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Abstract

7KH XVH Rl VWHPPLQJ SOXJV ZLWK WKH LQWHQWLRQ RI
LV JDLQLQJ SRSXODULW\ LQ VXUIDFH PLQLQJ 7KLV LV
SXUSRUWHG WR HQKDQFH HQHUJ\ UHWHQWDRQ DQG
LPSDFWV RI EOHWWDLQJREMHFWLYH RI WKLV VWXG\ ZC
SRWHQWLDO RI VIMHPBXFLGDRIVY EODVW DW D TXDUU\

7KH VWHPPLQJ SOXJVY FRPPHUFLDOO\ NQRZ@PV 9DULVYV
ZHUH XVHG IRU R WRWDWHMWLRODVWY ZHUH FDUULHG
EODVW GHVLJQ FRQGLWLRQV H[FHSW IRU WKH VWHPF
EHWZHHQ DQG P 7KH UHVXOWDQW DLU EODVW OH)
GLITHUHQW PRQLWRULQJ VWDWLRQV DURXQG WKH SLW
EODVWY LQFRUSRUDWHG WKH 9DULVWHPS VWHPPLQJ S
ZHUH FRQGXFWHG XVLQJ VWDQGDUG VWHKH LUQU VAN W K
PRQLWRULQJ VWDWLRQ L H 6WDWLRQ $ ZDV DSSURJI
EODVW EORFN ZKLOH WKH VHFRQG L H 6WDWLRQ %
FROOHFWHGHWRR WKBIWLRQV VLPXOWDQHRXVO\ IRU HL
8VLQJ WKLV DUWBGJIJEPWOWDYV PRGHOOHG WR FRUUHO
VFDOHG GLVWDQFH )LQDOO\ D FRPSDULVRQ E\ VWDWL’
RXW EHWZHHQ WKH 9DULVWHPS EODVWY DQG WKH VWD

5HVXOWYV IURP 6WDWLRQ $ VKRZHG WKDW RlI WKH 9D
WR RI WKH VWDQGDUG WHVWYV H[FHHGHG WKH UHJX!
G% VHW E\ WKH 8QLWHG 6WDWHV) YR IBDOWRLRDQY¥W VD B
9DULVWHPS EODVWV ZHUH EHORZ WK WKBHWYW R Q G DAKG
EODVWY ZHUH DERKWYFWOKQH G GRHSAW KY\WIOE>RUGBIW FUP L QH (
WR HVWLPDWH WKH OHYHO RI ECDWVWWENGQHA X BH\QMRIDWRX Q
WKDW DOO 9DULVWHPS EODVWV ZHUH ZLWKLQ WKH FRC
ZK\ DFFHSWDEOH DLU EODVW OHYHOV ZHUH SURGXFHC
E\ WKH 86%0 ZzDV IRXQG WR GHVFULEH WKH QLU EODV\
OF.HQ]JLHYVY PRGHO ,Q HVVHQFH WKH UHVXOWY SURGX
WKDW WKH 9DULVWHPS VWHPPLQJ SOXJV DUH GRLQJ V
LQGXFHG DLU EODVW FRPSDUHG WR VWDQGDUG VWHPI



RQ WKH ERG\ RI NQRZOHGJH WKHUH H[LVWVRQR PRGH
WKH 9DULVWHPS VWHPPLQJ SOXJV 7KHUH DUH DOVR
DYDLODEOH IRU WKH GHVLJQ RI D EODVW LQYROYLQJ !
ZLWK UHJXODWRU\ VWDQGDUGY RQ DLU EODVW 8QGH
O9DULVWHPS VWHPPLQJ SOXJV WR EODVWLQJ RSRHUDWLR

WKH ERG\ RI NQRZOHGJH E\ PDNLQJ DYDEDHWEWHIIGD WL
FRPPXQLW\
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Chapter 1 Introduction

1.1 Background

5RFN EODVWLQJ XVLQJ H[SORVLYH HQHUJ\ LV RQH RI W
EUHDNLQJ URFNV LQ DQ\ PLQLQJ SURMHFW 7KH PLQI
VLIJQLILFDQW WHFKQLFDO DQG HFRQRPLF LPSOLFDWL
EODVW GHVLJQV DQG WHFKQLTXHV PD\ UHVXOW LQ SRF
FRXOG WKHQ KDYH GHWULPHQWDO HIIHFWV RQ WKH HQ
WKH DUHD DV ZHOO DV SHRSOH V KHDOWK MHIEGVD IHW\
WR GUDZEDFNV VXFK DV VHYHUH JURXQG YLEUDWLRQ\
IXPHV DQG QRLVH OSRIX HW DO 7KHVH GUDZEDFN
ZKHQ TXDUU\ RSHUDWLRQV RU VXUIDFH PLQHV DUH LQ
J)LUQH HW DO +LGD\DW

6XUIDFH PLQLQJ RSHUDRNDROHNTRBQAWDOWH EODVWLQJ Wt
FRQWURO WKH EODVWLQJ SURFHVV DQG HQKDQFH HIILI
WKH WLPHG GHWRQDWLRQ RI H[SORVLYHV LQ D VSHEFLI
RQFH ZKLFK FRXOG FRQVLGHUDEO\ LPSURYH IUDJP
HQYLURQPHQWDO HIIHFWV 3UHSDUDWLRQ RI D EORF
H[SORVLYHV DUH SODFHG LQWR WKH EODVW KROHV DQ
WR WKH WRS RI WKH KROH FROODU WR FRQIKBH WKH F
H[SORVLYH HQHUJ\ LV UHOHDVHG LQ WKH IRUP RI D VK|
JDV SUHVVXUH 7KH UHVXOWDQW DLUERUQH VKRFNZDY
RYHUSUHMWXRIHQ FDXVH GDPDJH WR WKH VXUURXQGLQ
KXPDQ 6HJDUUD HW DO 2DWHV DQGUSEDW MWL

DQ LQHYLWDEOH RXWFRPH RI EODVWLQJ LQ VXUIDFH F
W\SLFDOO\ PDQDJHG E\ HQVXULQJ WKDW LWV LQWHQ
WKUHVKROG OLPLW GHILQHG E\ WKH MXULVGEGWLRQ Wk
WKUHVKROG OLPLW FXUUHQWO\ DSSOLHG LQBRXWK $1
E\ WKH 8QLWHG 6WDWHYV %XUHDX RI OLQHV 6LVNLQG H



ORVW RI WKH HQHGGXUHQH WHKM GHWRQDWLRQ RI H[SO
XVHG WR IUDJPHQW WKH URFN LV RQO\ OLPLWHG WR EF
WKH IUDFWLRQ Rl HQHUJ\ ORVW LQ WKH SIRRFHRY HVFD
DLU EODVW DQG JURXQG YLEUDWILKHY GRIKD & DRSHW D
VWHPPLQJ LV RQH Rl WKH PRVW HIILFLHQW ZD\V RI PLC

PLOQHYV 5RUNH SLFKDUGYV %DQVDK HW DO
SURFHVV RI SXWWLQJ D QRQ H[SORVLYH PDWHULDO RQ
D EODVW KROH OSRIX HW DO 6RPH RI WKH H]J

PDWHULDOV LQ ZLGH XVH LQFOXGH FUXVKHG DJJUHJD
JUDYHO 3DWLGDU

JLIXUH VKRZVY D VFKHPDWLF RI WKH EODVW GHVL.
UHSUHVHQWDWLYH RI WKH EODVWLQJ WHFKQLTXH XVH(
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Figure 1.1: Schematic of design parameters for bench blasting (Siamaki,
2022)

IRWKLIXUH WKDW GYWULYOMIGHEXILNGMHDQOFH RI WKH EOD
WKH I[UHHUIDDF-HHG VSDFLQJ 6 LV WKH GLVWDQFH EHW
ZKLFK DUH ILUHG WRJHWKHU LQ WKH GHOD\ SHULRG Y%
VOLIJIKWO\ EHORZ WKH IORRU OHYHOHWHRWE @ BDLHQ DWHO |
WKH EODVW KROH LV NQRZQ DV KROH OHGQIJIBWHORZ 7KH |
WKH IORRU RU WKH JUDGH OH®'HG LVYDFMARKDPGRW KK NV X/



OHQJWK RI WKH GULOOHG EODVW KROH LV QRW ILOOH(
VWHPPLQJ GHLJKW

7KH PLQLQJ LQGXVWU\ KDV PDGH VRPH WHFKQRORJLFI
XVHRIVWHPPLQJ DFFHVVRULHV ZKLFK DUH JDLQLQJ
FRQMXQFWLRQ ZLWK VWHPPLQJ PDWHULDOV WKHVH
PLQLPLVLQJ DLU EODVW H[SHULHQFHG GXULQJ URFN E
VWHPPLQJ SOXJV FRQFUHWH SOXJV IRDP SOXJV WXO
OSRIX HW DO 7KLV UHM MDY ROQMWKGCLFREXDFFHV)
WKH VWHPPLQJ SOXJ FRPPHUFLDOO\ NQRZQ DV 9DULVW

7KH 9DULVWHPS LV D SURSULHWDU\ EODVW VWHPPLQJ S
HQHUJ\ ZLWKLQ WKH URFN IRU ORQJHU WKHUHE\ LPSUI

7TKH EDVLF SULQFLSOH EHKLQG WKLV EODVW LP
FRQWDLQPHQW SOXJ LV WKDW LW LQFUHDVHV WKH HII
WKH EODVWKROH 9DULVWHPS SOXJV RSHUDWH E\ GLL
EORFN RI URFN ZKLOH DOORZLQJ OHVV HQHUJ\ XSZDUG
D UHVXOW RI WKLV WKH H[SORVLYH HQHUJ\ LV EHWWH|
ZKLFK WUDQVODWHY LQWR D PRUH FRQWUROOHG DQG
HPSLULFDO REVHUYDWLRQV ZKHUH WKH FRUUHFW DS S(
EHHQ SURYHQ WR LPSURYH H[SORVLYH HQHUJ\ XWLOC
6DKDUDQ HW DO <DQJ HW DO

,GHDOO\ DLU EODVW DQG DQ\ RWKHU LPSDBWWRI URFN
UHGXFH WKH OLNHOLKRRG RI DQ\ GLVWXUEDQFH

-DURRQSDWWDQDSRQJ DQG 7DFKRPUHSRUVWHKEBNR®WR KDW
O9DULVWHPS VWHPPLQJ SOXJV KDYH WKH SIRAVVGHERWHDO W
IUDJPHQWDWLRQ +RZHYHU LW LV \HW WR EH HVWDE
9DULVWHPS SOXJV DUH LQ VXUIDFH PLQLQJ RSHUDWLR
WR DGOGWKHVWGOHQWLILHG NORZ OKKGFHIBHHQHILW RI WKH PLQL
DQRG WKH VFLHQWLTYRF WRIPP XHDLGW\ H[SHULPHQWDO WH"'
SHUIRUPHG DW D VXUIDFH PLQH LQ 6RXWK $IULFD ZK
SUDFWLFHVY ZHUH FRPSDUHG DJDLQVW WKH 9DULVWHP
HYLGHQFH RI UHGXIrMLG HDQWIHOB8WVLQJ DSSURSULDWH



)LRQDOO\ WKH GDWKNXVRIGOMRWREBGHO WKH FRQWULEX
9DULVWHPS SOXJV IURP WKH SRLQW RI YLHZ RI DLU EO

1.2 Problem statement

$LU EODVW LV DQ LQHYLWDEOH E\ SURGXFW RI URFN |
RSHUDWLRQ 7KLV VXJJHVWV WKDW SURSHU FRQWURO
SODFH WR PUWQHW®RLDAWH RI VWHPPLQJ PDWHULDO LV JHQF
RQH Rl WKH PRVW LQH[SHQVLYH \HW HIILFLHQW ZD\V R
LQ VXUIDFH PLQHV 5RUNH 5LFKDUGYV %DQVD
SUDFWLFH KHOSV FRQILQH WKH H[SORVLYH JDVHV
IUDJPHQWDWLRQ ZKLOH UHGXFLQJ DLU EODVW DQG IC
+RZHYHU GXH WR HQYLURQPHQWDO FRQFHUQV DULVL!
KDV EHFRPH YLWDO WR H[SORUH WKH XVH RI RUH HIILI
DQWLFLSDWHG EHQHILW LV WR LPSURYH ERWK HQH
IUDJPHQWDWLRQ GXULQJ EODVWLQJ7KIDTXHV W QR UBSL
FRQWUROOHG EODVWLQJ LV HYHQ PRUH UHOHYDQW WR
XUEDQ DUHDV ZKHUH VWULQJHQW VDIHW\ UHJXODWLRQ
HW DO +LGD\DW 7KHVH UHJXODWRU\ UHTXLU
WR WKH OHYHO RI DLU EODVW DQG JURXQG YLEUDWLR
SUREOHP LV WKDW WKH SUHGLFWLRQ DQG FRQWURO RI
DQG FRPSOH[ GXH WR WKH QXPEHU RI SDUDPHWHU\
SURSDJDWLRQ .KDQGHOZDO DQG .DQNDU 9D U
SURSRVHG SUHGLFWLYH PRGHOV RI WKH OHYHO RI DL
EORFN 6LVNLQG HW DO OFNHQ]JLH 6HQJD
-DURRQSDWWDQDSRQJ DQG 7DFKRP +RZHYHU V
NQRZOHGJH WKHUH H[LVWV QR PRGHO VSHFLILFDOO\
VWHPPLQJ SOXJV 7KHUH DUH DOVR FXUUHQWO\ QR J.
GHVLJQ RI D EODVW LQYRONQRIP SDWUDWWHPAL\E®& XUMJ X C
VWDQGDUGY RQ DLU EODVW 2 QKHB QX RKH 8 W DVDGADHMG % X/ Ul
RI OLQHV 86%0 ZKLFK VHWV WKH YS8HGHALFEHMD\RI D
6LVNLQG HW DO W LV LQ WKLV OLJKWWKDW W
DVVHVVLQJ WKH SRWHQWLDO RI WKH 9DULVWHPS VWHP



LQGXFHG GXULQJ VXUIDFH PLQH EODVWLQJ 7KH ILQGL
YDOXDEOH VELHQWLILFE GDWD RQ WKH LPSDFW RI 9DUL
EODVW UHGXEFEWLRQ

1.3 Aim and objectives of the study

7KH DLP RI WKLV UHVHDUFK LV WR DVVHVV WKH SRWI
UHGXFLQJ WKH DLU EODVW LQGXFHG GXULQJ VXUIDFH
SURWRFROV DUH XVHG IRU WKLV SXUSRVH RQH LQFO
VWHPPLQJ SOXJVY DQG WKH RWKHU RQH UHOLHV RQ V\
LQYROYLQJ DJJUHIJDWHYV )X UWKCHDUWR HH HIY P HBR/XIW ) HRF
NQRZQ DV VFDOHG GHSWK RI EXULDO 6'R% LV XVHG W
WHVWV LQFRUSRUDWLQJ WKH 9DULVWHPS VWHPPLQJ ¢
GHSWK RI EXULDO LV WR LVRODWH WKH FRYWUUEXWLR
EODVW UHGXFWLRQ

,Q OLQH ZLWK WHKREINMBRYAHL YWMK KDYH BAHKMUIHVHB/URKW I|F
SURMHFW

D’7R GHWHUPLQH WKH OHYHO RI DLU EODVW SURGXF
ZLWKRXW 9DULVWHPS SOXJV

E’/’7R FRPSDUH WKH DLU EODVW OHYHOV SURGXFHG
ODULWSBIOXJIV DIDLQVW VWDQGDUG EODVWLQJ SUDF
F7R PHDVXUH WKH EODVW HQHUJ\ FRQILQHPHQW GXF
SOXJV bQG WKH DVVRFLDWHG DLU EODVW UHGXFW|

JURP WKH ILUVW REMHFWLYH WKH DLU EODVW SURILC
SURGXFWLRQ EODVWY ZLWK DQG ZLWKRXW VWHPPLQJ S
FROQWULEXWLRQ RI WKH VWHPPLQJ SOXJV LQ DLU EOD
HVWDEOLVKHG 7KH VHFRQG REMHFWLYH LQYROYHV
HYDOXDWLRQ EHWZHHQ EODVWLQJ ZLWK DQG ZLWKRX\
WKLY FRPSDUDWLYH HYDOXDWLRQ LV WR REWDLQ HV
VWHPPLQJ SOXJV WR DLU EODVW /DVWO\ HHQRPIJIWKH W
FRQILQHPHQW GHULYHG IURP LQFRUSRUDWLQJ WKH 9C



7KLY LV WR DGGUHVYV WKH TXHVWLRQ RI KRZ HIIHFWLY
FRQILQLQJ WKH H[SORVLYH HQHUJ\ GXULQJ EODVWLQJ

1.4 Significance of the study

%ODVWLQJ RSHUDWLRQV LQ VXUIDFH PLQHV FDQ KDY
HQYLURQPHQW DQG QHDUE\ FRPPXQLWLHV 7KHVH HIIt
WKH QRLVH RU VKRFNZDYDEODR®X FHKG GKVXQWLQJ VKR
PD\ FDXVH GLVUXSWLRQV DQG GDPDJH WR LQIUDVW
UHVLGHQWLDO DUHDV $GGLWLRQDOO\ DLU EODVWV S
KD]DUG WR PLQH ZRUNHUV OFNHQ]JLH HW DO Q G .KD
6XUIDFH PLQHV PXVW HPSOR\ FRQWURO PHDVXUHV W
UHJXODWRU\ VWDQGDUGYV

7KH SURSRVHG UHVHDUFK V\VWHPDWLEDOO\ H[SORUHYV
VWHPPLQJ SOXJV LQ FRQWUROOLQJ EODVW LQGXFH
SRWHQWLDOO\ RIWRUPBURRO®WLERIDVW SHUIRUPDQFH

LQFRUSRUDWLRQ RI 9DULVWHPS SOXJV ,PSURYHG EOD
FRQWUROOHG DLU EODVW OHYHOV ZKLFK LQ WXUQ H
JHQHUDOO\ VWUDLQHG UHODWLRQVKLS EHWZHHQ PLQL
QHDUE\

9DULVWHPS VWHPPLQJ SOXJV DUH EODVW HQHUJ\ FRQ
FRXOG DLG LQ LPSURYLQJ WKH UHGXFWLRQ RI DLU
8QGHUVWB@FERQWWLEXWLRQ WR EODVWLQJ RSHUDWLR
WKH ERG\ Rl NQRZOHGJH E\ PDNLQJ DYDEDWEWHIIGD W
FRPPXQLW\ ORUHRYHU WKLV NQRZOHGJH FRXOG EF
HQJLQHHUV FRQVWUXFWLRQ VLWHV DQG JRYHUQPHQ
PDNLQJ SROLFLHV DQG ODZV

1.5 Structure of the dissertation

7KLV ODVWHUYVY GLVVHUWDWLRQ LV RUIJDQLVHG LQ VL|
EDFNJURXQG GHVFULSWLRQ RI WKH UDWLRMMDWOH EHKL



EDFNJURXQG DOVR LQFOXGHY DQ RXWOLQH RI WKH SUF
REMHFWLYHV RI WKH VWXG\ /DVWO\ WKH VLJQLILFD
UHVHDUFK SURMHFW LV GLVFXVVHG

