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Roof failure in coal mines is strongly related to the
frequency of laminations and their movement when
the load acts upon them. Detachment of roof bolts
from mine roof due to improper estimation of extent
of weak zone is one of the major problems in under-
ground coal mines, thus affecting the safety and prod-
uctivity of workings. The most popular and practised
method for roof support design in Indian coal mines is
the Central Mining Research Institute-ISM geome-
chanical classification system. Irrespective of such an
established system of support design, accidents due to
roof fall still persist. Here we review various available
classification systems for rock load estimation and
identify their limitations. The study has been extended
taking into consideration the case study of KTK-6
incline of Singareni Collieries Company Limited by
proposing a modified rock mass classification system
based on seismic wave velocity as a key descriptor. A
modified rock mass rating (RMR) system (RMRyy,)
with inclusion of seismic velocity as one of the para-
meters is proposed for the estimation of rock load.
Enhancement in rock load by 20% has been found for
RMRcmriism values less than 40 according to the new
rock load relation. This resulted in under-supporting
of the roof and thus might have caused failures. For
cases with RMRcygriism values more than 60, the ear-
lier equation overestimates rock load by about 25%
resulting in over-supporting. Thus, estimation of rock
load from the proposed new equation appears to be
more rational as it takes into account the actual dam-
age zone.
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STABILITY analysis of underground opening focuses on
the loosened or distressed zone surrounding non-damaged
rock. It is of extreme importance that the characteristics
of the loosened zone and the intact rock be well known'.
When an opening is made, the existing stresses prior to
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excavation redistribute and adjust themselves to a new
equilibrium condition. These stress changes require dis-
placements to occur and the excavated ground tries to
converge towards the opening and leads to bed separation
in case of sedimentary rocks”. The amount of conver-
gence depends on the host ground characteristics, method
of excavation and size of the opening made. Blasting in
the development faces in particular causes damage to the
rock mass around the opening due to lack of free face and
consequent higher-order ground vibrations. Generally, the
selection of roof bolt parameters without the knowledge
of actual blast damage or weak zone in the coal mine roof
leads to roof stability problems”. In situ seismic refraction
is a technique that can be used in the coal mine roof in
order to determine seismic wave velocity and the extent
of weak zones in the surrounding rock®. A pre- and post-
survey usually identifies the extent of damage zone due
to repeated blasting as well as stress-induced dilation. In
seismic characterization, the basic procedure is to gener-
ate seismic waves by a near surface hammering, and
record through geophones the resulting waves which
reach the surface of the roof at different places after
travelling through different paths. The positions of
reflecting and refracting interfaces are deduced by analy-
sis of travel times of the identifiable wave groups’.

Rock mass classification systems have constituted an
integral part of empirical mine design for over 100 years®.
The primary objective of all the classification systems is
to quantify the intrinsic properties of rock mass based on
past experience. The next objective is to examine how
external loading influences its behaviour. The earliest
reference to the use of rock mass classification for the de-
sign of tunnel support in which the rock loads, carried by
steel sets, are estimated on the basis of descriptive classi-
fication’. Since Terzaghi’, many classification systems
have been proposed. Some of the major classification sys-
tems used for coal mines are reviewed and summarized in
Table 1, covering their respective merits and demerits.

The main factor which contributes to roof failure in
coal mines is the layering of roof rocks. In the process of
excavation in rock or coal, thin layers get separated due
to redistribution of stresses. In India, Central Mining
Research Institute (CMRI-ISM) rock mass rating (RMR)
system is being adopted for the design of support system
for the last 32 years in underground coal mines. Cause-
wise analysis of fatalities in coal mines as observed in
Figure 1 indicates that roof and side falls contribute to
about 56% of the total fatalities, which need attention®.

A careful examination of different rock mass classifi-
cation systems applicable to coal mines reveals the fol-
lowing limitations: (a) Parameter selection (duplication/
redundancy), (b) Weightage assigned and the basis, (c)
Relative contribution of parameters to rock load estima-
tion, (d) Time-dependent creep, (¢) Repeated cycles of
blasting and its effect and (f) In situ characterization of
rock mass (cross-bedding, rider seams, clay reins).

