (0.371 mg/em?), It

*| Iniversity Department of Botany. Vinoba Bhave University,Hazaribag — 825 301 (Bihar)
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Table 1: Dust filtering capacity and stomatal index studies of some dominant trees
in open cast mines region

SLNo. Name of the plant Area Dust Stomatal S. L of
of deposited index control
leaf per em? (S.1) Areas
in em?
1. AZADIRACHTA INDICAA. JUSS. 06.34 0015 1320 1325
2 BOMBAX MALABARICUM DC. 2330 0.135 12.65 12,65
3. BOSWELLIA SERRATA Roxb. 66.62 - 0.020 11.85 12.00
4, BUTEA FRONDOSA Roxb, 7220 1.149 14.02 14.04
5. DALBERGIA SISSOO Roxb, 29.80 0.022 13.07 13.07
6. DIOSPYROS MELONOXYLON Roxb. 56.00 0.155 1095 11.15
74 EUGENIA JAMBOLANA Lam 52.60 0418 18.15 1823
8. FICUSBENGALENSISL., 6920 0.592 14.72 14.60
9 FICUSRELIGIOSA L. 39.00 0410 1595 16.08
10. MADHUCALATIFOLIA Roxb. 8530 0267 13.15 13.07
11. MANGIFERA INDICAL, 62.00 0484 14.05 14.00
12. SHOREA ROBUSTA Gasertn. 9020 0206 2502 2503
13. TECTONA GRANDIS L. 1140.90 0.694 20.18 20.04
14, TERMINALIA ARJUNA Bedd, 83.50 0371 15.75 15.70
15. TERMINALIA BELERICA Roxb, 60.00 0.183 1627 16.40
is also noted that smallest leaf area i.e. 29.8 cm?of D. sissoo ACKNOWLEDGE MENT

has minimum collecting efficiency. On this observation, it
is evident that leaf area plays not so important role in
collecting coal dust. It is also revealed that leaf surface
character is important factor for dust filtering.

In this regard, B. frondosa, T grandis, F. bengalensis,
M indica and E. jambolana are considered having better
dust filtering capacity.

It is interesting to note that the upper surface of the
leaf collects most of the coal dust particles but the lower
surface also collects an appreciable amount of the coal dust
(Prasad et al., 2000)

Stomatal index of all selected leaves were also
calculated in both affected and normal areas (Table No., 2).
Stomatal index was observed more or less similar in both
control and affected leaves.

It might be possible that coal dust has not affected
the stomatal index because heavy rains in this locality
washed the dust frequently.

But to come on conclusion, detail works on air
pollution tolerance index should be undertaken by taking
more parameter such as chlorophyll content, ascorbic acid
estimation, relative water content and others on leaves of
trees and shrubs growing in coal mines areas.
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