&KDSWHU SURYLGHV D WKRURXJK UHYLHZ RI WKH FR
EODVW LQ VXUIDFH PLQHV 7KLV LQFOXGHV SDUDPHW
JHQHUDWLRQ VXFK DV EODVW GHVLIQ ZHDWKHU DQG
WHFKQLTXHV IRU WKH UHGXFWLRQ RI DLU EODVW LQF(
SOXJV DUH UHYLHZHG )XUWKHUPRUH VHYHUDO DLU E
SURSRVHG E\ RWKHU UHVHDUFKHUV IRU SUHGLFWLQJ C
UHYLHZHG 7KLV DOVR LQFOXGHV D EULHI KLIKOLJKW
HOQFRXQWHUHG ZKHUH WKHVH PRGHOV ZHUH DSSOLHG

&KDSWHU LV GHYRWHG WR SUHVHQWLQJ UHOHYDQMW
HISHULPHQWDO ZRUN ZDV FRQGXFWHG DQG WKH HTX
FROOHFWLRQ DQG DGRSWHG DQDO\VL@VRHWKKRDGW BU H
/IDVWO\ WKH FKDOOHQJHV HQFRXQWHUHG WKHRXJIKRX
DQG WKHLU HITHFWV RQ WKH ILQGLQJY DUH GLVFXVVHC

&KDSWHU SUHVHQWYV WKH NH\ RXWFRPHV RI WKH H[SH
&KDSWHU 7KH HIITHFWV RI EODVW GHYVLUQPFHUIDFPEG WH
ZRUN LV SUHVHQWHG 3DUDPHWHUVY FRQVLGHUHG LQFO
GHOD\ DQG WKH GLVWDQFH IURP WKH VRXUFH RI WKH E
SHVXOWY RQ WKH bDLU EODVW OHYHOV UHFRUGHG DQG '
DW WKH WZR PRQLWRULQJ VWDWLRQV DURXQQAWWEH VHC

&KDSWHU SURYLGHYVY DQ LQWHUSUHWDWLRQ RI WKH U
7KLYV LQWHUSUHWDWLRQ UHODWHY WKH UHVXOWYV WR
LPSOLFDWLRQV DQG OLPLWDWLRQV RI WKH UHVHDUFI
SUHGLFWLYH PRGHO ZKLFK ORRNV DW WKH UHODWL
GLVWDQFHVY DQG DLU RYHUSUHVVXUH OHYHOV DUH SUH

&KDSWHU SURYLGHV D VXPPDU\ RI WKH NH\ ILQGLQ
VXJIJHVWY DUHDV IRU IXWXUH UHVHDUFK



Chapter 2 Literature review

2.1 Introduction

'ULOOR@&MODVMWARAQHA RI WKH PRVW SUHYDOHQW ZD\V RI E
VXUIDFH PLQLQJ RSHUDWLRQV 3ULRU WR EODVWLQJ
FKDUJHG ZLWK H[SORVLYHV DQG VHDOHG ZLWK GULOC
RWKHU VWHPPLQJ PDWHULDO 7KHVH EODVWKROHV

GHWRQDWHG XVLQJ DSSURSULDWH LQLWLDWLRQ V\V\
H[SORVLYHV LV WR EUHDN WKH URFN VR WKDW LW FD
SURFHVVLQJ .X]X HW DO

"KHQHYHU DQ H[SORVLYH LV GHWRQDWHG GXQLQJ EOD
bv bLu EODVW LV JHQHUDWHG +DMLKDVVDQL HW DO

ZDYH UHVXOWLQJ IURP WKH GHWRQDWLRQ RI H[SORVL
PDVV 5RGUtJXH] HW DO $LU EODRH LPEBY CBBVH YGH
VRXQG JHQHUDWHG E\ DQ H[SORVLYH EODVW ZKLFK UF
DQG PRYHPHQW 6LVNLQG HW DO

$LU EODVWV DUH DV D PDMRU FKDOOHQJH IDFLQJ VXU
KHDY\ UHJXODWLRQ DURXQG WKHP )DUDPDU]L HW DO
DQ LQ GHSWK UHYLHZ Rl WKH FRQWURO DQGARILWRUL
RSHUDWLRQV ,QQRMDHGXYFL @DWKH JHQHUDWLRQ RI L
LGHQWLILHG DQG SUHVHQWHG LQ GHWDLO 7KH WKHR
UHYLHZHG LQ WHUPV RI WKH WHQHWYV DVVR¥VEBQFE ZLW
WHLUVW SRUWLRQ RI WKH UHYLHZ FRQVLGHUV KRZ D
ORRNLQJ DW SDUDPHWHUV WKDW LQIOXHQFH LWV JF
LQFOXGH DPRQJVW RWKHUV EODVW GHVLJQ SDUDPHW
WHUUDLQ FRIQBOWLRWKH PHDVXUHPHQW RI DLU EODV!
FRQWUROOLQJ DLU EODVW LQ VXUIDFH PLQHV DUH L
VWUHQJWKY DQG OLPLWDWLRQV

,Q WHUPV RI VWHPPLOWKHMWAFKQLWKXIRS VWHPPLQJ SOXJV
UHOHYDQW WHFKQLTXHV FXUUHQWO\ LQ XVH LQ WKH LC



RI WKH UHYLHZ VSHFLILFDOO\ FRQVLGHUV SUHYLRX)\
9DULVWHPS SOXJV KDYH EHHQ VXFFHVVIXOO\ LQFRUSRLI
RXWFRPH WKHUHRI 7KH UHYLHZ LV H[WHQGHG WR R
DYDLODEOH LQ WKH LQGXVWU\ LQFOXGLQJ FUXVKHG T
SODVWHU VWHPPLQJ )XUWKHUPRUH WKH VLJQLILFDQF
DQ®FDOHG GHSWK RI EXUL/NO PRIFABQYVRGMBBIGHG GH
EXULDO SURYLGHV D PHDQV WR FRPSDULQJ EODVWYV
FRQGLWLRQV

7KH ODVW VHFWLRQ RI WKH UHYLHZ LV GHGLFDWHG W
DLU EODVW PRGHOOLQJ 6HYHUDO SUHGLFWLRQ PRGHO
SHUIRUPDQFH YDOLGLW\ DQG DSSOLFDWLRQV LQ UHSR
WR WKLV UHJXODWRU\ OLPLWV IURP VHOHFWHG MXULYV
DLU EODVWYV IRU WKH PLQLQJ LQGXMWDWODUHID®W R QN
NQRZOHGJH DUH KLJKOLJKWHG LQ WHUPV RWMKHKWH XVH
WHFKQLTXHYV DV D ZzD\ RI UHGXFLQJ DLU EODVW

2.2 Background on air blast

$LU EODVW RU DLU RYHUSUHVVXUH LV D E\ SURGXFW R
OSRIX HW D@HQJ+*Q DQG *+0O 7KH ILUVW VWHS LC
F\FOH LV WKH GULOOLQJ RI EODVWKROHV WKURXJK WK]|
RI EODVW KROHV SDUDOOHO WR WKH IUHHFORWVMMLFDO

HQRXJK WR ORRVHQ WKH URFN LQ EHWZHHQ DV H[HPSO
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Figure 2.1: A bench showing how blastholes are drilled and connected with

initiation systems (adapted from Segarra et al., 2010)

7KH EODVWKROHV FDQ EH GULOOHG LQ HLWKHU D VT
GHSHQGLQJ RQ WKH FRQGLWLRQV RI WKH URFN WR E
FRPSOHWH D GHWRQDWRU ZKLFKDPRHVLVYGE KUILPPUF
HISORVLYHV LWRQ@¥FKUWROGEH VDR KHOS DFWLYDWH EODVW
LV SURJUDPPHG DQG DVVLIQHG D VSHFLILF ILMLQJ WLP
*UDDI ([SORVLYHV DUH WKHQ XVHG WR ILOO WKH
DUH FDSSHG ZLWK FUXVKHG URFNV RU RWKHU VWHPPL
H[SORVLYHVY LQ WKH EODVWKROHY DUH WKHQ LQLWLDW
GHWRQDWRUV IDBGHGL (RHOBBOWZPQQ@J VHTXHQFH 7KH SODQ

VKRZV D W\SLFDO EODVW GHVLJQ IRU D EHQFK LQ D
FRQQHFWHG ZLWK LQLWLDWLRQ V\VWHPV SULRU WR EC
JLIXUH WKDW WKN BXKUHGEHIQVWDQFH EHWZHHQ WKH EO
VSDFH L H WKH ORDG WKDW ZLOO EH PRYHGE\ WKH |
WKH GLVWDQFH EHWZHHQ WZR EODVW KRQHEWLQ D URZ
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LV WKH HQWLUH GHSWK RI WKH EODVW KROH GULOOHG
WKH IORRU RI WKH EHQFK WR REWDLQ FOHDU EUHDI
VWHPPLQJ O@HOQJWKH GLVWDQFH EHWZHHQ WKH H[SOR\
FROODU RI WKH EODVW KROH ZKLFK LV ILOOHG ZLWK L

,Q WHUPV RI ILULQJ VHTXHQFH WKH GHWRQDWLRQ RI
EODVWKROHY EUHDHNLIRJJUREN BRZBWGY WKH IUHH YHU
WKH EORFN ILUVW 6HJDUUD HW DO 8SRQ LQLWL!
LUHDFK EODVWKROH D FRQVLGHUDEOH DPRXQW RI HQH
WR DLG LQ IUDJPHQWLQJ WKH URFN $ IUDFWLRQ RI WKL
LQWR WKH DWPRVSKHUH LQ WKH IRUP Rl XQGNMWLUDEOH
DLU EODVW DQG JURXQG YLEUDWLRQ 7KHVH VLGH HI
VWUXFWXUHV DQG EXLOGLQJV ORFDWHG QHDU WKH E
FDXVHV VHULRXV GLVERPIRUW WR ORFDO UHVLGHQWYV |

.KDQGHOZDO DQG 6LQJK $FFRUGLQJ WR +DML
DLU EODVW LV DQ XQZDQWHG E\ SURGXFW RI URFN EOD
GHVLJQ SDUDPHWHUV )LIXUH ZHDWKHU FRQGLWI

TKHVH SDUDPHWHUYVY DUH GLVFXVVHG LQ GHWDLO LQ €
VHFWLRQV JLYH D EDFNJURXQG RQ KRZ DLU 2D/ W LV .
DV WKH KXPDQ DQG VWUXFWXUDO UHVSRQVH OLPLWYV

2.2.1 Sources of air blast

During blasting, the premature venting of explosive gases in the drilled holes
due to inadequate stemming causes air blast. Basically, air blast or air
overpressure shockwaves which are generated as a result of rock blasting
are produced from four main sources (Segarra et al., 2010; Kuzu et al., 2009;
Siskind et al., 1980; Singh et al., 2005). These sources include the rock
pressure pulse (RPP) which is produced from vertical ground vibrations. The
air pressure pulse (APP) is produced from direct rock displacement at the
face or ground swelling at the blasthole collar. Meanwhile, the gas release

pulse (GRP) is mainly gas which escapes from the detonating explosives
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through rock fractures. Lastly, the stemming release pulse (SRP) is due to

gas escaping from the blown-out stemming.

Siskind et al. (1980) argues that APP is a source of air overpressure that is
likely to dominate in a properly designed blast. However, this phenomenon
is normally absent for cases of total confinement like underground blasts.
Furthermore, Siskind et al. (1980) explained that RPP not only has the
smallest amplitude amongst the four sources of air overpressure, but it is
generally of higher frequency. Figure 2.2 provides a graphical definition of
RPP and APP as recorded during a blast.
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Figure 2.2: Vibration analysis report showing the RPP and APP on the

waveform analysis plot (Docrat, 2023)

Note from Figure 2.2 that the waveform analysis plot features four wave plots
representing the radial (R) in blue, transverse (T) in red, vertical (V) in green
and air (A) in black. The radial, transverse and vertical represents
measurements of the ground vibrations. Meanwhile the air wave represents
measurements on air overpressure. In case of air overpressure, when a blast
is fired, there are vertical ground vibrations within the rock which produces
RPP as annotated on Figure 2.2 with the smallest amplitude waves.
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Additionally, APP which is annotated with a higher wave amplitude is
recorded after RPP as shown on Figure 2.2 and this is as a result of rock
displacement. The seismograph responsible for monitoring the blast then
records the respective air levels and ground vibrations as captured in the
tables labelled as seismic and air as captured in Figure 2.2.

Moreover, Segarra et al. (2010) also highlighted the fact that APP and RPP
are unavoidable sources of air blast in bench blasting. On the other hand,
GRP and SRP are controllable sources of air overpressure that greatly
depend on the blast design. Indeed, insufficient stemming can result in
premature gas escape into the atmosphere thereby generating excessive air
blast (Siskind et al., 1980; Singh et al., 2005). According to Segarra et al.
(2010), GRP and SRP are the primary cause of disturbance near the blasting
site. These two mechanisms produce high frequency waves superposed to
the air pressure pulse. Frequencies lower than 20 Hz are what define the
blast-induced air blast frequency spectrum (3\UD DQG .4DF]\ VNL
Siskind et al. (1980) further highlighted that other factors that may contribute
to GRP and SRP are small diameter holes, high propagation velocities of the

rock, wet holes, and long columns.

2.2.2 Measurement of air blast

Surface mines make use of blasting seismographs to measure both air blast
and ground vibration (Rorke, 2011; Kabwe and Wang, 2016; Ratcliff et al.,
2011). These seismographs have a built-in control unit, a geophone sensor
and a microphone in the same casing. The geophone sensor is used to
measure ground vibrations while the microphone picks up the propagation of

the air blast and record it over time.

Prior to a blast being initiated, the seismograph is placed in a location which
is in proximity of the area being blasted. The control unit is then used to set
the appropriate trigger levels for the geophone and microphone to avoid false

recording from unrelated events like wind noise and blast sirens (Kabwe and
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Wang, 2016). Each of these units shown in Figure 2.3 is set to trigger and

start recording for vibrations and air blast once a blast is initiated.

Figure 2.3: Parts of the seismograph units illustrating (A) Geophone sensor
and (B) Microphone (Kabwe and Wang, 2016)

As exemplified in Figure 2.3, the geophone has spikes which are inserted
into the ground to measure ground vibrations. On the other hand, the
microphone is positioned in a direction facing the blast to record the air blast

levels.

Air blast is commonly reported in decibels (dB) when it is actually measured
as pressure expressed in millibars (mb), pounds per square inch (psi) or
Pascals (Pa). The formula for converting pressure in psi to dB is provided as
indicated in Equation 2.1 (Ratcliff et al., 2011):

SPLdB=20.KgpP +170.8

Where SPL dB is the sound pressure level in decibels (dB).

P is the measured air pressure in psi.

According to Ratcliff et al. (2011), decibels are generally based on a
logarithmic scale for sound pressure which also considers levels of human
hearing.
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2.2.3 Human and structural response to air  blast

Under optimal circumstances, the human hearing frequency range is
between 20 and 20 000 Hz, and it decreases over the course of a lifetime. At
frequencies higher than 20 Hz, air blast may be heard by the human ear and
is referred to as sound or noise; at frequencies lower than 20 Hz, air blast is

inaudible and is more frequently known as a concussion (Ratcliff et al., 2011).

In terms of structural response, the most important sign of air blast that could
be problematic or harmful is how buildings, especially residential ones, react
to it (Siskind et al., 1980). In the 1970s, the United States Bureau of Mines
(USBM) conducted extensive research on air blast (Siskind et al., 1980;
Ratcliff et al., 2011). A series of surface mine blasts was carried out while the
response of residential structures for potential damage and nuisance was
monitored. From the results of the study, safe levels of air blast were
recommended that would ensure a low probability of damage to structures.
The results of the study recommended monitored air blast amplitudes of up
to 135 dB to be safe, provided the monitoring instrument is sensitive to low
frequencies (down to 1 Hz) (Siskind et al., 1980). The USBM recommended
safety limits of air blast are widely accepted over the world and are commonly
applied in South Africa (Goncalves and Tose, 2009; Kuzu et al., 2009; Ratcliff
et al., 2011; Faramarzi et al., 2014; Kabwe and Wang, 2016).

The recommended limits of human and structural response to different air

blast levels are given below in Table 2.1.

Table 2.1: Air blast levels and their threshold limits (Siskind et al., 1980;
Ratcliff et al., 2011; Kabwe and Wang, 2016)

Level Description
120 dB Threshold of pain for continuous sound
>130 dB Resonant response of large surfaces (roofs, ceilings).

Complaints start.

134 dB USBM recommended limit for human irritation

150 dB Some windows break
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170 dB Most windows break
180 dB Structural damage

2.3 Factors influencing the level of air blast in surface
mining

Several theories exist regarding factors that affect and/or influence air blast
in surface mines. This section reviews the effect of controllable blast design
parameters on air blast. Specific focus is made for a review of parameters
considered to be controllable since they can be altered. The effects of

weather and topography on the generation of air blast are also discussed.

2.3.1 Effects of controllable blast design parameters on air blast

2.3.1.1. Burden and spacing

Lusk and Worsey (2013) observed that blast designs with a small burden
make it easier for gases to escape during blasting. Gaseous energy is
released prematurely into the atmosphere without performing any meaningful
work if the burden is less than ideal (Hidayat, 2021). This can push the
blasted rock in an uncontrolled manner with high speed thereby causing high
air blast and flyrock. In contrast, a wider burden can result in inadequate

fragmentation, excessive ground vibrations, and toe problems.

Khandelwal and Kankar (2009) reported that a burden which is smaller than
the designed burden will cause a large fraction of the explosive energy to be
dispersed into the atmosphere. This leads to inefficient use of explosive
energy thereby resulting in significant air blast levels. A concordant study by
Hidayat (2021) also supports this assertion by noting that gaseous energy
dissipates into atmosphere without doing useful work. This of course was
observed in instances where the burden is less than the optimum length

required.

A similar principle applies with regards to the spacing between blast holes.

Smaller spacing has been found to result in cratering and crushing between
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holes (Lusk and Worsey, 2013). Meanwhile, widely spaced holes result in
poor rock fragmentation. The concept of cratering and crushing is illustrated
in Figures 2.4 and 2.5 below. Additionally, a change in spacing can influence
air blast outcome by interacting with stemming techniques. An incorrect hole
spacing that is coupled with insufficient stemming can worsen air blast effects
(Mpofu et al., 2021; Hosseini et al., 2023). As such, the stemming length

should be at least as long as the burden

Fracture zone

Blasthole- AN ALY .
I\ - Crushing zone

Explosive charge ./ | 7 Fragment
> \ =" formation zone

Figure 2.4: A section of the blasthole showing the crushing zone (After Silva,
2019)
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Figure 2.5: lllustration of cratering around a blasthole on a bench (Kuzu et
al., 2009)

In addition to producing shock waves, the energy generated from an
explosive charge also causes compressive forces that causes crushing
within the rock mass (Hosseini et al., 2023). This effect then results in
fracturing as illustrated in Figure 2.4. The detonation of the charge load in
the collar zone, as well as the type and length of the stemming material,
causes crating to develop on top of the bench (Szendrei and Tose, 2023).
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2.3.1.2. Stemming length

Stemming is the process of putting a non-explosive material on top of
explosive column in a blast hole (Mpofu et al., 2021). Stemming allows for
more effective use of energy for rock breaking while also preventing gases
from escaping when explosives are detonated. Figure 2.6 illustrates a typical
layout of a bench blast with blastholes filled with stemming material and one

without stemming material.
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———
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Incorrect burden

Figure 2.6: Typical layout of a bench blast (Adapted from Szendrei and Tose,
2024)

Stemming length is dependent on several elements including the power of
explosives used, blast-hole diameter, burden, spacing, stemming material,
and the quality of adjacent rocks (Mpofu et al., 2021; Neale, 2010; Oates and
Spiteri, 2021). If stemming is not done correctly, explosive gases will be
released into the atmosphere, causing air overpressure (AOp) and noise.
According to Lusk and Worsey (2013), stemming lengths that are shorter
than r &y, $vith $being the burden in metres, can result in high levels of air

blast, flyrock, noise, and overbreak.