123



RESEARCH COMMUNICATIONS

(pruoD)

‘A11odoid porjdde oq
pInoys pasadsns yuounsnlpy

douonadxa [eonoeid

Jo uonippe £q 9[qe) [ed
-urdwo ay) ur Jusweoxdur
Jo odoos awos st 2101 1S

‘s3uruado
ordnnu 103 9[qeorjdde JoN

‘paonuod jurof Ajuo

jou ST Sourw [20d Ut AI1[Iq
-B)S SBAIAYM ‘saInqrnje jurol
Uo paseq It SIvjWERIE]

"UOT)EWLIOJ
001 12}JOS I0J J[qeIINS JON

*SoN[eA Y} UT UOTJBIAID
SSB[O | SMOYS JI S& Suon)

-TPUOD UBIPUJ JOJ PAJINS JON

‘UONIPUOd punoid
Surzoonbs 10J 91qelIns JON

*SOIINUIIUOISIP

‘Sur[epour [eonjRWAYRW
oy ur A[[nyssedons pasn)

‘Touuosiod Sururu

Kq 9ourydoooe peardsapim
Sy Jey) WoIsAS 9[1BSIoA
pue dAIsuayaIdwod e st |

*SUOT)BULIO]
001 pIey J0j 9[qeIIng

‘sassewt yoo1 pajurof A[ySy
10 9[qeIIns A[Ie[nonieq

*SSEUIYO0I
PUE YOOI JOE)UI JUSS
-o1da1 03 s1ojowered s19A00)

‘sourw
PuE S[ouuN) Ul WoISAS
j10ddns jo uSisop 10J pes)

*s10308] Juaunsnipe L YINY = NI
*SONINUTIUOISIP
JO Jey) S9ILOIPUT UOIIPUOD)

SONINUNUOISIP JO Jey) sajedrpur Suroedg

‘uoneusisop A1enb yoo1ay) st @OY
‘pSuans Y001 19.IUT Y} ST ST
‘UonIpU0d

+ 3uroeds + qOY + SYUI = YNY

wyeuuol . O/ 1

X (Al 1UrN) €/T = (°°'d) Peol ooy
Jwyeuuoy o O/1

X (4£/02) = (°*d) peol Y00y
(LAS/ML) (UL 140) (/A0 = O

*(;wy/3Y) yoo1 oy jo Ayisuap sif
pue Suner ssew YooI sT YN
“(ur) yipim [ouun) oy st g
(00179 - 1)g =

‘Junoyream
pue 3urse[q Jo s1991J
oY) pue saueyo ssans

‘$SI)S paonpul pue ny1s
u1 OYI] S10J0®J I0J dwes
oy sisnfpe pue “YINY

Ul pauljop Se anJeA dIseq
oY) soye) WAISAS YINIIN

*I0JOBJ UOTIONPAX
SSaI)S pue UONIPUOD
I9JEMPUNOIS ‘UOTIRId)E
jurof ‘sseuydnoi jurof
‘requunu 3as jurof ‘qOY

"UONBIUSLIO Jutof

‘souTw [eOd punoid
-1opun ur yoddns
Jo ugIsop 104

*SUOT)BABOXQ pUnoId

-1opun ur yyoddns
Jo uS1sap 10

(waw

orfoUdsqneT wo)sAs Sunel
pue ‘ 10[Ae], SSBU 901
pue Isyosqne P3YIPON

w)sAs uor

L1 10 12 uoyreq -BOTJISSRO O

[eINIONIs pue JuLIdYIBOM *SWIAISAS UOTIBDIJISSE]O ('y) 1yS1oy peo[ Yooy pUE UONIPUOD IdJeM "u31sop uonepunoy UOTIBOIJISSB[D
‘sassans uey]) Ioyjer snotreaA Jo juowdo[orap WA = (001 -punoi3 ‘uonrpuod jurofl pue surw (JINY) Sunex
sjurof uo st siseydwo urey 10J sIseq 9 SOpIAOIg TINY — 1) g X4 = (d) peo] 1oddng Suroeds jutol ‘gqOY ‘SON ‘[ouun) ul asn 10, crz PISMBIUATG SSRUO0Y
‘uonjejuasaidor
Iz © ST I sk ssew
3001 jo uonduosep ajenbape
moys 0) ySnoua JoN *SUIO)SAS UOTIBITJISSE]O
snoLreA ur 1)owered *9[qISIA QI
‘s[eLId)ew jueyodwr ue se pasg) ‘(y) 191owrered yndut urewr  s9ovI A)INUNUOISTP
3ury[iy Jo sISISUOD ssew ) se @O uIuIaep ng ‘o[qe[IeAe
001 219YyM 2[qeIIns JON ‘Suroeds ainjoery 102 (I +¥1°0)00 = A0 01 posn st Suroeds amjoer] SI 9100 OU USYM [ uonswyeq
J0J JUNOJIE. 0) POOD) “ree—-¢11=aoy (*f) awnjoa jrun 1od ‘anowr 1od ‘o1 UOSPNH aoyw)
‘uonejuaLIo Jutof Jnoqe 001 X [(2100 Jo 13UQ[ [BI01)  SANINUNUOISIP JO IIQUINN sjutof Jo ToquinN pue 9so1g uoneugIsap
[onuw J997Jo1 10U 0] ‘Asea ST uoneWnSH /(o 0] T PSud2100)]T =0T WO O] < $30] 9100 pa[[LIQ -8u13301 210D Q10 Kyenb Yooy
sSurwoolioys syjouag S[OpOW [BONRWAYIRIA s1arowered pauyag uoneordde orseg loyqiny uonedyIsse[)