2.3.1.3. Charge weight per delay
In bench blasting (see Figure 2.7), charged blast holes are detonated in a

sequence of rows, to allow the rock to move towards the free face (Prasad
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et al., 2017). Normally, the detonation of explosives is carried out in a
precisely timed sequence to maximise energy release and reduce
environmental effects. In order to achieve the appropriate fragmentation
while managing flyrock and air blast, the timing of detonations is crucial. As
exemplified in Figure 2.7, the first hole to be detonated will be the one marked
0 milliseconds (ms). Thereafter the other holes will detonate at inter-hole

delay timing of 17 ms and an inter-row delay timing of 25 ms.

Il =25ms

101ms 118ms 135ms | = 17ms
4 =42ms

1?ms 34n~s 51n~s SBrr"s 110rr"s

Initiation point

Figure 2.7: An illustration of timing sequence of blastholes in a bench
(Choudhary et al., 2021)

A blasting round that uses a large amount of explosive per delay, produces
a large air blast compared to one using small volume of explosives
(Khandelwal and Kankar, 2009). Singh et al. (2006) defined charge weight
per delay as the maximum explosive that can detonate in a hole. The charge
weight per delay differs from the total amount of explosives, in that the latter
involves the overall explosives charged per blasting round on a bench
(Ghosh et al., 2024). Figure 2.7 consists of 15 drilled hole bench, the total
amount of explosives in this case will be the total explosives charged in all
15 holes. However, the charge weight per delay will be the maximum
explosive charge that detonates out of the 15 in each delay. Air blast levels
increase with increased charge weight per delay (Richards, 2013). The larger
the charge weight per delay, the higher the amplitude of the vibration (Kabwe
and Wang, 2016; Hidayat, 2021). The control of charge weight per delay can
be effectively managed by timing blasts so that holes fire one at a time or by

reducing the blast hole diameters (He et al., 2022).
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2.3.1.4. Monitoring distance

The effect of AOp tends to diminish if the air blast monitoring station is placed
at a distant location away from the blast site due to energy dissipation into
the atmosphere (Khandelwal and Kankar, 2009). In their study, Singh et al.
(2005) also reported that air blast decays with distance because of geometric
spreading. Geometric spreading has to do with how the energy from a blast
explosion disperses over a larger area as it travels. Reed (1972) found that
the air blast pressure amplitude is inversely proportional to distance raised
to the power of 1.2, which implies that as distance increases, the pressure
decreases significantly. Ideally, air blast decreases as the distance from the
blast site increases in an inverse power function relationship (Richards,
2013; Reed, 1972). However, the relationship between the logarithm of the
air overpressure and logarithm of scaled distance is linear which is deduced

from linear regression (Marin et al., 2022).

2.3.2 Influence of weather on air  blast

Air blasts are caused by detonation of explosives in blastholes; they travel at
the speed of sound in all directions as a wave front. This is the reason why
wind speed and direction, atmospheric pressure and other weather
conditions affect the speed of the wave front as dictated by basic physics
(Singh et al., 2005).

Weather conditions such as wind speed generally increases with height
(Griffiths et al., 1978; Legesse et al., 2017). This means that as wind speed
increases with height, the propagation of air blasts becomes more
noticeable. A study by Zheng et al. (2010) indicates that the amplitude of
wind speed from impact waves increases with the height of falling rock,
leading to stronger air blasts. Additionally, as highlighted in Section 2.3.1.4,
air blast intensity typically decreases with distance due to geometric

spreading, where a finite amount of energy fills an increasing volume of
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space. However, wind alters this decay rate; higher wind speeds can reduce
the normal rate of air blast decay, allowing for greater distances to be
affected by the blast (Singh et al., 2005). This variation in wind speed causes
the sound generated from a blast to refract back to ground level and hence
giving an increase in the expected level of sound at a distant point. Figure

2.8 is a typical illustration of how wind affects sound propagation in air.

WIND DIRECTION

Figure 2.8: Effect of wind speed on sound diffraction (Hannah, 2007)

Note from Figure 2.8 that in the absence of wind, the principal sound wave
arrives at the receiver by travelling horizontally from the source through path
1. Along this path, the ground, vegetation, and trees can absorb some of the
sound (Hannah, 2007). During downward windy conditions, however, the
path (2) sound (which normally travels upward into the sky and does not
return to earth) is bent down and returns to the earth, sometimes passing
above the attenuation from ground surface and vegetation. This process of
waves returning to the ground is known as refraction and thus yields higher
sound levels at the receiver. The receiver in this case can be the air blast

monitoring equipment or structures on surface.

Temperature inversion is another factor that may be a concern during
blasting. A study by Ozer et al. (2020) found a strong correlation (R? = 0.79)
between air temperature and air overpressure propagation, indicating that as
temperature increases, air density decreases, facilitating shock wave travel.
In essence, higher temperatures cause the air to become less dense, which
promotes the propagation of shock waves. On the other hand, lower
temperature environments cause the air density to increase, which

potentially results in slower shockwave propagation and less effective blasts
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(Huynh et al., 2017). In light of this, a phenomenon known as temperature
inversion can happen when a layer of warm air traps cooler air at the surface.
This usually occurs during certain weather patterns, such as clear nights
when heat reflects off the ground, forcing the air above to stay warmer while
the surface air cools quickly.

During a temperature inversion, air blast waves are refracted back to the
earth surface (Ratcliff et al., 2011). As this happens, the air overpressure is
then concentrated on a particular structure which may be at a further
distance. In a previous study, Griffiths et al. (1978) equally argued that part
of the sound emanating from a blast can be refracted back to the ground

level when a temperature inversion exists.

According to Singh et al. (2005), temperature inversions occur in the morning
and evening as the ground surface and air get warmer and cooler at different
rates. This is plausibly one of the reasons why some surface mines prefer to
blast around mid-day when inversions are absent. Singh et al. (2005) also
reported that an inversion can increase air blast by 10 dB over the level
normally expected from a given blast at a given distance. Figure 2.9 below is

an illustration of how temperature inversion occurs.
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Figure 2.9: Effect of temperature inversion on sound transmission (After
Ratcliff et al., 2011)

It can be seen from Figure 2.9 that during normal atmospheric conditions,
temperature will decrease with an increase in altitude. Sound waves then
reflect outwards and eventually die out without returning on the ground. On
the other hand, when there is a temperature inversion, the atmospheric
temperature increases with an increase in altitude. As such, sound waves
are refracted back to the ground and spread over a greater distance. A similar
principle occurs in cases of cloudy conditions due to temperature gradients
which formed layered conditions. Here the sound waves are reflected from

those layers and return to the ground to reinforce direct waves.

Lastly, rainy weather can extensively influence air blast levels during blasting
as compared to blasting on a clear day (Ratcliff et al., 2011). Rain alters air
conditions, which can improve the way blast-generated sound waves travel.
In wet conditions, air blasts may be more intense and have a wider range

because of changes in the way sound travels caused by variables like
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humidity and air density. An increase in humidity during rainy conditions can
enhance the propagation of air blast waves, leading to higher air over-
pressure levels (Tran et al., 2021). Alternatively, rain can alter wind patterns,
affecting how air blasts disperse. Higher wind speeds can lead to more
significant air pressure fluctuations, intensifying the blast effects (Roy et al.,
2011). Tran et al. (2021) further stated that rainy conditions often lead to
lower temperatures, which influences the density of air and consequently the

behaviour of air blasts.

2.3.3 Influence of topography on air  blast

The rate of decay of air blast with distance can be influenced by the
topography of the landscape. Ratcliff et al. (2011) observed that air blast
levels are higher in valleys than around the hills. This is because valleys can
increase the intensity of air blasts by influencing the direction of airflow and
generating a noticeable deflection of air to become more parallel to the valley
(Bullard et al., 2000). In contrast, hills may disperse air pressure waves more
broadly, reducing their intensity in surrounding areas. When blasting in a hilly
terrain, air blast levels occurring in the surrounding area are lowered by
topographic shielding as exemplified in Figure 2.10. The phenomenon known
as topographic shielding occurs when natural features like hills, mountains,

or structures block or lessen the intensity of air pressure waves.

INCIDENT

BLAST

Figure 2.10: Typical illustration of topographic shielding in blasting (Richards,
2013)
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Figure 2.10 illustrates that air pressure waves (e.g., sound or seismic) can
be partially or fully blocked by topographical features as they travel through
a medium. Features like hills can significantly reduce the impact of air blasts
on nearby structures and community (Ratcliff et al., 2011). This obstruction
diminishes the energy and intensity of the wave at the monitoring location.

The topography of the landscape in surface mines influences air blast levels
by producing shadowing effects (Singh et al., 2005). Shadowing involves the
presence of geological features such as hills and valleys which hinder the
spread of air blast waves. Because of this barrier, less energy reaches some
places, which lowers the air blast levels there (Ratcliff et al., 2011). Ideally,
the factors discussed in this section all influence air blast levels to a certain
extent. For controllable blast design parameters, surface mines can alter the
parameters to optimize the blast performance. Similarly for effects such as
weather and topography, care should be taken to ensure that such conditions

are avoided during blasting, or proper mitigation plans are put in place.

2.4 Review of stemming techniques available in the mining

industry
This section of the review provides an in-depth overview of the different
stemming techniques employed in the mining industry. Firstly, the review
looks at the conventional stemming material used to optimize blasting. This
includes the common types of stemming material used, their physical
characteristic, as well as the benefits involved with their application.
Secondly other stemming techniques such as the use of deck-charge
blasting, Varistem® plugs and SPARSH are reviewed. This part of the review
looks at their principle of operation and the benefits involved with their
application. Lastly an overview of some successful case studies where these
stemming techniques were applied as highlighted by other researchers is

included.
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2.4.1 Conventional stemming material

In the blasting cycle, once drilled blastholes are charged with explosives and
detonators amongst others, surface mines make use of inert material called
stemming to fill the top of blastholes. This practice aids in confining explosive
gases thereby producing better rock fragmentation. Proper stemming of
blastholes has been established to be effective at reducing the occurrence
of flyrocks as well as the amount of air blast produced by surface blasting
activities (Rehman et al., 2021; Oates and Spiteri, 2021; Richards, 2013).
The type of stemming material also plays an important role in the
effectiveness of the stemming. Normally, the choice of stemming material is
informed by availability and cost (Mpofu et al., 2021; Oates and Spiteri,
2021). The following stemming materials are commonly used in surface
mines: drill cuttings, crushed aggregates, and plaster stemming. They are

covered in the subsequent sub-sections.

24.1.1 Drill cuttings

During the drilling of blastholes, a drill bit is used to cut through the rock and
penetrate the ground until the desired depth is reached. During this process,
small pieces of rock, dirt and other materials are broken off and extracted
from the blasthole as the drill bit penetrates. These materials that accumulate
around the hole collar after drilling are known as drill cuttings or drill
chippings.

Drill cuttings are the most easily accessible and least expensive stemming
material that can be readily found at blast sites. As such, they tend to be most
frequently utilised in open pits and quarries (Cevizci, 2012). However, dry
drill cuttings eject from blastholes relatively easily and provide little barrier to
the upwards explosion. As a result, a significant portion of the blast energy
is wasted and lost to the environment. Konya and Konya (2018) reported that
the use of drill cuttings is the most common practice; however, it is the most
inefficient form of stemming material. The inherent issues with drill cuttings

as a stemming material are their non-uniform particle size and poor
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compaction (Rehman et al., 2021). Occasionally, these two issues cause
blowouts from the stemming section. Blowouts are premature escape of
explosive gases into the atmosphere. If the amount of stemming material is
inadequate, it may not provide enough resistance to contain the explosive
gases, leading to a blowout (Konya and Konya, 2018).

In South Africa and throughout Africa, drill chips are still used as stemming
material in the mining sector, albeit their efficacy is being evaluated against
other materials. Because drill cuttings are readily available at blast sites
during charging operations, they are frequently used in quarries and open
pits (Cevizci, 2013). However, significant improvements in fragmentation
have been observed when crushed aggregate are used to replace drill
chippings (Oates and Spiteri, 2021). Observations from other research
indicate that alternative stemming materials like crushed aggregate might
perform better in terms of rock fragmentation and explosive energy utilisation
(Mpofu et al., 2021; Konya and Konya, 2018; Richards, 2013). In this light,
surface mines are increasingly exploring alternative stemming materials like

crushed aggregates which is discussed in the next section.

2.4.1.2. Crushed aggregates

In the mining context, aggregates refer to coarse material such as crushed
stone, gravel, sand, and concrete. These materials are generally extracted
as raw material at quarries and are then processed to the desirable product
size. Crushed aggregates of uniform particle size are the most common and
highly recommended stemming material (Oates and Spiteri, 2021). A uniform
particle size distribution is important because it influences how pressure
waves propagate through the stemming material (Konya and Konya, 2020).
As such, this can help mitigate environmental impacts such as air
overpressure by absorbing and dissipating energy more effectively. Figure
2.11 illustrates the typical size range of crushed aggregates used for
stemming in surface mines. When applying crushed aggregates for

stemming in blasting operations, the typical effective size range is between

27



5 mm to 20 mm (Fomina and Polyanskiy, 2019). This size range offers

adequate packing density and interlocking capabilities to withstand explosive

pressures (Chung and Mustoe, 2002)

Figure 2.11: (a) Crushed aggregates; (b) Blasthole filled with crushed
aggregates (Own picture taken by the author at Quarry TM)

Mpofu et al. (2021) pointed out that crushed aggregates are a cost-effective
type of stemming that can be typically produced on quarry operations and at
a desirable rate. The cost of crushed aggregates in South African surface
mines is affected by a number of operational elements, such as
transportation, blasting, and drilling. By increasing blasthole diameter from
89 mm to 102 mm, total unit costs can be reduced by about 0.091$%/m3 (Bilim
et al., 2020).

Ideally, in a typical open pit mine, the stemming material needs to be sourced
from a quarry and transported to the mine which can incur non-negligible
costs. In terms of the performance of crushed aggregates over drill cuttings,
studies have revealed significant differences in their effectiveness for rock
fragmentation and operational efficiency. A study by Sharma and Rai (2015)
found a better muckpile throw of 21.2% and an 18% increase in loading and
hauling productivity when crushed aggregate was used instead of drill
chippings. Additionally, crushed aggregate stemming resulted in smaller
average fragment sizes (i.e., Kso values of 0.45 .59 m) compared to drill
cuttings (Kso = 0.58 #0.77 m). In another study, crushed aggregates were
found to enhance explosive energy confinement, resulting in reduced wear

on crushing equipment and improved mill performance (Kojovic, 2005).
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24.13. Plaster stemming

Plaster stemming is a newly developed stemming material made of a thick
paste, which hardens in less than 25 to 30 min of application. Figure 2.12(a)
illustrates how the plaster paste is poured into the blasthole collar and Figure
2.12(b) shows the hardened plaster paste. This stemming technique has
been found to be more effective than traditional dry drill cuttings (Cevizci,
2012). When applied in a blasthole, the hardened plaster creates a strong
plug that confines the blast energy better, resulting in better fragmentation
and slightly higher ground vibrations. In a follow-up study, Cevizci (2019)
compared plaster stemming with drill cuttings. The researcher found that
blast-induced vibration was increased when using plaster stemming
compared to drill cuttings. This is an indication that more of the blast energy

is transferred and used to break the rock as the plaster confines blast-

induced pressure.

Figure 2.12: (a) Application of plaster paste into the blasthole collar; (b)
Blasthole filled with hardened plaster (Cevizci, 2013)

The comparison between plaster stemming and drill cuttings in surface mines
reveals significant differences in efficiency, cost, and environmental impact.
Cevizci (2019) observed that plaster stemming can achieve higher maximum
pressure (11 945 MPa) compared to drill cuttings (7 395 MPa), indicating
better energy utilization. Previous studies (Cevizci, 2013 & 2014) as well

showed that blasting costs can be reduced by 15-16% with plaster stemming
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due to increased burden and spacing distances. And while plaster stemming

was reported to increase vibration and air shock slightly, corresponding

values remain within acceptable limits.

2.4.2 Deck-charge blasting

7TKH SURFHVV RI GHFN FKDUJLQJ LQYROYHYV GLYLGLQJ V
VLQJOH GHHS EODVW KROH LQWR PXOWLSOH FROXPC
VHSDUDWHG E\ D VSHFLILF OHQJWK RI VWHPPLQJ RU D!
LQ )LIJXUH 7TKH W\SH RI VWHPPLQJ PDWHRWLD® XVHC
FROXPQ LV HLWKHU GULOO FXWWLQJV RU FUXVKHG DJJ
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Figure 2.13: Deck-charge arrangement for a quarry blast (Balamadeswaran
et al., 2018)
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GLVWULEXWLRQ RI WKH H[SORVLYH HQHUJ\ DQG UHGXF
7KH LPSURYHG GLVWULEXWLRQ RI H[SORVLYH HQHUJ\ Z
EHWWHU URFN I[UDJPHQWDWLRQ ZKLOH UHGXFHG H[SOF
ORZHU JURXQG YLEUDWLRQ@HUMVQRI® HW IX® QZDU
=KDQJ HW DO.DEZH UHSRUWHG D UHGXFV
RYHUVL]HG IUDJPHQWY ZLWK D PHDQ IUDJPHQW VL]H |
LPSURYHG HIILFLHQF\ RI ORDGLQJ DQG KDXOLQJ $00
IURP WKH XVH Rl GHFN FKDUJH EODVWLQJ WHFKQLTXH

Deck-charging is generally employed when the strength of the rock varies
significantly throughout the length of the blasthole (Balamadeswaran et al.,
2018). There are three possible locations where an air-deck can be placed
in a blasthole; namely, at the top of explosive charge, in the middle of the
explosive column, and at the bottom of the blast hole below the explosive
charge (Jhanwar, 2011). Each deck in the blasthole is initiated by a unique
primer containing an individual delay detonator which is in turn activated by

the passing detonation front from the detonating cord (Persson et al., 1993).

Deck charge stemming significantly contributes to air blast reduction in
surface mines by optimizing the explosive energy distribution and minimizing
undesirable side effects. Implementing top air decks has been shown to
reduce flyrock by 50% and back break by 38%, which are critical factors in
air blast generation (Monjezi et al., 2022). Deck charge stemming also comes
with its own drawbacks which may hinder its adoption in some surface mines.
In deck charge stemming, the necessity for certain materials and methods
may result in increased operating expenses that are not always outweighed
by the advantages (Zhang et al., 2018). Moreover, to the best outcome, the
top, middle, or bottom charge placement must be carefully considered when
implementing deck charge stemming. Misplacement may result in increased

ground vibration and inefficient blasting (Monjezi et al., 2022).
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2.4.3 Varistem® plugs

The Varistem® technology is a patented stemming plug designed for use in
mining, quarrying, and civil blasting. These plugs were patented by MOCAP,
a company based in the United States of America, under the patent number
US5936187A (Miller and Brown, 1999). ERG Industrial (Pty) Ltd is the official
distributor of the suite of Varistem® stemming plugs across South Africa,
Africa, and the world at large. The manufacturing process used to produce
Varistem® stemming plugs is known as dip moulding (Varistem, 2023).
During this process, a mould typically made from a metal is heated into a
specific temperature. The heated mould is then dipped into a liquid polymer
or plastic material. This material coats the interior surface of the mould,

forming a layer that will become the plug.

These plugs typically consist of wedge-shaped material made from suitable
plastics, which are designed to lock into place within a blast hole upon the
initiation of explosives. The plugs are manufactured from durable plastics,
which provide the necessary tear strength and flexibility to withstand the

forces generated during blasting (Bruce, 2017).

According to ERG Industrial (2023), Varistem® blast stemming plugs are
available in various sizes to fit blasthole diameters ranging from 45 mm to
251 mm as illustrated in Figure 2.14 below.

’
£eomi 251mm diameter 45mm - 51mm
216mm ohig i ol
diameter iameter plug
plug

Figure 2.14: Different sizes of Varistem® plugs available for use in blasting
(ERG Industrial, 2023)
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Once the charging of blastholes is complete, stemming plugs are inserted
between the explosive column charge at the bottom and the stemming
material to be filled on top as illustrated in Figure 2.15.

Charging Stick __
Stemming
Varistem Material
165mm plug * \

Detonation §

Cord

Explosives

Allow 30~ 40 min for explosives togasify in (1) before installing the Varistem Blast Stemming Plug in (2)
Figure 2.15: Schematic showing the installation of a Varistem® stemming
plug into a blasthole (ERG Industrial, 2020)

According to ERG Industrial (2023), the shockwave created by the
denotation of the explosive charge forces the plugs upward into the
stemming material. This then creates a temporal pressure seal in the
blasthole. The temporary pressure locks the plug in place and retain the
explosive energy for a short time while directing it into the rock mass to
weaken the rock. The sealing effect is crucial for enhancing the efficiency
and effectiveness of the blasting operation. As such, the Varistem® plug
operates by directing most of the shockwave/explosive energy into the rock
mass (Modern Mining, 2021). This prevents the explosive gases from
escaping and venting through the blasthole. It is therefore anticipated that

Varistem® stemming plugs may potentially lead to improved fragmentation,
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reduced occurrence of flyrocks, reduced noise and air blast, and increased
energy retention (ERG Industrial, 2023).

A coal mine in the Mpumalanga province of South Africa has been using
Varistem® stemming plugs at their operations since November 2019. Prior
to adopting the plugs, the coal mine was faced with challenges of significant
air blast. ERG Industrial then proposed the Varistem® as a way of reducing
air blast. The Varistem® plugs were tested and successfully reported to have
reduced air blast by 61% to 71% (Modern Mining, 2021).

Another successful case study exists at AfriSam  Rooikraal quarry. AfriSam
is a leading supplier of construction material such as cement, aggregates
and ready-mix concrete material. Their Rooikraal quarry is located within
Brakpan, in the Gauteng province. In 2021, a trial was undertaken by ERG
Industrial at AfiSDP IV 5RRLNUD D O intektDriJ &f \the #fdHwas to
demonstrate the energy retention capabilities of the Varistem® blast
stemming plugs by means of a split blast conducted on the production blocks.
The blocks were split into two sections: the first incorporated the 102 mm
Varistem® plugs while the other used crushed aggregates only for standard
stemming. Figure 2.16 illustrates this setup and the performance of the trial

blast upon initiation.

VARISTEM | 102mm |

- Progression
to this point

Figure 2.16: Performance of the standard versus Varistem® blast at
Rooikraal quarry (ERG Industrial, 2021)

34



A visual analysis of the two blasts in Figure 2.16 suggests an improvement
in overall energy retention for the Varistem® plugs (ERG Industrial, 2021).
This is because the Varistem® operates by directing most of the
shockwave/explosive energy into the rock mass. It is also evident that the
Varistem®-plugged block took a significantly longer time to release the
explosive energy into the atmosphere than the standard stemmed side. The
enhanced energy retention that was observed on site results in decreased

noise and vibration, decreased flyrocks, and improved fragmentation

Given the review covered above, it is important to note that there are
currently very few scientific publications on the Varistem® plugs. Selected
internal reports from the supplier, ERG Industrial, provide some insights on
the performance of Varistem® plugs. This database also contains a small
number of publicly available reports that are questioned for their scientific
validity. To fill this knowledge gap and validate some of the empirical data on
the performance of the plugs, a scientific investigation is necessary.

2.4.4 SPARSH

Stemming Plug Augmenting Resistance to Stemming in Holes (SPARSH) is
another commercial stemming plug available for use in engineering blasting.
Sazid (2014) reported that SPARSH can be efficiently applied to most
practical blasting conditions such as blasthole of any diameter, watery
blastholes, and blasthole in any direction or inclination. According to Saharan
et al. (2017), SPARSH does not restrict the type of stemming material and
stemming length. Moreover, it can be effectively used with air-decking above
the explosive column. Indeed, the combination of SPARSH and air-decking
has been found to be an effect way of enhancing explosive energy utilisation
(Sazid, 2014; OHOTQLNRY H MarEhénko, 1982).

The design of the SPARSH is comprised of a base plate and stemming
spikes that exerts an outward pressure on the wall of the blasthole when
inserted. This outward pressure locks in any blasthole pressure that might

arise from the detonation of the explosive column. Figure 2.17 shows a
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schematic of the arrangement of SPARSH while Figure 2.18 provides a
graphical comparison of the standard stemming method with the SPARSH
arrangement.

3719 R N, ol -

Figure 2.17: Arrangement of the SPARSH (Sazid, 2014)

y Detonating Fuse VOD 6000m's
)y
Detonating Cord
VOD 6000m/s 5m
Stzemmlng
rill Cutting
SPARSH
25m
8 meter| Air-Deck
5m Stemming I=lee
8 meter of Drill Cuttings
3m Emulsion Booster
3m
SME
Booster,
4009, Boost
\J 3 100g \j ster
215 mm
Standard charging pattern Charging pattern with SPARSH

Figure 2.18: A comparison between standard stemming arrangement versus
SPARSH (Saharan et al., 2017)

Note the difference in stemming arrangements in Figure 2.18 for a similar
geometry of the two blastholes: 8 m in depth and 215 mm in diameter. The
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standard charging pattern made use of a detonating cord with a 400g and
100g booster which was first inserted inside the hole. An emulsion explosive
of up to 3 m was used to charge the blasthole. Thereafter, drill cuttings were
used to stem the hole up to 5 m. On the other hand, charging with SPARSH
involved leaving a 2.5-m air gap above the 3-m explosive column by inserting
the SPARSH in place. The remaining blasthole column was stemmed with
drill cuttings. Sazid (2014) conducted several experiments on four different
mines comparing the SPARSH to conventional/standard stemming. One key
benefit observed with the application of SPARSH was the elimination of
boulders at all four mines investigated. The introduction of the SPARSH
subsequently led to the reduction of the mean fragment size by over 30% in
the muckpile. Additionally, D30% reduction in explosives required for blasting

was achieved while improving the fragmentation.

Finally, Saharan etal. (2017) UHSRUWHG WKDW WKH 63%$56+ FDQ OR
HMHFWLRQ YHORFLW\ E\ DSSUR[LPDWHO\ 7KLV
VWHPPLQJ HMHFWLRQ YHORFLW\ RI DERXW WLPHYV
VWHPPLQJ ZzDV DFKLHYHG 7KLV UHGXFWLRQ LV HVVHQ
Rl HISORVLYH HQHUJ\ GXH WR JDV YHQWLQJ WKXV LP:
HITLFLHQF\ $GGLWLRQDOO\ 63$56+ DOVR SURYLGHG
UHWHQWLRQ WLPH RI DSSUR[LPDWHO\ WLPHYVY WKDW
SUDFWLFHV

2.5 Significance of energy containment during a blast

,Q VXUIDFH PLQLQJ RSHUDWLRQV EODVW HQHUJ\ FR
REWDLQLQJ HIILFLHQW DQG VDIH EODVWLQJ UHVXOWYV
SURSHUO\ FRQWDLQHG PLQLPLVHV KDUPIXO HQYLURQI
RYHUSUHVVXUH IO\URFNV DQG JURXQG YLEUDWLRQV
ZRUN GRQH LQ IUDJPHQWLQJ DQG GLVSODFLQ@ WKH URI
RQ WKH OLWH U DRWKKH SIHINLIHZXNG VHFWLRQV LW LV HYL
KDV DQ LPSRUWDQW UROH WR SOD\ LQ WKH FRQWDLQP
EODVWKROH 2DWHV DQG 6SLWHUL VWDWHYV WKD
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H[SORVLYH JDV HQHUJ\ WKDW LV ZDVWHG LQ WKH FL
JXUWKHUPRUH XQGHUVWDQGLQJ WKH PHFKDQLVPV RI I
ULVNV LQYROYHG LV FUXFLDO IRU GHYHORSLQJ HIIHFW

6XFFHVVIXO EODVWLQJ LV WGHOODNWX GWVRIQR DWIGP LA
LPSRUWDQWGOGHQYHGRRPHQWDO LPSDFWV 7KLV FDQ I
FRQVLGHULQJ IDFWRUV VXFK DV URFN SURSHUWLHYV
FRQGLWLRQV LQ WKH GHVLJQ RI WKH EODWW D/®SHV H
7KH FRQFHSW RI 6FDOHG 'HSWK Rl %XULDO ©6'RY
EODVWLQJ HQIJLQHHULQJ WR RSWLPL]JH H[SORVLYH FKL
HITHFWLYHQHVYV RI EODVWLQJ RSHUDWLRQV

TKHB'R%WLYVY DQ HPSLULFDO PHDVXUH RI EODVW HQHUJ\
GHSWK FDQ EH GHVFULEHG DV WKH UDWLR RXQWKH VWH
RI HISORVLYHV ZLWKLQ D VSDFH HTXLYDOHQW WR KT

JLIXUH VKRZV D VFKHPDW LGF R% WHKWIBRRRE HI$ SWR |
EODVW GHVLJQ SDUDPHWHUV VXFK DV VWHPPLQJ EXL
RSWLPL]JHG (5* ,QGXVWULDO 7KLV FDQ KHOS F

DFFRPSOLVK WKH GHVLUHG URFN IUDJPHQWDWLRQ DQC
WKLV PLQLQJ RSHUDWLRQV PD\ EH DEOH WR PLQLPL]H
PHHW UHJXODWRU\ VWDQGDUGY DURXQG DLU EODVWYV
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Length of W

Figure 2.19: Schematic illustrating the scaled depth of burial concept
(Chiappetta, 2010)

$ FRPPRQ UXOH RI WKXPE XVHG ZKHQ GRLQJ 6'R% FDOF

EODVWKROH KDV D GLDPHWHU OHVV WKDQ PP D PD
EH XVHG WR FDQBEXIODMKHH EODVWKROH GLDPHWHU LV J
D YDOXH RI VKRXOG EH XVHG &KLDSSHWWD 7R’

GHSWK RI EXULDO ©6'R% FDQ EH FDOFXODWHG XVL
&KLDSSHWWD

j/.
5&K$+5

-

56;7'a

KHU& L S Eraw . DQGY9 L

JURP (TXDWLRQ DQG )L&XUHSUHDHERWN WKH GLVWD
WKH VXUIDFH WR WKH FHQWUH R WHKHWKWMHP DNVK/D B J H
H[SORVLYHV HTXLYDOHQW WR  H[SO.RMNI WHKE LOR & IWHK
RI H[SORVLYH, WASBHVHQWYV WKH RVRELVWHRH LIQRO H

GLDPHRMPHIQELY WKH DYHUDJH LQ KROH GHQVLW)\ RI H[S

JLIXUH LOOXVWUDWHY WKH VLJELSIRFFIDWE B\ RQ IWHKRZ 6\RK
UDWLR RI VWHPPLQJ WR H[SORVLYHV LQIOXHQFHV V
FRQILQHPHQW
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Figure 2.20: Pictorial definition of the scaled depth of burial (Chiappetta,
2010)

,W FDQ DOVR EH VHHQ WKDW GHHSHU EXUBRBRBHEHSWKYV

YDOXHV ZKLFK OHDG WR PRUH FRQWUROOHG HQHUJ\
LPSDFWV 7RELQ VWDWHG WKDW pLI WKH VWHPPLC
LV WKH UDWLR RI VWHPPLQJ PDWHULDO WR H[SORVLY|
WKH HQHUJ\ UHOHDVH LV XQFRQWUROOHG ZLWK WKH
PDQLIHVWLQJ LWVHOI LQ QXLVDQFH VXFK DV IO\ URFN
WKH HQHUJ\ DSSOLHG WR URFN EUHDNLQJT

2.6 Previous studies on air blast reduction

The environmental impacts caused by blasting activities must be monitored
and controlled to minimize any disturbance to nearby residents. Several
researchers have studied air overpressure (AOp) and proposed various
generalized models. These models generally built using scaled distances as
well as linear and multiple regression have since registered varying degree

of success as control tools for blast-induced AOp.
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As highlighted earlier in Section 2.2.3, the USBM has studied air blast from
several surface mining operations and has come up with safe regulatory
limits for air blasts. In addition to this, the USBM developed an empirical
model for predicting air blast (Siskind et al., 1980). The USBM predictor
model makes use of the cube-root scaled distance method to predict AOp.
This method is widely accepted in surface mines and quarries (Kuzu et al.,
2009; Hajihassani et al., 2015; Segarra et al., 2010; Siskind et al., 1980). The
scaled distance ( @ method captured in Equation (2.3) below is popular in
surface mines and can be applied in the absence of monitoring instrument to
predict AOp (Hajihassani et al., 2015). The cube-root scaled distance formula
used for predicting air blast is indicated in Equation 2.3 (Siskind et al., 1980,
Ratcliff et al., 2011):

Ya
p.

@L (2.3)

Where &g denotes the distance (in m) from the monitoring station to the
explosive charge; 9;is the explosive charge weight per delay (in kg); and @

is the cube-root scaled distance expressed (in m.kg*3).

Since the intensity of air blast decreases with distance more rapidly than
ground vibrations, the cube root of the charge weight, instead of square root,
is more useful for predicting air blast intensity (Gou et al., 2020). It should be
noted that the scaled distance ( @ is different from the scaled depth of burial
(SDoB) discussed in Section 2.5. The latter relates to the confinement and
energy release of the blast. The scaled distance on the other hand is
associated with the distance from the blast site to the monitoring point ( &)
divided by a scaling factor based on the explosive charge weight (95
(Ratcliff et al., 2011).

To come back to the USBM predictor model, using Equation (2.3) above, a
site specific AOp attenuation formula was established to predict air blast
levels. This is done through statistical analysis techniques such as least
squares regression analysis and the resultant USBM predictor equation is
given below (Kuzu et al., 2009):
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#1L L * @ (2.4)

Where # 1 lis the air overpressure (in dB); * and Uare dimensionless site-
specific factors; and @is the scaled distance factor in Equation (2.3) above

expressed (in m.kg/3).

In a study by Alaba et al. (2023), Equation (2.4) was tested along with other
empirical models to predict air blast levels at a mine. The comparative
analysis looked at the performance of each model in terms of their respective
accuracy and precision. The USBM model (Equation 2.4) was found to be
more reliable compared to other empirical models. Equation (2.4) recorded
a coefficient of determination R? = 0.9913, a root mean squared error RMSE
=0.2729, and a standard error SE = 9.60. In essence, an R? of 0.9913 means
that Equation (2.4) can account for 99.13% of the air blast data collected at
the mine where the study was undertaken. Meanwhile, a RMSE of 0.2729
indicates that Equation (2.4) is a better model fit and has yielded an almost
accurate prediction of air blast at the mine. However, the standard error
suggests that there is a slight deviation of 9.60 when comparing the predicted
data to the measured data. Basically, a model is considered an ideal fit when
R2=1, RMSE =0, and s = 0.0% (Khemlani and Trafton, 2014; Sapra, 2014;
Larry and Taylor, 1997).

Kuzu et al. (2009) also explored the use of the industry accepted cube-root
scaled distance method outlined in Equation (2.3). However, Kuzu et al.
(2009) realised that the use of the 5 &method alone provided a limitation
because it restricted the mass of explosives to be used per delay. To address
this limitation, Kuzu et al. (2009) modified the empirical formula and infused
it in Equation (2.4). In doing so, the researchers were able to take site-
specific factors such as the geological properties of the rock mass into
account. Afterwards, they discovered that their predicted AOp levels were
still high probably due to stemming. Indeed, their blast design incorporated
small length of blast holes making the available length of stemming to be
short. As a result, the blast holes often blew out the stemming material

resulting in high air pressure waves. The role of the discontinuities present
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in the rock structures probably also had an impact on the outcome of their
results. The researchers then recommended that the most sensible course
of action for future enquiry would be to set blasting parameters adequately
at the source of the blast. It is important to note that recorded deviations less

than 7% from the measured air blast levels on site.

In another study, Segarra et al. (2010) investigated air overpressure in quarry
blasting by introducing a new prediction model. The model was based on the
peak overpressure from blasting and air blast data gathered from 41 blasts
monitored at two quarries. Here also, Segarra et al. (2010) made use of the
scaled distance method (i.e., Equation 2.3) to develop their own empirical
model of air blast. They then established that peak overpressure (2 is
related to the scaled distance as indicated in Equation 2.5 (Segarra et al.,
2010):

2 L3 @ (2.5)
Where =,and =;are coefficients of the peak overpressure attenuation laws

of mass-scaled distances as given in Table 2.2 below.

Table 2.2: Coefficients = [in 2= kG &> 7o?Q] and = [dimensionless]
descriptive of the peak overpressure attenuation laws of mass-scaled

distances (after Segarra et al., 2010)

Source Description of the tests & Ty tu
(Hz)
Quarry blasts. Behind face 0.1 622 -0.515
USBM Quarry blasts. Direction of the 0.1 19,010 -1.12
(1980) initiation
Quarry blasts. Front of face 0.1 22,182 | -0.966
Confined blasts for air blast n.s. 1906 -1.1
ISEE suppression
(1998) Blasts with average burial of n.s. 19,062 -1.1
the charge
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Quarry blasts in competent 2 261.54 | -0.706

Kuzu et al. | rocks

(2009) Quarry blasts in weak rocks 2 1833.8 | -0.981

Overburden removal 2 21,014 | -1.404
Hustrulid Detonation in air. Unconfined n.s. 185,000 -1.2
(1999)

B.is the lower frequency of the transducer.
QV VWDQGV IRU 3QRW VSHFLILHG"

To build the model, Segarra et al. (2010) introduced a new parameter #

which resulted from accounting for asymmetrical propagation of air blast:

2L # B (2.6)

Where #is an asymmetry correction factor defined as the product of the
coefficient =, in Equation (2.5), the bench face factor #;, and the initiation

sequence factor #, By replacing all these three factors into Equation (2.6),
the below can be obtained:

2Lz ## @ 2.7)

Segarra et al (2010) went further and accounted for the directional effect of

rock displacement. They proposed that factor #y in Equation (2.7) is an

amplifier of air overpressure at the bench floor level. This was expressed as

follows:
#y L ATLg=2KOa; (2.8)

The initiation sequence #; factor, on the other hand, which accounted for

wave superposition in the direction of the initiation was defined as:
#oL AT 9y, (2.9)

Where 9 ,is a function of the angle and velocity of the initiation.
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By combining Equations (2.8) and (2.9), the following predictive equation was

formulated:
2 L3 € ATE ?KOA/E9% (2.10)

A linear type of microphones connected to the blasting seismographs were
used to measure AOp. These measurements were taken around the blasted
blocks at distances ranging from 45 m to 394 m for the 41 blasts. The
measured peak overpressures ranged from 482 Pa to 6 Pa with a relative
expanded uncertainty of 13.1% (Segarra et al., 2010). Using the model in
Equation (2.10) resulted in a coefficient of determination of 0.87. This means
that the model accounted for 87% of the variance in overpressure and was
found to be statistically meaningful. The mean of the absolute values of the
relative errors for the data set was found to be 32%. This value measures
how accurate the model is by comparing the predicted and measured

overpressures.