SUWI9)SAS UOTJEOTJISSL[O SSEW YOOI J[qR[IBAR SNOLIRA ] QB

CURRENT SCIENCE, VOL. 118, NO. 1, 10 JANUARY 2020

124



RESEARCH COMMUNICATIONS

(pruoD)

‘waIsSAs O 2y} Jo
s3urwooloys Yy [[e spjoydn
Wo)SAS SIY) [[1IS ‘QUOP Udaq
SeY UoNedIJIpow Y3Snoyy

*$)[001 JOOI QINSEAUI 20D 0]
POIJIPOU SBM T SB UOTJRULIOY
Y001 paey 10y a[qesridde JoN

‘s3uruado

IaSI1e] 0) NP SIOW ST SISSAMS
JO UOTIEIUSOUOD JIQYM UOT)
-Ipuod 2y} J0j 9[qedrdde JoN

‘sfoued Surreqidep
I0J QUOp 9q ued USISP
j10ddns 9jenbope a10|

'$)[001
JOOI 9Inseaull 80D IOJ A[qeDd
-1idde st uonEeOIIJISSE[O SIYT,

‘pardope A[ises
pue orduurs st uoneosrddy

*(;u/ouuoy)

cc0(0S) # = (°*d) peol Yooy

$/0 01 O $9SUBYD — $SANS [BIUOZLIOY
Juonejuatio juiof sjqernoaejun

*€/0 01 O sddueyd — syexd0d Ae[o/ouolg
*G/0 01 O seSueyd — JOOI Ul [BOD [[eg
*€/0 01 O sedueyd

— S$SOUYOIY} paq Ie[n3ollf

"o Ul 01 Uf sa3ueyod

— 901 payIiens [BIUOZLIOH

*(;w/ouu03) JyStom 001 J1un Yy SLA

O se owres
aIe s1oyowered oyl [V

*SQuTwW [0 punoid
-1opun ur yoddns

Jo uSisop 104 (2 1P 12 Ka1oayg

SQuIW [BOD
10} WASAS-O
PIUIPOIN

pue (w) ueds Kempeol oY} SI g 2IoyMm ‘suonjoun| ourw peo[ Yool pue
‘W G uey) dIour souIW [e0O punoIfIopun [(00T/INY) — 14 . FS] ‘woIsAs YINY INSI-TIIND [eod ur yroddns 024SOUD QOUQSI0AUO0D
sSuruado 103 a[qeoridde JoN 10j w ¢ 0y dn sSuruado 104 = (;wy/ouuo}) peoy Jooy SB QWeS Pasn sIdjoweIeq Jo uSisop 104 pue ysoyn eonu)
‘Kreniqie
ST uaAIS Juounsnlpe Sunserg
‘s3unyiom juowdororap
103 A1uo o[qeordde woysAg *10j0€] Juounsnipe
Suidde 1a3e ypm K1o[1e3 “(;wy/ouuoy)
"UOT)IPUOD IOJeMPUNOIS wr g 0) dn pasn oq ue) JyS1om Yoo1 J1un 2y s14 pue (ur)
pue K1[Iqeinp dye[s Jo suLo) ueds Aempeor ay) st g a19ym ‘(LINY
Ul U99S U99q Sey W)SAS ‘K1dde 0y orduuts pue Aseq 200070 + JINY X LEO'0 — L' T)¥xg
Suner oy ur Sununodoy = (;w/5uuo}) peol Yooy "UOT)IPUOD I2JeMPUNOI]
001 9INSBAW [BOD “10)eMpunois + AJfiqernp pue SO ‘AIfIqeroyjeom *$)JLIp S TIND
"WIISAS STY) UT URIPU] J0J PIALIOP WIAISAS e[S + SO + SINEd] [eINJONNS ‘soInjeo) [eInionns pue SoUTW [2OD UT 1D 12 NN
Areniqre st juounsnlpe ssong  -UONBOIJISSE[O JUSIDIJIS ISOIA + ssouyory) 1okl = YINY INSI-TIND SSOUYOIY) JoAe] uSrsop 110ddns 10 N[IBMSIBYUIA -INST-TIIND
"UOIIeJUILIO
2Imoelj IoJ Jueunsn(pe oy s1 °y
‘quoun)snfpe ssoxs paonpur oy} st Sy
‘sseut ‘3unse[q Joj yuounsnlpe oy st Iy
yoo1 jo Sunsoddns yopun ot WAISAS YN VYV MAIN = (MINY) YGIN paisnlpy
proAe 0} as1oa1d pue 9jeInooe [euISLIO 9y} U POISAOD JOU *90UR)SIp 9I1MONI)s Jofew
9q pnoys anjea YGNA SeM YOTYM ‘PIpN[OUT U9q JO uoneIudLIo IoJ jusunsnlpe oY) sI § AN *S)JLIp pue suon
paisnipe a1 Jey) O USYE) SI Sey UOT)BIUSLIO 9INJORIJ “Quounsnlpe 9zIs 20[q oY} ST §4 0) Jerurs siojowered  -09s1ojur jo 1oddns
o1eo 10doid ‘porjdde ore pue Surnse[q ‘sossans QUI 9ABD 0] 9OURISIP ST D sosn sny) pue YA [eulj pue s)jup a1712  (JINY) o1seq
$10}0B] Juounsnipe uoypm paonpur 0} anp 30 S 'Sd DA YIINV = Y9N JO UOISIoA parjipowr € ST)]  JO juowrdo[oArap 10 sSurwin)  POIJIPOW [eUL]
sSurwosioys sjjoua g S[OpOW [EON)BWISYIRIA s1ojowrered paurjog uonesrdde o1seg loyny uoneITJIsse[D)
(pmoD) ‘1 91qey,

125

CURRENT SCIENCE, VOL. 118, NO. 1, 10 JANUARY 2020



RESEARCH COMMUNICATIONS

*SouTw punoifiopun
JO SasBD 2I0W JO UONIPPE
£q poLIeA 9q 0} Spaou

‘3umse[q 03 anp syo01
JooI ur ouoz aSewep Jo
JUQ)XA [ENJOE Ay} SAJRWIISH

“(cw/ouuoy)
1yS1om Y001 j1un aY) sif pue (w) ueds
Kempeor o st g a10ym ‘(L AINITO00"0

“WoISAS

NI INST-TIND Se awes
are s1ojowered 2y} Jo 159y
‘SN Jo doerd ur Kyrooea

‘skempeol
pue soutw punoig

Q0UQY $SATPNJS ISED SSI[ ‘3unse|q jo + JINI X LEO'0 — L' T)XYXg 2ATM 7 ST WYSAS STY) Ul -1opun ut jjoddns ALY wasAs YINT
UO paseq ST YIAY PRIJIPON  @duanfjur ay) sajerodioour iy = (,Ww/ouuoy) peol o0y  PaIsadsns 1jewered urey Jo uSisop 104 pue ysaing POLJIPOIA
(€7 > IND)
awes aIe () Jo siowered
Yy} Jo 159y "paddoip
STAYS/™[ JO dnjea
uoym J s payyIpout st J
(€7 <IN
'SOSSEW Y001 JO UOTIR[NIS NI DISMEBIUQI Se owes
19)ndwoo 103 pasn) 81 >1SO (orr) (ur/iady) = ,0 ore s1ojowreled Jo 159y
RUEIV r+.,0 U 6=1ISD "010Z 0} 198 SI Sumel 19)eM  "SUOIIBABIXO pPUNoIs (Iso)
Sy} 9sn A[uo ued suosiad *S9SSBW Y001 pIey pue €7 2 INY -punoiIg yorym Ul UOISIOA -1opun ut oddns POH  Xopul ySuans
11odxo pue poousrrodxyg Yeom [joq 103 o[qeorddy 10 8T 2 ISD 10} G-YINY = ISD payIpows oY) ST YN Jo uSTSop 10 pUB SOULIBJA [eor3oj0en)
OpPIMPLIOM
paidaooe oq 03 aseqejep
dojoasp 03 Sur3Sef (s
pUE SOUTW JO IOQUUNU SSI]
ur pojuowraduur ST WoISAS ‘Suruuerd osurwr ur
K1oA1sU)x9 sdjoy yorym A30 *19A09 Jo yadop oy SI g 219Uym
PoUIULIISP U3q -[093 Jooux oty seyynuenb 1y ‘69 + AIND $€°0 — (HO'S01 L°S)
104 j0u sourfepInsg oryroads = (°5qV) Lisuop oddng yooIx
pue sasn 9[qrssod [[e @ouay ‘uononpap  Jo AJIQISUSS 2IN)SIOW pue
{mou ATOATIR[OI ST WRISAS SONSSI [01JU0D PuUNoIs KJIADISUOS QIN)STOW + juounisnipe ssouySnoI pue UOISAYOd
Jo oSue1 peoiq ® Ul pas() Kymunuoosstp o[dnnuw + Juner yuans ‘qyISuans Ieays CIND)
‘AyySu9] Ieoys AJuNuossIp + Juner Aysuajur ‘SonIMUNUOISIP *SoUTW [BOD UT 2BPUION Sumer joor
st ssao01d uorewINsH ‘[njSurueaw pue S[qRIY Aymunuodssip + Suner §ON = TIND Jo Kyisuayur ‘SON uStsop woddns 101 pue JIe]A U 20D
sSurwooyoyg syjouag S[OpOW [BOT)BWAYIRIA s1ojowered paurye(q uonjeorjdde orseg Joyny UoNBIIJISSe[D)
(pmoy) ‘191qeL