In a more recent work, Jaroonpattanapong and Tachom (2021) studied blast-
induced AOp by focusing on two controllable parameters: the delay time
between rows or circuits and the anticipated direction of the blast. The work
involved making use of a wavefront reinforcement model to describe AOp.
The researchers chose this model because they wanted to test the theory
stating that AOp levels increase at locations where air wavefronts are
reinforced. Figure 2.20 illustrates the principle of wave reinforcement from

blastholes.
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Wavefront from hole 2

N
/ l\

Figure 2.21: (A) Wavefront propagation from a blasthole; (B) wavefronts from

Hole2 Hele 1

(8)

two blastholes with time delay between initiations; (C) reinforcing wavefronts
from two blastholes with time delay between initiations (Richards, 2008;

Jaroonpattanapong and Tachom, 2021)

The wavefront reinforcement model in Figure 2.20 is a framework that works
on the principle that when a single blasthole is fired, an air-transmitted
vibration wavefront occurs. The wavefront then spreads uniformly in all
directions and propagate at the speed of sound R At any period after the
blast, the wavefront will be at a radius Nfrom the blasthole, which is
proportional to time Fbased on the relationship N L R Af two blastholes are
initiated with a time delay between holes, the wavefronts will be of different
radii because of the delay time and different centres. Wavefronts from two
blastholes with time delay between initiations coincide and reinforce in the
same direction (see Figure 2.20C). The researchers applied this AOp
wavefront reinforcement model to 54 blasts. Coordinates of each blast hole,
drill pattern, burden, spacing, and delay time between blast holes were
collected to aid in determining the radius of each blast hole as shown in
Equation (2.11) below (Jaroonpattanapong and Tachom, 2021):

Al?2eu
4, LAY (2.11)

Where 44 is a radius of the diameter of each blasthole (in m); & is the
velocity of the sound wave the default value of which is 340 m/s; 6is the
fixed default time value per blasting round which is 2 500 ms; and R is the
relative initiating time of each blasthole compared to the initiating time of the
first blasthole (in ms).
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To determine the wavefronts reinforcements, data relating to the coordinates
of blast holes, drill pattern, burden, spacing, and delay time between blast
holes of the blasts were collected. This data was recorded, and Equation
(2.11) was used to calculate 4 for the different blastholes. The coordinates
of the blastholes and radii data were then transferred to AutoCAD® software
and processed through a script file (Jaroonpattanapong et al., 2018). Using
this software, wavefront circles were then generated from the first blasthole
to the last. Once these wavefront circles overlap, two locations if
reinforcement and non-reinforcement are identified on the wavefront. A
handheld GPS is then used to locate these identified areas on site using their
coordinates. Seismographs are then placed at these locations to record

vibrations.

Out of the 54 blasts that were conducted for their study, only 37 blasts
generated wave reinforcements. And from the 37 experimental blasts, 29
blasts (or 78.4%) recorded higher AOp levels at the areas where the
wavefront reinforcement occurred while 8 blasts did not follow the wavefront
reinforcement. Moreover, the researchers observed that the wavefront
reinforcement areas are generally clustered in two areas: the front and the
back of the blasting direction as exemplified in Figure 2.22. The parallel red

lines indicate reinforcement areas.
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Figure 2.22: Wave reinforcements of air waves during blasting

(Jaroonpattanapong and Tachom, 2021)

In essence, Jaroonpattanapong and Tachom (2021) found that the wavefront
reinforcement model offers an alternative solution to reducing the blast-

induced air overpressure.
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2QH VLPSOH HPSLULFDO IRUPXOD IRU SUHGLFWLQJ $
IDWLRQDO $VVRFLDWLRQ RI $XXW UPIDONLIOHP BWD WIHO PR
DSSOLFDEOH WR FRQILQHG EODVWKROH FKDUJHV L\
+DMLKDVVDQL $@WDE® HW DO

584 L. D.
#1L L7 #§_644G
"KHUHILLY WKH DLU RY HU6U HWRK/EKK PPHD VIVORIT FKDUJH SHU ¢
LQ NJ &WKH GLVWDQFH IURPPWKH IUHH IDFH LQ

Alaba et al. (2023) evaluated the performance of Equation (2.12) at a mine
in Ghana and compared it with other existing models. The NAAS model
yielded RMSE = 0.8482 and R? = 0.5312. These values did not indicate a
good fit of the NAAS model when the USBM model in Equation (2.4) and the
model by Mckenzie (1990) performed better.

Mckenzie (1990) conducted a study on air blast monitoring from quarry
mines. The scope of his research was to understand the generation of air
overpressure from production blasts. In his assertion of the phenomenon, he
indicated that the air overpressure pulse is likely caused by the shock wave
created by the detonation of the explosive charge, rather than the initial
movement of the blast face. In order to make accurate predictions of AOp,

the following empirical formula was then proposed (Mckenzie, 1990):
#1L LsXWF tv HHE=p (2.14)

Where # 1 lis the air overpressure (in dB); 95is the explosive charge weight

per delay (in kg); and &sis the distance from the free face (in m).

In testing Equation (2.14), Alaba et al. (2023) found WKDW OFNHQ]JLHYV PRCGC
yielded R? = 0.9886 and RMSE = 0.2982. Ideally, an R? = 0.9886 means that
Equation (2.14) can account for 98.86% of air overpressure data collected at
the mine operation where the study took place. Meanwhile, a RMSE of
0.2982 LQGLFDWHV WK Dodelds-a\Nbdte@] mbdgMit on the data set
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with an almost accurate prediction of air blast. Despite its usefulness,
Mckenzi Hstair blast prediction model has several limitations. Its development
mostly relied on empirical site-specific data. The model also does not take
into consideration factors such as blast geometries and geological
conditions, which might have a substantial influence on air overpressure
(Szendrei and Tose, 2023). The impact of air resistance and other physical
elements that are essential to the precise forecasting of air blast are not
included in the model (Mishra et al., 2023). In addition to the above, variations
in input parameters, including charge size and delay timing, can affect the
predictive ability of the model. This could then produce inconsistent
outcomes if the underlying assumptions are not true for various blasting
operations (Marto et al., 2014). Finally, it is worth noting the lack of sufficient
scientific papers WKDW WHVWHG 0F Nk hifi¢/sieRGHO DW

The review presented above is a summary of relevant empirical models of
air blast; however, the effect of stemming is yet to be captured. This research
study attempts to address this by testing the contribution of the Varistem®
stemming plugs to the reduction of air overpressure in surface mining

operations.

2.7 Concluding remarks

Air blast is a byproduct of blasting in surface mines. Whenever explosives
are detonated during blasting, environmental impacts such as air blast and
ground vibration are generated. Air blast is produced from four sources: the
rock pressure pulse (RPP), air pressure pulse (APP), gas release pulse
(GRP), and stemming release pulse (SRP). APP and RPP are unavoidable
air blast sources in bench blasting, with APP being the most dominant. In
contrast, GRP and SRP are controllable sources. They are also the main

cause of annoyance near the blasting site.

Surface mines make use of blasting seismographs to measure air blast and

ground vibration. These seismographs have a built-in microphone for
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measuring and recording air blast as well as a geophone for ground
vibrations. The United States Bureau of Mines (USBM) studied air blast
across surface mines and recommended an industry safe limit of 134 dB to
avoid human irritation. Several blast design parameters influence air blast
generation in surface mines. They include specifically burden, spacing,
stemming length, and charge weight per delay. Weather conditions such as
wind speed and direction as well as atmospheric pressure are also factors
that affect the speed of the air blast wavefront. In addition to this, the
occurrence of temperature inversions refracts air blast waves back to the
ground and focuses the air overpressure towards existing infrastructures.
The rate of decay of air blast with respect to distance can be influenced by
topography. As such, air blast levels may be higher in valleys because of

terrain conditions.

Mining operations also utilize different stemming material and technologies
to aid in containing blast energy. One of such technologies is the Varistem®
plugs which is the object of this postgraduate research study. Additionally,
understanding blast design concepts such as scaled depth of burial can aid
in blast energy confinement and result in a more efficient blasts. A well
confined explosive charge tends to produce a more controlled energy blast
leading to reduced air blast pressure. Alternatively, insufficient explosive
charge confinement can lead to an uncontrolled energy blast thereby leading
to high levels of air blast. To the best of our knowledge and based on the
literature review conducted, no model was found that considered the

stemming types and technologies.

Lastly, this review looked at currently existing air blast prediction models and
their testing at different surface mines. From the review, two of the most
common prediction models in use DUH WKH 86%0 PRGHO DQG OFNFE
model. These models were found to have better performance indices (R?,
RMSE and s) when applied at certain blasting operations. These
performance indices indicated that the models were a good fit and a more

accurate predictors of air blast. In light of this, the applicability of these two
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models is explored later in Chapters 4 and 5. This dissertation proposes to
explore the potential of the Varistem® plugs at reducing air blast during
blasting in surface mines. Understanding the contribution of the plugs to
blasting operations can add to the body of knowledge by making available
data for use by the scientific community. Moreover, this knowledge could be
beneficial to mining engineers, construction sites, and government
institutions responsible for making policies and laws. The review highlighted
the lack of scientific studies on the contribution of Varistem® plugs. This gap
in knowledge requires a scientific enquiry to confirm some of the empirical

evidence on the performance of the Varistem® plugs.
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Chapter 3 Experimental work and data collection

3.1 Introduction

This chapter includes pertinent information about the equipment utilized, the
experimental design plan, and the standard operating procedure for
monitoring air blast. The technique and data gathered are presented in line
with the goals of the dissertation. The challenges encountered throughout
the experimental research and their effects on the findings are also

discussed.

3.2 Overview

The aim of this research was to assess the potential of the Varistem®
stemming plugs in reducing blast induced air blast at a surface mine. To fulfill
the purpose of the study, blasting seismographs were used to monitor the air
blast on site. Blasting seismographs are specialized instruments that allow
easy and accurate monitoring of air overpressures produced during blasting.
The seismographs used in this work were located at distances ranging from
100 m to 700 m away from the pit. And air blast monitoring was carried out
for several blasts over a period of five months. During this period, data
relating to the blast design as well as the air blast levels produced for each
blast were collected and recorded for further analysis. The blast designs
were provided by the planning department at the quarry. However,
implementing the blast designs involved carrying out certain activities for
each blast in order to complete the blasting process.

Marking and drilling of holes on a bench using the surface drill rig was the
first activity carried out. Secondly, measuring the drilled hole depth to confirm
if it matches the plan outlined on the design followed. Inserting detonators
and boosters on each blasthole was then carried out. Charging blastholes
with emulsion explosives then took place. After charging, Varistem® plugs
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were inserted inside the holes using a tamping rod. Crushed aggregate
stemming material were then used to fill the holes up to the hole collar.
Blasting seismographs were then positioned at two locations around the pit
to facilitate monitoring of air blast levels. Blasting was then initiated and
facilitated through the use of blasting boxes near a close proximity to the pit.
Detailed descriptions of each procedure are discussed in the subsequent
sections. The section below gives an overview of the quarry where the data
was collected. Lastly, a site description of the quarry where data was
collected is also presented.

3.2.1 Overview of the quarry

This research study was carried out in a South African quarry in the Gauteng
province. The real name of the mine site will not be disclosed for this research
at the request of the mining company. As a result, the mine site is be referred
to in this dissertation DV 34 XDUU\ 70"

Quarry TM is an established operational mine in operation since 1962. Open-
cast mining is used in the quarry to extract granite for further processing. The
aggregates mined are then produced in different grades, mostly for ready-
mix applications in the road building and construction industries. Drilling and
blasting is used to fragment the rock of value for processing. The fragmented
muckpile is then loaded onto haul trucks for transportation to the crushing

and screening plant available on site.

The maximum footprint of the quarry has been reached in the southern and
northern sections of the pit. So, current mining is undertaken in the northern
end of the pit while medium and long-term expansion of the pit are being
planned for the eastern side.

The exposed granite is mined by conventional drilling and electronic blasting.
The blasted material is hauled and dumped into one of two primary crushers
located South (A-Plant) and West (B-Plant) of the pit as illustrated in Figure
3.1
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Figure 3.1: Layout of the primary crusher plants at Quarry TM (Source:

Google earth images)

The run-of-mine material is then crushed and screened to produce various

types of aggregates and sands.

There are two operational Ready-mix plants located on Quarry TM. These
plants make use of some of the aggregate material generated by the mine to

produce ready-mix.

The neighbouring facilities near the quarry include taxi rank, industrial
warehouses, residential settlements, and corporate offices as shown below

in Figure 3.2.
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Figure 3.2: Neighbouring facilities around Quarry TM (Source: Google earth

images)

As such, the mining company thrives to adhere to US Blast Management and
Consulting standards in view to limit the impact of drill and blast operations
on the neighbourhood. In addition to this, all its operations are managed in
accordance with the ISO 9001 Quality Management standards. This includes
making use of electronic blasting technology which enables the Mine
Planning Department to simulate and appropriately design the blasts. The
latter ensures that ground vibrations are kept below 22 mm/s, or below 25
mm/s if the frequency is above 14 Hz, and below the 125 dB for air blast limit.
The US Office of Surface Mining and Reclamation Enforcement specifies a
safe overpressure level of 133 dB and below for impulse air-blast in a
frequency range of at least 2 +£200 Hz (Singh et al., 2005). Furthermore, the
company takes precautions to limit fly rocks and noise generation during
blasting by judicious stemming all blast holes. Numerical simulations of blast
designs also help verify the expected blast outcome.

One of the main objectives of this research is to measure the air blast profile
of Quarry TM with and without Varistem® plugs as part of the stemming
arsenal.
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3.2.2 Site description
The type of rock found in the mine area is mainly granite, with an average
uniaxial compressive strength of 133 MPa. This local rock has an average
density of 2 650 kg/m3.

Figure 3.3 shows a geological map of the quarry with the area to be blasted
for the duration of the study enclosed in the black circle. The main rock type
which makes up most of the pit is represented in blue. A shear zone
represented in green colour cuts across the pit. There is also the presence
of a dolerite dyke on the far right of the area to be blasted. This highly variable
formation is characterised by discontinuities in the rock mass that can give
rise to a wide range of air blast vibration levels. Most importantly, the map
shows residential areas, a taxi rank facility and distribution warehouses

surrounding Quarry TM.

N

G

Figure 3.3: Geographical map of the quarry (Source: Picture supplied by
Quarry TM)

In terms of the blast designs used, crushed aggregates produced on site
were used for stemming with and without the 102 mm Varistem® plugs
depending on the experimental programme. Blastholes of diameter 102 mm
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are drilled in staggered pattern for a burden of 2.8 m and a spacing of 3.0 m.
The benches had an average height of 12 +13 m, with a stemming length of
1.9 £3 m. The blasthole depth was at an average of about 15 m, with a
subdrill of 0.50 m.

3.3 Experimental work and equipment used for collecting

data

This section outlines the actual experimental work that was carried out for
the purpose of this study. Firstly, the data acquisition and experimental set
up of the study are presented. Secondly, the equipment and tools used in
collecting data are also presented. The drilling, charging, and blasting
procedures were observed at the mining site for five months. Data gathered
during the observations included the blast location, bench and hole
conditions, date and time, basic weather conditions, stemming parameters,

and the air blast level.

3.3.1 Data acquisition and experimental setup

One of the main objectives of this study was to measure the air blast at
various locations during blasting. At Quarry TM, the main instrument used for
air blast is the Nomis seismograph. Air-overpressure (# 1 )in dBL, distance
(&) from the blast face to the monitoring station and the explosive charge
weight ( 9 5) were all output data obtained from the instrument. This data was
acquired from the benches circled as the area to be blasted as identified in

Figure 3.3 above.

To start the experiment, data related to the blast design patterns; coordinates
of drill holes, numbers of blastholes to be drilled per round, hole depth,
stemming length and explosive charge weight per blasthole were collected.
For this experimental work, a series of tests were conducted and organized

as follows.
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X First tests involved 15 blasts incorporating the Varistem® stemming
plugs while their respective air blast profile was monitored from two

locations, namely, Station A and Station B.

X Second tests entailed 12 blasts with standard stemming while air blast
was also monitored from two locations, namely, Station A and Station
B.

In terms of the second group of tests, historical data had to be relied upon to
fulfil the objectives of the study. Blast data spanning for a period of five
months was collected as part of the results highlighted in Chapter 4.

Table 3.1 provides a summary of technical information on the adopted blast
design with and without Varistem® stemming plugs.

Table 3.1: Blast design parameters used in the research study

'"HVFULSWLRQ 3URSRVHG SDU
3DWWHUQ 6WDJJHUHG
+ROH GLDPHWHU PP
%XUGHQ DQG VSDFLQJ [ P
$WHUDJH EHQFK KHLJK\ + P
BWHPPLQJ OHQJWK + P
$YHUDJH H[SORVLYHV | “ NJ KROH
7HFKQLFDO SRZGHU ID *“ N P fi
6WHPPLQJ PDWHULDO PP RI DJJUHJ
([SORVLYH 1129(;
,1123%$&. FDUW

The GPS Tremble system was employed to determine the correct depth and
position of each hole. The information was rendered on a computer as

exemplified in Figure 3.4 below.
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Figure 3.4: Example of drilling pattern used for the benches (Source: Picture
supplied by Quarry TM)

To accommodate the overburden and avoid oversize fragmentation, angled
holes were drilled on certain holes identified on the blast design. The angled
holed were identified and informed by the presence of geological

discontinuities such as faults or wedges on the blast design of certain areas.

INNOVEX 100 base type bulk emulsion was used as the preferred explosive.
Set at a density of 1.2 g/cm?3, the emulsion was primed with INNOPACK
cartridges. And as per Table 3.2, the mass of explosives by design required
for effective fragmentation is 1.15 kg per cubic meter of rock. An electric
initiation system with delaying detonator was used to conduct the blasting
rounds (shots). Additional data on the hole depths before and after charging
for all the blasts was collected. The actual mass of explosives loaded per
hole and the corresponding stemming length were also recorded. This
information is available in the Appendices while relevant data are later
processed in Chapter 4.

In terms of air blast data, the blasts on the quarry were organized in such a
way that each shot was monitored from two separate stations; namely,

Station A and Station B. Figure 3.5 below shows an aerial view of the pit and
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seismographs.

Figure 3.5: Aeriel view of the pit showing the location of the seismographs

(Source: Image adopted from google earth images)

Quarry TM has several nearby facilities in its neighbourhood as explained in
Section 3.2.1 above. This situation not only justified the choice of locations
for the seismographs, but it also motivated the inception of this research

study.