CURRENT SCIENCE, VOL. 118, NO. 1, 10 JANUARY 2020

126



RESEARCH COMMUNICATIONS

However, after analysis of the rock loads estimated
using the CMRI-ISM RMR, it was observed that the
present system underestimates rock loads for RMR values
below 40 and overestimates when RMR values are more
than 40. Considering these factors, it was felt necessary
to revisit the existing CMRI-ISM RMR system and sug-
gest suitable modifications to fill the gaps identified.

Keeping in view the shortcomings of modified RMR
system, in-depth studies were conducted in the Indian
coal mines by considering more cases.

CMRI has developed a classification system for esti-
mation of support requirements in Indian underground
coal mine roadways. This approach has been successfully
applied to 400-odd coal mines covering almost all the
coalfields with varying geo-mining conditions and pre-
sently forms the prime basis for estimation of rock load,
design and selection of supports in underground coal
mine roadways in the country.

Based on the literature survey, detailed geotechnical
studies and statistical analysis, five major parameters
were identified to yield RMR. For simplicity, the mini-
mum and maximum values of RMR were taken as 0 and
100 respectively. Table 2 provides the individual parame-
ters and their maximum rating based on their influence on
roof stability.

Table 3 shows the parameter-wise absolute values and
their respective ratings. Weighted RMR was developed
considering the number of rock layers in the roof up to a
height of 2 m. The adjustment to be applied for RMR is
based on the various geo-mining conditions.

Table 2. Maximum ratings for RMR parameters for CMRI-ISM RMR
system
Maximum
Parameter rating
Layer thickness (cm) 30
Structural features (structural indices) 25
Weatherability (%; first cycle slake durability index) 20
Compressive strength (kg/cm?) 15
Groundwater seepage rate (ml/min) 10
1% 8% 2%3%2%
2% e
° 30, u Rqof/§1de fall
o B Winding
1% 1% = Haulage
m Conveyer
® Other transport
mach
2%
Figure 1. Cause-wise analysis of accidents in underground coal

mines of India (after Mandal and Sengupta®).

CURRENT SCIENCE, VOL. 118, NO. 1, 10 JANUARY 2020

The adjusted RMR was used for estimation of rock
load in galleries and junctions from the following equa-
tions

Rock load in gallery (tonne/m?)
=BD(1.7 - 0.037RMR + 0.0002RMR?). )

Rock load in junctions (tonne/m?)
= [5B"’D(1 — (RMR/100)*]. )

Here RMR is rock mass rating, B the roadway width (m)
and D is the dry density (tonne/m’) of rock.

Let us consider the roof of an underground develop-
ment opening consisting of three layers with P-wave
velocities Vo, V, and V, (Vo> V) >V,) (Figure 2). The
lower layer, being close and exposed to blasting is rela-
tively more disturbed and has a P-wave velocity V. The
second layer is relatively less disturbed and has velocity
V1 while the uppermost layer is strong and has a P-wave
velocity V5. The thickness of the first and second layers is
zo and z; respectively. Figure 3 explains the principle of
seismic refraction technique. A seismic wave is generated
at point S on the roof surface and energy travels out from
it in hemispherical wave fronts. A geophone is located at
point F on the roof surface at a distance (x) from the
source S to receive the signals. If x is small, the first wave
to arrive at F will be the direct wave that travels horizon-
tally at a velocity V. At greater distance, the wave that
arrives at point F is the indirect or refracted wave travel-
ling up, along and down with the velocities Vo, Vi, V>
because the time gained in travel through the higher
velocity material makes for the longer path (see Figure
3). The depth of weak zone is determined using the time—
distance plot of direct and refracted paths of wave travel
(Figure 4).