The two monitoring stations were located respectively about 100 m and 700
m away from the blast. A mobile Nomis seismograph was set up at each
station. These seismographs were positioned at each station about 30 min
prior to a blast. They were then programmed to start recording 15 min prior
to a blast. The data pertaining to the recorded blast events by the
seismographs are discussed in Chapters 4 and 5. Finally, the vibration

reports and associated raw data are available in the Appendices.
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3.3.2 Equipment and tools used for the collection of data

For this study, the experimental data was collected using the following
equipment: surface drill rig, electronic detonators, boosters, emulsion, and
cartridge explosives, measuring tape, Varistem® plugs, crushed aggregates,
logger, surface wire, blasting box, antennas and blasting seismographs. All
the relevant information pertaining to the above equipment is provided in the

subsequent sections.

3.3.2.1 Surface drill rig

The first step of the blasting cycle is drilling holes through the rock mass.
Ideally, four rows of blast holes parallel to the free vertical face of the bench
with a burden of 2.8 and spacing of 3m were drilled close enough to loosen

the rock in between.

At Quarry TM, before drilling could take place, a Global Positioning System
(GPS) Trimble system was employed to determine the accurate drill hole
depth and drill pattern. Once the quality control was done, a surface drill rig
machine (Figure 3.6) fitted with 102 mm drill bits was utilised to carry out the

drilling of the blastholes across the benches.

Figure 3.6: Surface drill rig (Source: A X W K Bidiufiey
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After drilling was complete, the blasthole length had to be re-measured by
means of a measuring tape. The re-measured blasthole length was at an
average of 12-15m for the different benches per blast with a subdrill of 0.50m.
Additionally, the number of drilled blastholes per blast were at an average of
30 to 200 holes depending on the size of bench being blasted. The
remeasuring of blastholes was done to ensure that the length of each drilled
hole was consistent with the blast design layout. An illustration of how this
was done can be seen in Figure 3.7 below. This critical task of quality control
was executed in close collaboration with the drill and blast team. Each
blasthole depth was recorded across the bench on a field workbook. The
template of the field workbook is included in the Appendices at the end of

this dissertation.

2 %

Figure3.7 OHDVXULQJ RI GULOOHG EODVWKROHYV
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3.3.2.2 AXXIS™ electronic delay detonator

The detonators that were used to initiate blasting are AXXIS™ electronic
delay detonators. These are manufactured and supplied to the quarry by Bulk
Mining Explosives company trading as BME.

The following specifications of the AXXIS™ electronic delay detonators used

in this work should be noted:

x 7KH\ KDYH D GHOD\ WLPH UDQJH RI WR Vv
LQFUHPHQWYV

x 7KLV W\SH RI GHWRQDWRU VKHOO LV PDGH XS RI

FRSSHU DOOR\

[

X TKH GHWRQDWRUVY KDYH D QRPLQDO RXWHU GLDF

QRPLQDO OHQJWK RI PP
Xx 7KH G\QDPLF VKRFN UHVLVWDQFH LV 03D

It should also be noted that these AXXIS™ detonators only function with the
AXXIS Eblasting boxes covered in Section 3.3.2.9. In addition to this, special
security PIN codes are required to operate the system. In situation where a
EODVW QHHGY WR EH DERUWHG DW VKRUW QRWLFH

disarm all detonators.

After measuring the length of the drilled holes, the next step was to prepare
the electronic delay detonators. Figure 3.8 shows the type of electronic delay
detonators that were used and how they were inserted into a booster before
being taken down the blastholes.
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Figure 3.8: (a) Electronic detonator, (b) Insertion of a detonator inside a
booster explosive (Source: A X W K Bidiufey

A detonator is a device that typically comes with a tiny amount of explosives,
a signal transmitter, and perhaps a timing mechanism, all of which are
housed inside of a cylindrical metal shell (Orica, n.d.). The detonator was
equipped with a colour-coded connector clip (Figure 3.9a) that made it simple
to connect it to other shock tube assemblies and to the surface wire (Figure
3.9b).

Figure 3.9: Detonator cord attached to a colour-coded connector clip
(Source: A X W K Bidiiufey

At Quarry TM, AXXIS™ detonators can be connected to denotating cords
usually 5 m to 20 min length depending on the depth of the blastholes. These

detonating cords are made from a specific length of shock tubing that had an
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ultrasonic seal at one end and a millisecond delay detonator crimped to the
other. Within 10 cm of the seal, the shock tube is attached to a label that has
the precise delay written on it. Colour-coded labels were used to distinguish

between various delay assemblies as shown in Figure 3.9.

3.3.2.3 Emulsion explosives

INNOVEX 100 base emulsion is the type of explosives usually charged into
the blast holes at Quarry TM. The emulsion explosives used for the purpose
of this research are manufactured and supplied to the quarry by BME (Bulk
Mining Explosives) company. INNOVEX 100 base emulsion is a class 5.1
oxidizing agent with UN classification number 3375. A class 5.1 oxidizing
agent refers to substances that can enhance the combustion of other
materials (Vladimirovich et al., 2014; Fei et al., 2020). Moreover, a UN
FODVVLILFDWLRQ Q XP Ehusions, editbbhid) Watdy-Resistant
indicating that these emulsions are designed to maintain stability and
performance in wet conditions (Raines and Doup, 2023).

Gassing agents play an essential role in the formulation and performance of
emulsion explosives. This gassing agent creates bubbles within the
emulsion. The presence of gas bubbles improves the detonation velocity of
the explosive (Mishra et al., 2017). In essence, absence of gassing agent or
gas bubbles within the emulsion means that the explosive may not achieve
optimal detonation velocity (Mishra et al., 2017). When sensitised with the
gassing agent, INNOVEX 100 becomes a booster-sensitive emulsion
designed for opencast mines. INNOVEX 100 is a low viscosity black
emulsion specially formulated using recycled oil and alternative fuel. It is
sensitised to a cup density of 0.9 +1.2 g/cm? by using a suitable sensitising
agent. A cup density of 0.9 +1.2 g/cm? ensures that the explosive is neither
too insensitive nor too sensitive, balancing safety and effectiveness (Anders
and Borges, 2011). INNOVEX 100 sensitisation entails the use of an
appropriate sensitising agent, usually sodium nitrite (NaNO 9. Ammonium

nitrate (NH NO X as the main ingredient of the emulsion reacts with this
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sensitising agent. Within the emulsion, bubbles are formed by the nitrogen
gas that results. The overall density of the emulsion is successfully
decreased by the gassing agent through the formation of gas bubbles.

Optimising the performance of the explosive requires this reduction.

Upon sensitising the emulsion explosives, the sensitised slurry was pumped
into the blastholes as shown in Figure 3.10. The quarry makes use of
emulsion because it is water-resistant. To prevent overcharging the holes,
the team leader provides the person operating the truck carrying explosives
with the mass of explosives needed per hole. A second-round of tape
measurement of the stemming is performed as part of quality assurance
protocols to check if blastholes were correctly charged. Where holes are
found to be overcharged, a honey sucker (see Figure 3.15 in Section 3.3.2.4)

is used to extract the excess emulsion.

L= = 22 < o N —

Figure 3.10: Charging of holes with emulsion explosives (Source: AXWKRU TV
picture)

It is important to charge and allow for the gassing of the explosives inside the
hole. Transparent cups 400 g in size were also used as the charging was

carried out (Figure 3.11b). These cups were filled with the emulsion to
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observe the gassing process as shown in Figure 3.11(a). Gassing was
allowed to take place to determine whether it was safe to apply stemming to
the blastholes. Based on the gassing observed in the 400 g cups, the gassing

process inside blastholes was allowed for a period of 30 to 40 min.

g

e (o e

Figure 3.11: (a) Observing of gassing of the explosives inside the 400 g cups
and (b) Filling the cups with the emulsion explosive (Source: A X W K pidiufiey

There was serious water seepage present across the pit which caused some
holes to be filled with water. To address this inconvenience, the explosive
hose was pushed to the bottom of the hole before pumping could proceed.
This allowed the water-resistant emulsion to settle from the bottom of the

hole and displace the water as shown in Figure 3.12 below.
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Figure 3.12: Displacement of water from the blasthole during charging
(Source: A X W K Ridiiufey

In the case where a toe of a bench or a big boulder had to be blasted, Mega-
mite 50 x 580 cartridges shown in Figure 3.13 were used to charge the
blastholes and perform secondary blasting. These cartridge explosives are
also manufactured and supplied by BME but they have less energy
compared to the emulsion. They are also suitable for charging the toe of a

bench.

Ew Pl ey
Figure 3.13: (a) Mega-mite 50 x 580 cartridges, and (b) Charging of 50 x 580
cartridge explosives with a detonator (Source: A X W K Bidiifes)
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3.3.24 Measuring tape

After charging the blastholes with explosives was complete, a measuring
tape similar to the one shown in Figure 3.14 was used to measure the length
of stemming required across the blast block. Two stemming lengths were
measured, one straight after charging and the second one after gassing of
the explosives. The second stemming length assisted the blast team in
determining whether the holes were overcharged or not. This was done for
all the holes across the blast block. Measuring and checking of the required
stemming length was important to ensure that the designed stemming length
was implemented. Every blast block to be blasted had a specific stemming
length defined during the blast design process. In a situation where the
stemming length was shorter and blastholes were overcharged, a certain
portion of the explosive was pumped out using the honey sucker in Figure
3.15 to remedy the situation.

Figure 3.14: (a) Example of a typical measuring tape (Source: Better
Blasting, 2021) and (b) Measuring of blasthole stemming length with
measuring tape (Source: A X W K Ridifiey
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Figure 3.15: Honey sucker (Source: A X W K Bidiufiey

3.3.25 Varistem® stemming plugs

The main aim of this research study was to establish how effective Varistem®
plugs are at reducing blast-induced air overpressure in surface mines. A
sample of the plugs used is shown in Figure 3.16. These plugs were used in

conjunction with crushed aggregate stemming material.
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Figure 3.16: Varistem® stemming plugs of diameter 102 mm (Source:
A XW K Bidtiufey

In terms of the setup, once the emulsion explosive had gasified inside the
blasthole, a Varistem® stemming plug was then inserted into the hole. A
tamping rod (see Figure 3.20 in Section 3.3.2.6 below) was then used to push

the plug down the hole.

Varistem® plugs are locally supplied by ERG Industrial company which
acquired distribution rights from MOCAP, a company based in the United
States of America. Varistem® plugs are available for all blasthole diameters
ranging between 45 mm and 251 mm. Quarry TM makes use of Varistem®
stemming plugs of diameter 102 mm for their benches. The size of the plugs
is in line with the diameter of drilled blasthole presented in Section 3.3.1, that

is, 102 mm.

For each blasthole, a Varistem® stemming plug was placed on top of the
explosive column charge before the stemming material could be placed. The

procedure is illustrated in Figure 3.17.
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Figure 3.17: Installation of the Varistem® stemming plug into a blasthole
(ERG Industrial, 2020)

When a single blast hole is fired, these plugs work by containing the
explosive energy and directing it into the rock mass. The plugs effectively
lock against the walls of the blasthole instead of allowing the explosive
energy to escape in the form of high-pressure gas and air blast (Modern
Mining, 2021). It is the benefit of this working principle on air blast reduction

that is tested as part of the research study.

3.3.2.6 Crushed aggregates

Aggregates of average size 10 mm were used as stemming material.
Aggregates are typically placed inside a blasthole to prevent explosive gases
and energy from escaping into the atmosphere. Most surface mines prefer to
use crushed aggregates as they interlock making them most effective for
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stemming (Oates and Spiteri, 2021). For this reason, the crushed aggregates

in Figure 3.18 and produced on site were adopted for this study.

Figure 3.18: Crushed aggregates used for the stemming of blastholes
(Source: A X W K Ridiiusiey

Buckets like the one shown in Figure 3.19(b) were filled with crushed
aggregates for an easy and controlled pour in the blasthole. A tamping rod
as illustrated in Figure 3.20 was used to compact the aggregates to enhance
energy containment during blasting. Stemming was considered complete
once the aggregates reached the collar of the blasthole as shown in Figure
3.19(a).
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Figure 3.19: (a) Stemming of blastholes with crushed aggregates, (b)
Buckets used to stem holes (Source: Author § picture)

If stemming is not done correctly, explosive gases will be released into the
atmosphere, causing air overpressure and noise. That is why all holes were
tamped with the type of tamping rod shown in Figure 3.20 below for effective
stemming. The Varistem® plugs work in conjunction with stemming material
to help contain the explosive gases within the blast hole for a longer duration
thereby preventing premature escape of gases.

Figure 3.20: Tamping rod used to tamp the aggregates during stemming

(Source: Author § picture)
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3.3.2.7 AXXIS™ titanium logger

Upon completion of stemming, the detonating cords inserted inside the
blastholes were scanned by means of the AXXIS™ titanium logger shown in
Figure 3.21(a). The colour-coded end of the detonating cord (Figure 3.21c)
was placed on the logger as shown in Figure 3.21 (b and d) to perform a
scan. The purpose of scanning was to record the electronic delay detonators

in each blasthole across the bench and allocate individual initiation timings

to each of the holes.

Figure 3.21: (a) AXXIS™ titanium logger, (b) slot where the detonator is to
be inserted, (c) detonator, and (d) illustration of how the scanning of
detonators is done (Source: A X W K BRidtiufe)

The AXXIS™ titanium logger used in this study was manufactured by Trimble
company and supplied to the quarry by BME. This type of device has an
Android 8.1 operating system, a screen of size 635 mm, and a resolution of
1280 x 720 pixels. The logger uses a 10.8-Volt lithium-ion battery. It also has
a touch screen interface and a numeric keypad (see Figure 3.21). Finally,
during scanning, the logger allocates a connector ID and firing time to each
detonator down the explosive column in the blasthole. All the logged data is
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stored and then transferred to the blasting box through a USB cable. The
blasting box is covered later in Section 3.3.2.9 below.

3.3.2.8 Surface wire

After scanning and recording the detonators with the logger, the surface wire
(Figure 3.22a) was unrolled and spread across the bench. This was done to
connect the detonators from all the blastholes as shown in Figure 3.22(b).
This activity was important as it had to do with finalising the actual
implementation of the designed pattern. As exemplified in Figure 3.22(b), the
yellow ultra-sonic seal that is attached on one end of the shock tube was

clipped on the surface wire.

Figure 3.22: (a) Unrolling of the surface wire and (b) connection of the wire
to the electronic delay detonators (Source: A X W K Bidiufey

3.3.2.9 AXXIS™ titanium blasting box

Quarry TM makes use of AXXIS™ titanium blasting boxes manufactured by
BME. Some of their specifications are as follows: a user interface of LCD
colour with variable intensity and contrast setting, a screen of resolution 2000
x 1500 pixels with a 24-Volt rechargeable lithium-ion battery of capacity
12000 mAh, and a capability of handling 1000 detonators when in blaster box

mode.

Proceeding with the preparation for the blast, it should be recalled that the
detonators were connected to the surface wire harness in Section 3.3.2.8.
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Upon completion of connecting the detonators with the surface wire harness,
the AXXIS™ titanium blasting box (Figure 3.23a) was placed at the blast site
and connected to one end of the surface wire harness. Once this was
complete, the logger in Figure 3.23(c) was connected to the blasting box (see
Figure 3.23b). This enabled the transfer of information about the scanned
detonators in the blastholes to the blasting box. At this point, the blasting box
was also used to verify whether all the detonators were connected to the
surface wire according to the data received from the logger. As a
confirmation, the logger generated a one-time PIN to configure the blasting

box. This PIN was later used to initiate firing of the blastholes.

connected to a logger, and (c) Logger transferring information to the blasting
box (Source: A X W K pidiifiey

It is important to say that the blasting box in Figure 3.23 is positioned near
the bench where it must connect wirelessly and send signals to another
controller blasting box positioned at the blasting shelter. The controller

blasting box and its setup are discussed in detail under Section 3.3.2.12.
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3.3.2.10 Antenna and antenna stand.

Once the data from the logger was transferred into the blasting box, the
antenna in Figure 3.24(a) was then set up on a stand to form a two-way
communication. This box was positioned inside the pit at approximately
100m away from the bench. Then, an antenna was placed near the bench to
establish a signal connection with the second antenna set up in the blasting

shelter.

The antenna consists of a metal conductor that conveys radiofrequency (RF)
waves between two points in space. This device can either transmit or
receive a signal. In this case, the antenna in Figure 3.24(a) was set up to act
as a receiver. Similarly, another antenna was set up in the blasting shelter to

act a transmitter as shown in Figure 3.24(b).

Figure 3.24: (a) Receiving antenna connected to a blasting box on site, and
(b) Transmitting antenna connected to a blasting box in the blasting shelter
(Source: A X W K Bidtifiey

When it was time to initiate the blast, a blasting box connected to the
transmitting antenna under the shelter was activated. This generated power
in the form of a radio signal that travelled to the receiving antenna. This is

where the signal was converted back into electrical energy containing the
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required blasting information. The receiving antenna captured this as a

command to set off the blast.

In summary, each blast set off as part of this research study required the use

of one transmitting antenna, one receiving antenna, and two blasting boxes.

3.3.2.11 Nomis Seismographs

At Quarry TM, a specific model of seismographs called Nomis seismographs
was used to measure and record air blast and ground vibrations. These
seismographs are manufactured by Nomis Seismographs Inc. in
Birmingham, Alabama. They are locally distributed in South Africa and in the
region by Blast Analysis Africa CC. The specifications of the Nomis

seismograph are detailed in Table 3.2.

Table 3.2: Specifications of Nomis Blasting Seismographs

Seismic monitoring: Specifications

Range 0 £54 mm/s

Resolution 0.005 in/s

Accuracy +3%

Frequency response 2 +400 Hz (1 Hz optional)
Weighting scales Linear (flat)

Linear range 88 148 dB

The air overpressure transducer embedded into the Nomis seismograph
records # 1 Lvalues ranging from 88 dB up to 148 dB. The resolution,
accuracy, trigger levels are 0.1 dB above 120 dB (0.25 Pa), 0.2 dB at 30 Hz
and 100 £148 dB in 1 dB steps respectively. The blasting air overpressure
transducer or microphone as it is often called is responsible for measuring

and recording the air blast.

Following the set-up and configuration of the blasting boxes and the
antennas, the Nomis blasting seismographs were positioned in a near field

distance ranging about 100 m to 700 m away from the pit. The blasting
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seismograph makes use of an air overpressure transducer (Figure 3.25b) to
record air vibration levels from a blast. The other channel of the seismograph
is the geophone with metallic spikes (Figure 3.25a) used to measure ground
vibrations. Lastly, the seismograph has a control unit (Figure 3.25c) which
records and stores the data from the air overpressure transducer and

geophone during a blast.

Figure 3.25: (a) Geophone, (b) Air overpressure transducer, and (c) Control
unit (Source: A X W K Bidtiufiey

The units in Figure 3.25 above, critical to the research study, are configured
together as exemplified in Figure 3.26 below to record and store data during

a blast.
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Figure 3.26: (a) Geophone with spikes buried into the ground, and (b) Air
overpressure transducer facing the direction of the blast. (Source: AXWKRUTV

picture)

Best practice requires that the geophone spikes be buried into the ground to
measure the vibrations as illustrated in Figure 3.26 above. The air-
overpressure transducer, on the other hand, must face the direction of the
blast.

The Nomis Seismographs are mobile; they were placed around the quarry
relative to the closest infrastructure. Approximately 30 min before the blast,
the seismographs were positioned at their respective locations and set up to
start recording 15 min before the blast. Two fixed locations were established
as monitoring stations: Station A and Station B. These stations were
approximately 100 m to 700 m relative to the bench being blasted at a certain
period around the pit.