Travel time for the first layer is computed as given
below

TAB = AB/VO = Z()/V() CcOoS il
=zo/ [Vo(1 = (Vo/V1))"™?] = T

Similarly, for travelling of the legs BC and DE, i.e. cross-
ing the middle layer the time can be computed as

<
2

$

21

&
N
N

Figure 2. Sectional view of weak zone in the roof.
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Table 3. Rating for RMR parameters

Parameter Range of values

Layer thickness (cm) Range <2.5 2.5-7.5 7.5-20 20-50 >50
Rating 0-5 6-12 13-20 21-26  27-30

Structural features (index) Range >14 11-14 7-11 4-7 0-3
Rating 0-4 5-10 11-16 17-21 22-25

Weatherability (%) Range <60 60 <85 85<97 97<99 >99
Rating 0-3 4-8 9-13 14-17 18-20

Strength of rock (kg/cm?) Range <100 100-300 300-600  600-900  >900
Rating 0-2 3-6 7-10 11-13 14-15

Groundwater Seepage rate (ml/min) Range >2000 200-2000 20-200 0-20 Dry
Rating 0-1 2-4 5-7 8-9 10

V, along |
“A

7 own

v
A
A
\ 4

x(cm) —>F

Figure 3. Principle of seismic refraction in three-media case.

_________-————'—"_'_'_'__ slope=1/V2

sloge=1/¥1

Time (ms)

Slope=1vo Figure 5. Instrument set-up for seismic imaging technique.

Kcross

X

-
—

_ Rearranging the terms, time is expressed as
Distance (m)

Figure 4. Time—distance plot. T=x/Vy+ 2ZO(V% - V%)m/VZ Vo
+ 22, (V53— V)V Vs,
- 2 212
TBC :BC/VI =zl/V1 COoS iz Z0= Tl/Z[Vl VO/(V VO) ] (3)
sn The overall travel time of the wave along the top of the
=z/[Vi(1 = (V1/V2)") "] = Tpe. V, zone is shown in Figure 3. The portion of the time—

distance curve as shown in Figure 4 corresponding to the

The time for the segment of path CD with velocity V> 1S first arrival of this wave is a straight line with slope 1/V,
CD/V,. The expression for travel time from S to F is and an intercept time expressed as

T=Tas+ Toc + Tep + Top + Ter To=T—xIV,=2z0(V3-V)"IVaV,

= 22 V(1 = (Vo Va)D)"2] +2z21(V3 = V)P,
Solving for z;, one obtains
+ 22 /[Vi(1 = (V/V2)H)'] + CDIVs.
z21=12[Tn—220(V3 = V0)"*1V2V]
where CD=x-2zy tani;—2z; tani,=x—2zyVy/
[Va(1 = (Vo/ Vo)) "2] = 22, /[ Va1 — (Vi V)P, X [Vi/(V3-VD'". 4)
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Table 4. Determination of CMRI-ISM RMR at KTK-6 incline mine

Parameters First bed Second bed Third bed Fourth bed
Coarse-grained Coarse-grained sandstone, Medium to coarse-grained Medium to coarse-grained
Rock type sandstone, greyish-white greyish-white sandstone, greyish-white ~ sandstone, greyish-white
0.60 0.50 0.40 0.50
Bed thickness (m) Value Rating Value Rating Value Rating Value Rating
Layer thickness (cm) 12 15 20 20 15 17 20 20
Structural features 12 6 12 6 12 6 12 6
Slake durability index (%) 97 14 75 6 56 3 55 3
Rock strength (o,; kg/cm?) 849 12 151 4 83 2 131 3
Groundwater seepage rate (ml/min) 500 to 6000 0 500 to 6000 0 500 to 6000 0 500 to 6000 0
Total RMR 47 36 28 32

The depth to the upper interface is the sum of z; and z,
where z, is computed by the two-media formula using the
slopes of the first two segments of the time—distance
curve and intercept of the second segment. The total
depth of weak zone in the roof

z=zy+2zy. (5)
The seismic characterization of coal mine roof was done
using digital seismograph consisting of three components
(Handy viewer McSEIS-3 (model-1817)). It is small
in size and light in weight, being capable of not only
displaying the wave-form data of three components on its
sizable LCD equipped with back light, but also for data
storage supported by its memory card and the data trans-
fer to the personal computer through its serial link
(Figure 5).

The study was conducted at the KTK-6 incline mine of
Singareni Collieries Company Limited. The studied site
was at 13LN/B, where the immediate roof of the mine
was composed of medium-grained sandstone. Random
joints with occasional slips were observed in all the four
beds of sandstone within the bolting horizon of 2 m.
Heavy seepage of water was also observed.

For stability evaluation of underground mine roadways
of a seam, RMR and rock load were determined applying
the CMRI-ISM RMR system. The average layer thickness
in the coarse-grained sandstone varied from 12 to 20 cm
whereas in medium-grained sandstone it varied from 15
to 20 cm. The roof was dripping in nature. Table 4 gives
the different rock mass parameters observed with their
respective ratings.

The combined RMR can be determined using the
following equation

Combined/weighted (RMR,,) = Z(RMR of each bed
x bed thickness)/Z(thickness of each bed).