Seismographs were employed to monitor all blasts with and without
Varistem® plugs. The recording devices inside the Nomis Seismograph were
activated once the particle velocity of the ground surpassed 0.5 mm/s
(Preskitt and Cornelius, 1979). This functionality of surpassing 0.5 mm/s is
crucial for capturing significant vibration events while reducing unnecessary
data from lower vibrations. It is for this reason that these machines are

designed to only record blast related air blast levels. When it comes to air
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overpressure, the trigger level was set at 125 dB(L), with the letter L after the
units dB signifying linear. The reason for setting this specific trigger level was
because the quarry wanted to ensure that their blasts are kept below a noise
limit of 125 dB as guided by Table 2.1. Once blasting was complete, the
seismographs were removed from their respective locations and taken for

battery charging and safekeeping.

Seismographs generally measure data continuously and trigger only when a
pre-set threshold value is exceeded (Kuzu et al., 2009). The threshold values
set by the quarry for ground vibration and air blast were guided by the
international USBM standards. The USBM has established a regulatory
safety air blast level limit to be 134 dB (Siskind et al., 1980). Furthermore,
Siskind et al. (1980) also reported that safe levels of ground vibrations were
established to be 12.7 mm/s. However, it should be noted that ground

vibrations were not part of the scope of this study.

3.3.2.12 Blasting shelter

A blasting shelter is a specific housing where all personnel around the mine
gather prior to firing a blast. This is done to observe a blast as well as ensure
that all personnel are safety and accounted for during the blast. The quarry
has two blasting shelters located about 500 m from the pit: see Figure 3.27(A)

showing one of the two shelters used in this study.
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Figure 3.27: (A) Blasting shelter for mine personnel to gather and observe
the blast, (B) Controller blasting box is set up in the blasting shelter (Source:
A X W K Bidtiufey

The team leaders make use of their internal telecommunication systems to
clear everyone from the pit. All the machinery which might have been present
in the pit are also cleared out. Once everyone from the pit has been
accounted for, the second blasting box connected (Figure 3.27B) to the
transmitting antenna is set up in the blasting shelter. The antenna in the
blasting shelter serves as a transmitter to the receiving antenna that is

positioned in the pit as was shown in Figure 3.26 in the previous section.

3.3.2.13 Mobile laptop

One of the main equipment needed during this experimental investigation
was a mobile laptop. The laptop helped with the logging and storage of all
the data collected for the purpose of the research study. This device ensured
that all important data/events and observations were documented as they

occurred on a day-to-day basis.
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3.4 Data analysis used for the study

This section provides a brief overview of the data analysis methods adopted

for this research study. The in-depth analysis is presented later in Chapter 5.

7KH 86%0 SUHGLFWRU PRGHO DQG OFNHQ]JLHYV SUHGLI
empirical prediction models used to model air blast as part of the analysis.
Equations (2.3), (2.4) and (2.12) were used to model the air blast profile for
Quarry TM at both monitoring stations. Blast information such as the
explosive charge weight (95 and the distance from the blast to the
monitoring station ( &) were used to calculate the cube-root scaled distances
( @. Furthermore, these values were used to get new air overpressure levels
as demonstrated later in Sections 4.3.3.1 and 4.3.3.2 of Chapter 4. This was
to identify the most suitable models for Quarry TM. The Root Mean Squared
Error (RMSE) and the coefficient of determination (R?) were used in the

process of identification of the best models.

In terms of studying the performance of the Varistem® stemming plugs, it
was decided to resort to hypothesis testing. This statistical tool mainly
focused on comparing blasts with and without Varistem® plugs assuming all
other parameters were kept constant. This was to establish whether the
mean air blast level produced would exceed 134 dB in either stemming setup.

From a modelling point of view, air blast data was analysed using a
systematic approach, considering that seismographs only record for a limited
duration (such as 2 min). This involved understanding the characteristics of
the recorded data and the nature of the air blast. Furthermore, the Microsoft®
([FHOS DQDO\WLV WRROSDFN NQRZQ DV 3VROYHU  ZHU
data and generated the line of best fit for the two blasts at Station A and B.
Factors that influence air blast generation as highlighted in Section 2.3 of
Chapter 2 were also considered for the analysis. Additionally, statistical
analysis such as ANOVA test and bootstrapping were used to extract

meaningful insights from the data.
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3.5 Challenges encountered during the research study

Upon commencement of the project, the research design had to be modified.
Initially, the plan was to run concurrent tests and collect data of the blasts
with and without the stemming plugs simultaneously. Due to safety reasons
presented by the quarry of preferring not to exclude the plugs from the blast
design, historical data without stemming plugs had to be relied upon to fulfil

the objective of the study.

One of the challenges encountered with working with shock tubes and
detonators was their high propensity to explode. Precautions had to be taken
to ensure they are handled with care which required time. Furthermore, if the
shock tubes were not connected properly to the surface wire, the data would
be loaded with an error on the blasting boxes. This meant that more time had
to be spent to locate where the error originated from.

Meteorological conditions, such as air humidity and wind, are known to have
a great effect on blast-induced air over-pressure. Indeed, these agents can
cause high frequency air overpressure and dust pollution (Hieu et al., 2021).
As such, for the purpose of this research, blasting had to take place in sunny

conditions when the skies were clear which we had no control over.

The presence of cracks in the rock mass influenced the mass of explosives
charged thereby causing variability in blast performance. Due to the
presence of fractures on the highwall of the bench, some holes had to be
drilled at an angle and incorporated in the blast design. Geological joints were
also present in some highwall areas with visual evidence of fractured faces.
Angled holes had to be drilled in areas where geological joints were present
to avoid having oversize fragmentation. The charging of these angled holes
had to be distributed in segments, a booster charge was placed at the lower
section of the hole to initiate and produce better fragmentation at the base.
Thereafter, emulsion explosives were used to fill the rest of the column
charge. In terms of timing, electronic detonators with millisecond delays were
used to initiate the angled drilled holes, thereby ensuring controlled energy

distribution. Additionally, some benches around the quarry had an uneven
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terrain with some loose material on the top and edge of the crest of the
highwall. Other areas also showed evidence of weathered rock material. The
challenge with this was that the timing of the blast had to be slowed down in
some areas thereby making the tests longer. This was because weathered
material breaks easily and tends to cause high fly rock and increase air
overpressure. Heavy rains experienced on the site caused the blocks to be
muddy and in cases where blastholes were drilled, they would be filled with
water. Rainy conditions can increase the air humidity and cause the air
overpressure to be higher than in dry conditions (Tran et al., 2021). As such,
the weather forecast was consulted ahead of time so that blasting was

scheduled for favourable weather conditions like on sunny days.

Clearing employees from the blast area was sometimes a challenge. Since
the drilling machines also had to be evacuated to safety during blasting,
some operators waited until the last minute to heed the call to evacuate the
site. This meant that blasting would be delayed.
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Chapter 4 Estimation of the contribution of stemming

plugs to air blast reduction

4.1 Introduction

This chapter outlines the resultant outcome of the test programme outlined
in Section 3.3.1 of Chapter 3. Firstly, the results of the air blast profile from
Station A and Station B are presented. while also highlighting the
observations made from the calculated scaled depth of burial. Secondly, the
resultant estimations from modelling air overpressure as a function of scaled
distance usiQJ WKH 86%0 SUHGLFWRU PRGHO DQG OFNHQ]L
presented. Lastly, results derived from the comparison of air blast with and

without stemming plugs using ANOVA statistical analysis are presented.

4.2 Air blast profile from Station A and Station B
4.2.1 Air blast profile from Station A

A Nomis Seismograph was set up at Station A to record the blast events for
the 9D U L V \ahid Bt&hdard blasts as outlined in Section 3.3.1 of Chapter 3.
This seismograph was set up 30 minutes prior to a blast and it was configured
to start recording 15 minutes before firing of each blast. The blast design
parameters used for this station are given in Table 3.1 of Chapter 3. These
blasts were organized in such a way that each blast was monitored
separately in near field about 100 £700 m of the blast block as highlighted
in Table 4.1 below. As highlighted in Section 2.6 of Chapter 2, Equation (2.2)
was used to calculate the cube root scaled distances for each blast. Blast
designs for each block were used to calculate the explosive charge weight

per delay.

7KH UHFRUGHG GDWD JDWKHUHG IURP 6WDWLRQ $ LV |
7KH EODVW UHSRUWY JHQHUDWHG IURHR QFIOFKGREBLNVV6H
SDUW RI $QQH[WXUH $ RI WKH UHSRUW 7KLV GDWD FR
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EODVWLQJ ZLWK DQG ZLWKRXW WKH VWHP RMZB \B\W X J V
ZRUNDYQRW FDUULHG RXW FRQFXUUHQWO\ VLQFH KLVW
XSRQ ZKHQ LW FDPH WR WKH VWDQGDUG EODVWV 6LQF
WR PRQLWRU DQG UHFRUG WKH EODVW HYHQWV WKLV
UHFRUGHG EXW IRU GLIIHUHQW EHQFKHV 7DEOH VKF
GHQRWHG DV $2S DQG WKHLU UHVSHFWLYH PRQLWRU
VFDOHG GLVWDQFH ZDV FDSWXUHG IRU HDFK EODVW
HVWLPDWLQJ WKH SHDN DLU EODVW RYHUSUHVVXUH Of
WHK EODVW (HQJ*Q DQG *+0

Table 41 %ODVW UHFRUGLQJV |URdristetmeD BQ R QWL QRIUDW KB H
VWDQGDUG EODVWLQJ WULDOV
BWDWLRQ $ 9DULVV 6WDWLRQ $ 6WDOQA

6FDOH 6FDO
%OD| 'LVWD $2S | 'LVWD $2S
GLVWLE GLVWI
1XPEH P G% P G %
P NJ P NJ
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SORWWLQJ WKH GDWD VHWYV LQ 7DEOH R/ DWONRHID U LV
SORW LQ )LJIJXUH EHORZ IRU WKH 9DULVWHPS EC
FRUUHVSRVRGEKBIDLU EODVW WKUHVKROG OLPLW UHFRF
6WDWHYV %XUHDX%®0 ZDQHNVOBR LOQOWURGXFHG RQ WKH S
DLU EODVW WKUHVKROG OLPLW OLQH LV GHQRWHG D\
UHYLHZ FRYHUHG LQ 6HFWLRQ RI &KDSWHU DQG D
WKH EODVWYV ZHUH ZLWKLQ UHJXODWRU\ VWDQGDUGYV

200
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R2 = 0.802

Air Overpressure (dB)
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- ---USBM Airblast Lim|it

50
11 _ 110
Scaled distance (m.R§)

Figure 4.1: Air overpressure levels for the Varistem® blasts at Station A

Meanwhile, the logarithmic graph plot for the standard blast is illustrated in
Figure 4.2 below. The USBM air blast threshold limit of 134 dB was also
drawn on the plot area for reference.
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Figure 4.2: Air overpressure levels for the standard blasts at Station A
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Figure 4.3: Air overpressure levels at Station A
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The line of best fit for the Varistem® blasts produced an R? of 0.8020 at
Station A as evidenced in Figure 4.3 above. This implies that the line of best
fit accounts for 80.20% of the air overpressure (AOp) data collected.
Additionally, visual inspections of Figure 4.1 suggest that 5 out of the 15
Varistem® blasts produced AOp levels above 134 dB. On the other hand,
the line of best fit for the standard blasts produced an R? of 0.7021. In this
case, the line of best fit can only account for 70.21% of the AOp data
collected at Station A. Visual inspections (see Figure 4.2) also suggest that
8 out of the 12 standard blasts were above the 134 dB threshold limit.

4.2.2 Air blast profile from Station B

7KH VDPH WHVW SURJUDPPH ZDV FRQGXFWHG DW |
H[SHULPHQWDO VHWXS KLJKOLJKWHG LQ 6HFWILRQ
&KDSWHRKH UHFRUGHG EODVW HYHQWYV IRU 6WDWLRQ %
EHORZ

Table 42 %ODVW UHFRUGLQJV IURP 6WDWLRQ % IRU WKHF
VWDQGDUG EODVWLQJ
6WDWLRQ % 9DULY 6WDWLRQ % 6WDQ(

6FDOI 6FDO
'LVWD $2S | 'LVWD $2S
%0ODV GLVWI GLVWI
P G% P G%
P NJ P NJ
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6LPLOWR 6HFWLRQ WKH UHFRUGHG GDWD LQ 7DEC
ORJDULWKPLF JUDSK DV VKRZQ LQ )LIJXUHYV DQG

EODVW JUDSK SORW VHH )LIJXUH KDG DOO WKH GD
86%0 DLU EODVW OLPLW DW WKLY VWDWLRQ VHH WKH RV

JLIXUH KDG WZR UHFRUGHG EODVWYV ZKLFK ZHUH I
OLPLW

150

y = 151.59%959
R2 = 0.507 *

Air Overpressure (dB)

& Varistem Blast

- ---USBM Airblast Limif

75

10 150

Scaled distance (m.Kk§)

Figure 4.4: Air overpressure levels for the Varistem® blasts at Station B
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Figure 4.5: Air overpressure levels for the standard blasts at Station B
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Figure 4.6: Air overpressure levels at Station B
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$ FRPSDUDWLYH DQDO\VLV RI )LIXUH VKRZV WKDW
O9DULVWHPS EODVWY RURGXFHGNVDRQNBDWLR@® OXHS®R 15
LPSO\ WKDW WKH OLQH RI EHVW ILWURRQW®WKH GD
RI WKH DLU RYHUSUHVVXUH GDWD FROOHFWHG $G
VXJIHVW WKDW DOO WKH EODVWY FDUULHWKRIXW |IRU
G% bLU EODVW WKUHVKROG OLPLW 2Q WKH RWKHU
6WDQGDUG EODVW RURGXFHKLYQr®OXH LPSOLHV WKDW
FDQ EH DFFRXQWHG IRU RI WKH DLU RYHUSUHVVXUH ¢
9LVXDO LQVSHFWLRQV DOVR VXJJHVW WKDW RXW RI
DERYH WKH G% WKUHVKROG OLPLW

4.2.3 Calculated scaled depth of burial +Observations

$V KLIKOLJKWHG EQ GRXOSSIMHIRQVY SHUWDLQLQJ WR WK
EXULDO 6'R% ZHUH FDUULHG RXW RQO\ IRU WKH 9DUL\
WKH 9DULVWHPS EODVWY ZHUH WKH RQO\ GDWD VHW
SHUIRUP WKH FDOFXODWLRQV 7KH FDOFXODWLRQ RI
LQYROYHG SDUDPHWHUV OLNH WRS VWHPPLQJ H[S(
GLDPHWHU DQG OHQJWK RI HISORVLYH GLDPHWH
SDUDPHWHUY DV FDSWXUHG LQ 7DEOHYV DQG ZDV
DYHUDJH KROH GHQVEWRIRI HISRBBVDYWHG DFURVY DOO
EODVWY 7KH IRUPXODH SUHVHQWHG LQ 6HFWLRQ RI
Rl WKLV VWXG\ DQG WKH\ DUH KLIJIKOLJKWHG LQ (TXDW|
5&K$ -

p7
ZKHGHL R Eraw . DQGI L @A

JURP (TXDWLR&Q) UHSUHVHQWY WKH GLVWDQFH IURP Wi
FHQWUH RI WKH VWH®P IFKDMMKIHH PDQ W Rl H[SORVLYHV HT.
H[ISORVLYH GLDPHWHUYV IMDKNIJOHOQ®W K RI H[SORVLY
ORUHR¥HHSUHVHQWY WKH WRIISVVWKIH KIRDIH ELDPHWHU
DQ&LY WKH DYHUDJH LQ KROH GHQVLW\ RI H[SORVLYH
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7KH OHQJWK RI ERUHKROH GLDPHWHUV ZDV VSHFLIL

OLWHUDWXUH SUHVHQWHG 6HFWLRQ@DV FH\O BXIDOHDWAKHOGN D
.L%Hsr PDQG WKLV YDOXH ZDV WKH VDPH DFUR\

VKRZV WKH FDOFXODWHG VFDOHG GHSWK RI EXULDO
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Table 4.3: Calculated scaled depths of burial for the Varistem® blasts at both

stations
%ODVV 6WHPPLQJ /H] 6FDOHG GHSWK RI EXU
5, P & L
9L
5&K$E 22| sayl GT
p7 =a<7
B, P & L
9L
5&K$ L 85| sazl GT
p7 =a<7
5, P & L
9L
5&K$ %85| satl GT
p7 =a<7
5, P & L
9L
5&K$E 22| sayl GT
p7 =a<7
B, P & L
9L
5&K$ 285 | saz1 GT
p7 =a<7
5, P & L
9L
5&K$ 1 %85| saul GT
p7 =a<7
B, P & L
9L
5aK$2 2% | satl GT
b7 =a<7
B, P & L
9L

96



5aK$ 22| s#z 1 GT
p7 =a<7

& L

9 L

s5eK$ 22| satl GT
I>Yi =a<7

& L

9L

5aK$ 22 | s#z 1 GT
p7 =a<7

& L

9 L

s5eK$ 22| saz1 GT
p7 =a<7

& L

9L

s5eK$ 22| saul GT
p7 =a<7

& L

9L

s5aK$ 22| satl GT
p7 =a<7

& L

9 L

5&K$ 2= | stz | GT
p7 =a<7

& L

9L

5&K$L 222 L sazl GT
p7 =a<7
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4.3 Modelling air overpressure as a function of scaled

distance

4.3.1 USBM predictor model

7KH 86%0 HPSLULFDO PRGHO ZDV FKRVHQ IRU WKLV VW
IUHTXHQWO\ XVHG DQG ZLGHO\ DFFHSWHG IRUPXOD IF
EODVWLQJ RSHUDWLRQV DV GLVFXVVHG LQ OLWHUDW XI
PRGHO ZDV GHYHORSHG E\ WKH 8QLWHG 6WDWHV % XU
PRGHO DLPV WR HVWLPDWH WKH DLU RYHUSUHVVXUH
RSHUDWLRQV ZKLFK FDQ DIIHFW QHDUE\ VWUXFWXUHV
DVVLVWYV LQ DVVHVVLQJ SRWHQWLDO GDPDJH DQG HQ\
SODFH 7\SLFDOO\ WKH 86%0 PRGHO LQFOXGHV D OLC
HI[ISORVLYH XWLOLVHG WKH GLVWDQFH IURP WKH EODV
DLU EODVW RYHUSUHVVXUH 7KH 86%0 HPSLULFDO IRU
LQGLFDWHG LQ (TXDWLRQ EHORZ O6LVNLQG HW DO

#1L L * @

'KHUMHLLLY VLWH DLU EO'DDQIEGDMHUH\OLMW KE WSHFLILF IDFWR

DUH GLPHQVLR®@IO& W ® DIQGWKH FXEH URRW VFDOHG GL\
P NJ & GHQRWHVY WKH GLVWDQFH >LQ P@ IURP WKH P
EODVW E®RAEN VK& H[SORVLYH FKDUJH ZHLJKW SHU GH

4.3.2 0FNHQ] Iptedidtor model
OFNHQ]JLHYY SUHGLFWRU PRGHO zZDV WKH VHFRQG PRGF}
WR SUHGLFW DLU RYHUSUHVVXUH OHYHOV DW WKH WZ
FRQGXFWHG D VWXG\ RQ DLU EODVW PRQLWRULQ.
KLV VWXG\ OFNHQ]LH SURSRVHG DQ HPSLULFDO P
EODVW OHYHOV ZKLFK DUH HVVHQWLDO IRU HYDOXDW
ORFDWLRQV FORVH WR EODVWLQJ RSHUDWLRQV ,Q RLU
GLVUXSWLRQ WR QHLJKERXULQJ KRPHVY DQGHGNOLFDW
DFFHSWDEOH DLU EODVW WKUHVKROGV ZKLFK DUH FR
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G%» $V KLIKOLIJKWHG LQ 6HFWLRQ WKH HPSLULFL
OFNHQI]LH LV DV LQGLFDWHG LQ (TXDWLRQ