After adjusting RMR for blasting-off solid the adjusted
RMR was 33. Thus, the adjusted RMR will be 33 class
IV(B), indicating poor roof condition.
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Figure 6. Sectional view of the seismic imaging technique in a mine
gallery.
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Figure 7. Time—distance curve beyond the green roof.
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Figure 8. Time—distance curve within the green roof (7.65 m from
the face).
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Table 5.

Average first arrival times in seismic imaging within and beyond the green roof

Beyond the green roof (>9 m):
Average first arrival time (ms)

Distance (m)

Within the green roof(<9 m):
Average first arrival times (ms)

0 0 0

1.35 1.2 1.20

2.95 2.5 2.40

4.72 3.6 3.25

Table 6. RMR determined using seismic imaging technique
Parameters First bed Second bed Third bed Fourth bed
Coarse-grained Coarse-grained sandstone, Medium to coarse-grained Medium to coarse-grained
Rock type sandstone, greyish-white greyish-white sandstone, greyish-white ~ sandstone, greyish-white
0.60 0.50 0.40 0.50
Bed thickness (m) Value Rating Value Rating Value Rating Value Rating
Layer thickness, (cm) 12 15 20 20 15 17 20 20
Structural features 12 6 12 6 12 6 12
Slake durability index (%) 97 14 75 6 56 3 55 3
P-wave velocity (m/s) 1125 6 1333 7 2082 11 2082 11
Groundwater seepage rate (ml/min) 500 to 6000 0 500 to 6000 0 500 to 6000 0 500 to 6000 0
Total RMRyyn 41 39 37 40
The rock load in the development galleries of KTK-6 g

incline mine was 5.22. Seismic imaging of coal mine roof e S “ .
was done, where mine development by blasting-off =7 s
solid was in progress. The study was conducted at the g * iaf@ N
location of heavy water seepage. RMR of the seam was ¥ ° “a :“ a 4
calculated as 33 (poor roof condition) and rock load & 2 Roof failure ‘
was 5.22 tonne/m’, estimated using CMRI-ISM geo- 1 root fuitare ="

. . . . . . Q T T T T 1
mechanical class1f10at19n approach. The seismic ve;lomty i s i 5 & b
of the roof was determined in the green roof (within 9 m RMR
from the face) and beyond the green roof.

A weak zone exists around an underground structure Figure 9. Rock load under different roof conditions.
owing to excavation by blasting and stress release after 9

excavation. For determining the extent of damage in the
mine roof, seismic imaging was done (Figure 6). The
average first arrival times were computed to plot (Table 5)
time—distance graphs (Figures 7 and 8). The P-wave veloci-
ties, calculated from time—distance graphs, were used to
determine the depth of damage of the excavation zone.

From Figure 7, the P-wave velocity of different layers
in the roof can be calculated as follows: slope of first
line = 0.854; slope of second line = 0.621; the intercept
time = 0.666 ms (milli second).

The P-wave velocity of the layer is given by the
inverse of the slope of the line.

Thus, velocity of the first layer, Vy= 1/slope of first
line = 1/0.8546 = 1.170 m/ms = 1170 m/s.

Velocity of the second layer, V', = 1/slope of second
line = 1/0.565 = 1.609 m/ms = 1609 m/s.

From above P-wave velocities of the mine roof, depth
of excavation zone can be calculated as follows: Intercept
time, 7; = 0.6667 ms.
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Figure 10. Under and overestimation of rock load by CMRI-ISM
RMR system.

Depth of the damage zone can be calculated as
zo=0.57 m (from eq. (3)).

From Figure 8, the velocities of different layers of the
roof can be calculated as mentioned earlier. The velocities
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of within green roof (7.65 m from the face) are V=
1125 m/s, V71 =1333 m/s, V, = 2082 m/s.

The intercept times are 7;=0.1875 ms;
0.9833 ms.

The depth of first layer is given by zy = 0.20 m (from

eq (3)).

T2:

The depth of second layer is given by z; = 0.60 m (from
eq. (4)).

Then the total depth of the weak zone in the roof,
z=10.794 m = 0.80 m (from eq. (5)).

The depth of the weak zone as determined by equation
(3) beyond the green roof was 0.60 m and within the
green roof, it has increased to 0.80 m. From this analysis,
it is clear that the P-wave velocities are less within the
green roof compared to those beyond the green roof. The
length of roof bolt is designed considering the extent of
damage in the roof as 0.80 m. Thus, the bolt length was
fixed at 1.5 m.

RMR was determined by taking into consideration the
P-wave velocity in place of compressive strength. Here
all the parameters except P-wave velocity are directly
taken from the CMRI-RMR system. Table 6 gives the
RMR values determined using seismic imaging technique
(RMRgys). The combined RMR was 40 and rock load was
4.04 tonne/m”.

There are a good number of cases of roof failure for
RMR values ranging from 30 to 40 due to underestima-
tion of rock load using the CMRI-ISM RMR empirical
approach. No case of roof failure was observed for RMR
values above 55 due to over prediction of rock load (Fig-
ure 9). Blasting effect was incorporated in an arbitrary
manner by reducing RMR by 10%, whereas the damage

9 =
y = 18.85¢-0.03x
81 R=075 .
7 °
= [ ] >v7()7'2(7c—l) 07x
E° R2=0.69
=
© No cases of roof
S 4 - )
X failure
3 .
nC:?' Roof failure
2
1 4
0 T \
20 30 40 50 60 70
RMR
Figure 11. Rock load variation with the proposed RMR.
Table 7. Comparison of RMR and rock loads
RMR system RMR values Rock load (tonne/m?)
CMRI-ISM RMR 33 5.22
RMRgys 40 8.35
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could be more due to poor roof conditions. Thus, the rela-
tionship requires refinement by considering the above
related factors, i.e. by enveloping failure cases at lower
RMR values and eliminating no failure cases at the higher
range of RMR (Figure 10). Rock load for the new curve
thus can be expressed as

RL = B*D[_763670.007414RMR + 7666—0.007459RMR] (6)

where B is the gallery width and D is the density.

For 35 RMR, rock load obtained by CMRI-ISM RMR
and the newly proposed RMR equation is 5 and
8 tonne/m” respectively, i.e. actual rock load is on the
higher side for the same RMR. Thus, the roof needs addi-
tional support. Conversely, for higher values of RMR
(say 55), rock load variation is about 1 tonne/m?, i.e. the
roof gallery can be kept safe with less support maintain-
ing a constant factor of safety (Figure 11).

An arbitrary assumption of 10% reduction in RMR in
solid blasting can be overcome by determining in situ
rock mass condition of the roof using seismic refraction
technique. In situ P-wave velocity can provide actual
rock conditions and roof excavation damage zone.
Thus, the newly proposed RMR system can be useful
for rational estimation of rock load in development head-
ings.

A comparison was made for low RMR and rock load
values determined by the CMRI-ISM RMR and RMRgy,
(Table 7).

RMRyy, was obtained by considering P-wave velocity
and excluding compressive strength of the rock with a
view to include the impact of blasting in in situ rocks.
The rock load value for CMRI-ISM RMR system was ob-
served to be on the lower side. The rock load value calcu-
lated by RMRyy, was high compared to that obtained
from CMRI-ISM RMR. CMRI-ISM RMR depicted less
value of rock load at lower range in comparison to
RMRyy, probably leading to roof fall cases (Figure 9).
Thus with the newly developed relation by taking P-wave
into the consideration, precise estimation of rocks can be
achieved. This consequently will lead to revised support
design, especially at the low RMR range leading to
minimization of roof fall. Thus it can be concluded that
the RMRyy,, is more rational and safe, especially for the
low RMR range.

The studies were carried out using the existing RMR
and new RMR (RMRyy,). The RMRyy, approach clearly
indicates the prediction of rock loads in more rational
manner with the help of seismic refraction technique. The
advantages demonstrated through actual case collected
from different coal fields which advocate that RMRgyyn
can be used as a better tool for rock load estimation and
support design in poor roof condition, making the work-
ing safer than before. This approach would also be help-
ful in optimizing the support of higher RMR cases. More
cases could lead to further fine tuning of the approach.
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An early case of lithic recycling in
India: evidence from the Acheulian site
at Damdongri, Madhya Pradesh

S. B. Ota"*, Niharika Srivastava’ and
Suman Pandey’
'Archaeological Survey of India, Takhatmal Colony, Sherpura,

Vidisha 464 001, India
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Research on recycled lithic artefacts in Indian prehis-
tory is extremely limited when compared to the world
scenario. In the present study we group the recycled
activity of lithic artefacts into two categories — (1)
artefact that is created and recycled during one ‘cul-
tural age’ and (2) artefact that is created by the
‘ancestors’ and recycled during subsequent cultural
ages. It is a fact that the earliest evidence of recycled
artefacts belonging to Acheulian hominin is extremely
limited and as such, the Damdongri site in Madhya
Pradesh, India is the only Acheulian site where
recycled artefacts have been identified pushing back
the antiquity of such human behaviour to Acheulian
culture for the first time in the country. Keeping in
view this uncommon evidence and considering the na-
ture of recycled artefacts from Damdongri, it is clear
that recycling of lithic artefacts to put them back to
use was uncommon during the Acheulian cultural
phase in India. The present evidence from Damdongri
is unique, where lithic analysis has shown that
recycled activity on lithic artefacts was carried out
during the Acheulian cultural phase with no intention
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