#1L LSXWE tv HK%:;

"KHU#1LLV WKH DLU RYH3PEUHWNNUHSOBVLYH FKDUJH Z
SHU GHOD\ L& NV WEK®GGLVWDQFH IURP WKH IUHH IDFH
WR/KH PRQLWRULQJ VWDWLRQ LQ P

7TKH HVWLPDWLRQ UHVXOWY GHULYHG ZKHQ PRGHOOLQ.
PRGHO DQG OFNHQ]JLHYY PRGHO DW 4XDUU\ 70 DUH RX\
VHFWLRQ

4.3.3 Comparison of the two predictor models

4331 USBM predictor model

8VLQJ (TXDWLWR®BH 86%0 PRGHO IRU 4XDUU\ 70 ZzDV WH
PRQLWRULQJ VWDWLRQV DV IROORZV 7KH H[SHULPHQV
ZDV XVHG WR FDOFXODWH VLWH FRQVWDQWYV IRU WKH
YDOXHV E\ FXUYH ILWWIL@J(TRDWKRW FDVHLVY WKH VLWI
IDFWRU UHSUHVHQWLQJ WKH ORFDO WRSRJUDSKLFDO F
ULV WKH H[SRQHQW IDFWRU UHSUHVHQWLQJ WKH JHR
TXDUU\

7KH FDOFXODWHG VLWH FRQVWDQWY IRU 6WDWLRQ $
IRXQG WR EH DQBG 7KH UHVXOWDQW VLWH VSHF
HTXDWLRQ IRU WKH 9DULVWHPS DW 6WDWLRQ $ ZDV IR)

#1L Lt{wau z&@2’°

JRU D EHWWHU FRPSDULVRQ VWXG\ WKH 86%0 SUHGLF\

ZDV DGRSWHG IRU ERWK VWDWLRQV 7KH 86%0 SUHG
SXUSRVH ZDV IRU TXDUU\ EODVWYV LQ IURD®WRHUWKH IDI
7TKH DGRSWHG 86%0 SUHGLFWRU HTXDWLRQ XVHG ZDV I

#1L Lxtt : @°485°
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JURP (TXDWLRQ@V JLYHQ DW DQ@WHVSHFWLYHO\ WR P
XgTXDWLRQ JLIXUH LOOXVWUDWHY WKH RXWFRI
ZKHQ WKH 86%0 SUHGLFWRU PRGHO ZDV DSSOLHG DW

FDOFXODWLRQV DUH LQFOXGHG DV SDUW RI WKH $SSH(
HQG RI WKH GLVVHUWDWLRQ

150

y = 295323

Curve fit AOp
& Measured AOp (Varistem) y = 622%-51

= JSBM Model AOp

Air Overpressure (dB)

a1

0

20 120

Scaled distance (m.k§)
Figure 47 86%0 SUHGLFWRU PRGHO IRU WKH 9DULVWHPS

7KH VDPH FXUYH ILWWLQJ FDOFXODWLRQV ZHUH SHUIRI
BWDWLRQ $ ZKLFK OHG WR WKH JHQHUDWLRQ RI )LJ>
FRQVWDQWY DW 6WDWLRQ $ IRU WKH VWDPQGDUG EODVYV
DQQG $V VXFK WKH UHVXOWDQW VLWH VSHFLILF ¢
VWDQGDUG EODVWY DW 6WDWLRQ $ ZDV H[SUHVVHG DV

#1L Ls{rax z@4°°
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y = 196.61R091

A Measured AOp(Standard)
Curve fit AOp y = 622515
— USBM Model AOp

Power (USBM Model AOp)

Air Overpressure (dB)

50
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Scaled distance (m.kg*/3)

Figure48 86%0 SUHGLFWRU PRGHO IRU WKH VWDQGDUG

7TKH FRHIILFLHQW RI GHW@RGPWRABWLRRW 5PHDQ VTXDU]
506( LQ 7DEOH ZHUH XVHG DV SHUIRUPDQFH LQGLF
FXUYH ILWV GRQH DW 6WDWLRQ $ XVLQJ WKH 86%0 PRG

Table44 86% 0 SHUIRUPDQFH LQGLFHY DW 6WDWLR

5 506 (

O9DULVWHP{
6WDQGDUG

6LPLODU WHVWYVY DQG FDOFXODWLRQV ZHUH DOVR SHUI
% 7KH FXUYH ILWWLQJ PHWKRG JDYH WKH IROORZL
9DULVWHPS E OMDWOX HDR)I UFNQGXMH RI 7KH UHVXO)
VLWH VSHFLILF 86%0 HTXDWLRQ IRU WKH 9DULVWHPS D

#1L Lswax z@4°~

JLIXUH LOOXVWUDWHY WKH UHVXOWDQW JUDSKLFD
ZKHQ WKH 86%0 SUHGLFWRU PRGHO ZDV DSSOLHG DW 6
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y = 151.61R059 * P

Air Overpressure (dB)

& Measured AOp (Varistem)
y = 6220515

Curve fit AOp
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Figure 49 86%0 SUHGLFWRU PRGHO IRU WKH 9DULVWHPS

OHDQZKLOH WKH 6WDQGDUG EODVW SURGXFHG WKH
6WDWLRQ % DQ® 7TKH UHVXOWDQW VLWH VSHF
HTXDWLRQ IRU WKH VWDQGDUG EODVWY DW 6WDWLRQ

#1L LsxAu z@%°

J)LIXUH LOOXVWUDWHY WKH UHVXOWDQW JUDSKLFI
ZKHQ WKH 86%0 SUHGLFWRU PRGHO ZDV DSSOLHG DW 6

160

y = 168.31R.056 A

y = 6220515

A Measured AOp(Standard)

Air Overpressure (dB)

= Curve fit AOp

= JSBM Model AOp

40

20 160

Scaled distance (m.kg/3)

Figure 410 86 % 0 SUHGLFWRU PRGHO IRU WKH VWDQGDUC
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7KH FRHIILFLHQW Rl GHWOIGPWERBWLRRW 5PHDQ VTXDU
506( LQ 7DEOH ZHUH XVHG DV SHUIRUPDQFH LQGLF
FXUYH ILWWLQJ GRQH ZLWK GDWD IURP 6WDWLRQ % XV

Table45 86%0 SHUIRUPDQFH LQGLFHYVY DW 6WDWLI

5 506 (
O9DULVWHPS
6WDQGDUG
4.3.3.2 0 F N H Q] ptediator model
$V KLIKOLJKWHG LQ 6HFWLRQ RI &KDSWHUH 7DEOH\

DQ RYHUYLHZ RI WKH FDOFXODWLRQV FDUULHG RXW IR
GLVWDQFHV ZHUH SORWWHG DJDLQVW WKH QHZ SUH
H[HPSOLILHG LQ )LJXUH EHORZ 7KH PHDR/IXQW® DLU

ZHUH DOVR LQFOXGHG LQ WKH VDPH SORW BWHOs IRU ER
EODVWYV

160

y 5 108.128%%
'K"A

)
2
Q
? <o S = 172.15%084
O R2 = 0.9996
% ¢ Measured Varistem ’
o e O
9 A Masured Standard y= 314.69%252
<
Power (AOp Mckenzie)
o
80
15 150

Scaled distance (m.kg'/3)

Figure4.11 OFNHQ]JLHYV SUHGLFW Heévelb &t $teontAUSUHVV X UH
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Table46 OFNHQJLHYV SUHGLFWRU PRGHO IRU WKH 9DULVWHPS EODVV

6WDWLRQ $ 9DULVWHPS E 6WDWLRQ % 9DULVWHPS

%ODV| & P 9: NJ | @mkg™) $2S G% & P 9; NJ | @mkg™) | $2S G{
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JURP )LJXUH WKH UHVXOWDQW WUHQG SRYHU IXQFV
ZDW Lusw{ T48°6 2Q WKH RWKHU KDQG WKH SRZHU WUHC
VWDQGDUG BOIBYVMYVTZPV 3BHUIRUPDQFH LQGLFHV VXFK L
DQG WKH 506( ZHUH XVHG WR GHWHUPLQH WKH DFFXU
PRGHO DW 6WDWLRQ $ DV LOOXVWUDWHG LQ 7DEOH

Table47 3HUIRUPDQFH LQGLFHV IRU OFNHQ]JLHYV PRGI

5 506 (

9DULVWHPS
6WDQGDUG

$ VLPLODU H[SHULPHQWDO WHVW ZDV FRQGXFWHG IR!
6WDWLRQ % 7DEOH SURYLGHYV DQ RYHUYLHZ RI WKH
JHW QHZ VFDOHG GLVWDQFHV DQG DLU RYHUSUHVVX!
HPSLULFDO PRGHO 7KH ORJDULWKPLF JUDSK SORW RI
YHUVXV DLU RYHUSUHVVXUH LV LOOXVWUDWHG LQ )LJIX

160

y = 171.83%083

- 7Le3 A y= 168.6A1&-057 A
% o Mt “A
S e )
: .

R R - S

E . =

8 <

(5]

>

o

'<:E ¢ Measured Varistem
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Power (AOp Mckenzie)
80

10 100
Scaled distance (m.kg™/3)

Figure 412 OFNHQ]JLHYV SUHGLFWHGSthtiodBRYHUSUHVYV X!
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Table48 OFNHQ]JLHYVY SUHGLFWRU PRGHO IRU WKH VWDQGDUG EODVW

WDWLRQ $ 6WDQGDUG I 6WDWLRQ % 6WDQGDUG E

%ODV| & P 9; NJ[ @m kg3 $2S G% & P 9: NJ| @mkg™®) [ $2S G%
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7KH UHVXOWDQW WUHQG SRZHU IXQFWLRQ IURP )LJXUH
ZDW Lswav{T4°* 2Q WKH RWKHU KDQG WKH SRZHU WUHC
VWDQGDUG BOIBYWYTZHV SHUIRUPDQFH LQGLFHV VXFK L
DQRG WKH 506( ZHUH XVHG WR GHWHUPLQH WKH DFFXU
PRGHO DW 6WDWLRQ % DV LOOXVWUDWHG LQ 7DEOH

Table49 3HUIRUPDQFH LQGLFHV IRU OFNHQ]JLHfV PRGH

5 506 (

9DULVWHPS
6WDQGDUG

4.4 Comparing air blasts with and without stemming plugs
JRU FRPSDULVRQ SXUSRVHV DQ DQDO\VLV Rl YDULD
SHUIRUPHG ZKLFK IRFXVHG RQ D FRPSDUDWLYH HIS
9DULVWHPS EODVW D QG TWKvwhs\doMtQe3tBblish whaHan W
the mean air blast level produced between the two data sets would be the
same or different. As such, the ANOVA test used for this purpose was
expressed formally as indicated in Equation (4.9):
“48 8L &
] (4.9
*s8 jaM &
The statement *,a ;L § in Equation (4.9) is the null hypothesis; it assumes
that the average AOP produced by Varistem® blasting ( &) is the same as
that produced by standard blasting ( &). On the other hand, the statement

*5a jaM @is the alternative hypothesis.

7KH IROORZLQJ $2S GDWD2HHMWVXIVH GDERH RPSXWH WKH
WHVW
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Table 410 $LU RYHUSUHVVXUH OHYHOV DW WKH WZF

BWDWLRQ $ $2S 6WDWLRQ % $2
9DULVWHP|] 6WDQGDU({ 9DULVWHP| 6WDQGDU/{
G % G % G % G %

YXUWKHUPRUH ZKLOH FRQGXFWLQJ WKLYDWVHWRW IWWH \

7KH VLIJQLILFDQFH OHYHO ZDV VHW DW IRU VWD
DOVR WR FUHDWH D EDODQFH EHWZHHQ LQWHUSUHW
K\SRWKHVLV $ VLIQLILFDQFH OHYHO IDFLOLWDW

LQGLFDWLQJ WKDW LI WKH QXOO0 K\SRWKHVLV LV FRUL
REVHUYLQJ WKNHGIWDIRUPLQJ DQ $129% WHVW RQ WKH
WKH WZR EODVWY WKH IROORZLQJ DHY N QW W DEDELOH\H (
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Table411 6WDWLVWLFDO DQDO\VLV RI YDULDQFHV IRU DL

$129% 6LQJOH )DFWRU 6WDWLRQ $

*URXSV &RXQV 6XP | $YHUD| 9DULDQ(
9DULVWHPS
6WDQGDUG

6RXUFH RI 9D| 66 Gl 06 ) 3 YDOXH ) FULW
%HWZHHQ *UR
'LWKLQ *URXS
7RWDO QU

JURP 7TDEOH WKH OHWWHU 66 UHSUHVHQWY WKH 6X|
WKH GHJUHH RI IUHHGRP 06 LV WKH OHDQ §gTXDUH D¢
5DWLR 7KH $QDO\VLV RI 9DULDQFH $129% DURXQG W
JHQHUDWHG D S YDOXH DW L FRQILZKXHEG KH O KDREZGI R W K
WKH WKUHVKROG RU FUsdMyl FDO S YDOXH VHW DW

Table4.12 6WDWLVWLFDO DQDO\VLV RI YDULDQFH IRU DLU

$129% 6LQJOH )DFWRU 6WDWLRQ %

*URXSV &RXQWV 6 XP $YHUD| 9DULD(
9DULVWHPS
6WDQGDUG

6RXUFH RI 9D| 66 Gl 06 ) 3 YDOXH ) FULW
%HWZHHQ *UR (

'LWKLQ *URXS

7RWDO QU

JURP WKH PRQLWRULQJ 6WDWLRQ % WKHP$129$ JDYH W
L H DOVR QRZHU WKDQ
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4.5 Summary of findings

$ WHVW SURJUDPPH ZDV FDUULHG RXW ZKLFK LQYROY}
Rl WKHVH SURGXFWLRQ EODVWYV LQFRUSRUDWHG W
ZKLOH WKH UHPDLQLQJ ZHUH FRQGXFWHG XVLQJ VWL
RI DJJUHJDWHYV RQO\ 7ZR VWDWLRQV ZHUH XVHG WR Ul
QDPHO\ 6WDWLRQ $ DQG 6WDWLRQ % $GGLWLRQDOO\
DSSUR[LPDWHO\ W R P DzZD\ IURB MRRHVEODVW
VHLVPRJUDSK ZDV SRVLWLRQHG DW HDFK VWDWLRQ
VLPXOWDQHRXVO\ IRU HDFK RI WKH EODVWV +LVWRU
VWDQGDUG EODVWYVY ZDV PDGH DYDLODEOH IRU WKH SX
ZDV UHFRUGHG DQG DUFKLYHG SULRU WR WKH TXDUU\ I
VWHPPLQJ SOXJV

$V GHPRQVWUDWHG LQ )LIJXUH D FRPSDUDWLYH DQC
IURP 6WDWLRQ $ VKRZHG WKDW RXW RISVWEKOHDVWEODV)
ZHUH DERYH WKH G% WKUHVKROG OLPLW OHDQZKLC

WKH VWDQGDUG EODVWY ZHUH DERYH WKH UHJXODWRU
OLQHV RI EHVW ILW IRU ERWK JURXBNVN RI EOCRDOWWWYXFKSUR
9DULVWHPS EODVWV 7KLV LPSOLHV WKDW RQO\ I
DFFRXQWHG IRU E\ WKHQHREWWBEWRWKB® VWDQGDUG
VDPH VWDWLRQ SURIGXFHGZRIOFEK VXJIJHVWYV WKDW

DLU EODVW GDWD ZDV DFFRXQWHG IRU RQ WKH JUDSK

6LPLODUO\ WKH VDPH WHVW ZRUN ZDV FDUULHG RXW I}

EODVWY FDUULHG RXW IRU WKH 9DULVWHPS ZHUH |
WKUHVKROG OLPLW DV HYLGMHQWHKGE VQVPLQIEDHG EODVW
WKH EODVWY ZHUH DERYH OLPLW DW WKH VDPH VWL
EHVW ILW IRU WKH 9DULVWHPRIEOD\DVW 63VIRVE XFEG @6 D Q¢
5 YDOXH RI LPSOLHVY WKDW WKH OLQH RI EHVW ILW IR
IRU RQO\ RI WKH DLU RYHUSPR®@ WKHK HR\E MWD KRO® H!
OLQH RI EHVW ILW IRU WKH VWD@AEDUG EKODW WL OSXHR G >
LPSOLHV WKDWFP@QOEH DFFRXQWHG IRU RI WKH DLU RY
FROOHFWHGYOW 6WDWLRQ
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$LU RYHUSUHVVXUH ZDV DOVR PRGHOOHG DV D IXQFWLI
SUHGLFWLRQ PRGHOV ZHUH XVHG IRU WKLV SEKGUSRVH W
OFNHQNSUHGLFWRU PRGHO 7KH 86%0 PRGHO ZDV IRX
SUHGLFWRU RI DLU EODVW IRU WKLV VWXG\ ZLWK ORZH
IRU ERWK VWDWLRQV FRPSDUHG WR OF.HQ]LRITV PRGF

IRU 6WDWLRQ $ DQG IRU 6WDW LBRRP WV KHKH 50
860% PRGHO DW 6WDWLRQ $ ZDV IRU WKHUSDULVWH
WKH VWDQGDUG EODVWY OHDQZKLOH WKH VDPH PRGHC
IRU WKH 9DULVWHPS EODVWV DQG IRU WKH VWDC
OFNHQ]JLHYVY PRGHO RQ WKH RWKHU KDQG SURGXFHG L
9DULVWHPS DQG DQ 506( RI IRU WKH V®WDQGDUG
6LPLODUO\ ZKHQ ORRNLQJ DW 6WDWLRQ % OFNHQ]JLHTYT

IRU WKH 9DULVWHPS EODVWV DQG VW BQ&DRIG
EOWV

)LQDOO\ WKH DQDO\VLV RI YDULDQFH $129% DURXQG
JHQHUDWHG D S YDOXH DW L FRQILZXHGRH D OREZ® R W K
WKH WKUHVKROG RU FULWLFDO S)YBOXWKWHRRQIWRU I
BWDWLRQ % WKH $129% JDYH WIKH IROQRZLQJ RXWFRPH
DOVR ORZUWKDQ
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Chapter 5 Understanding the effects of stemming

plugs on the reduction of air blast

5.1 Introduction

7KLV UHVHDUFK VWXG\ ZDV DLPHG DW GHWHUPLQLQ.
9DULVWHPS VWHPPLQJ SOXJV LQ UHGXFLQJ WKH EODVV
$IULFDQ RSHQ SLW TXDUU\ ORUH HPSKDVLV ZDV SO
PRQLWRULQJ GLVWDQFH IURP WZR GLIITHUHQW VWDWLF
2WKHU IDFWRUV RI LQWHUHVW LQFOXGHG WKH H[SORVL
GHVLIJQ SDUDPHWHUV DQG JHRORJLFDO SURSHUWLHYV |
RI YDULDQFH $129% WHVW ZDV DOVR FRQGXFWHG RQ W
REVHUYHG IRU WKH 9DULVWHPS DQG VWDQGDUG EODV\
FRPSDUH WKH K\SRWKHVHV EHWZHHQ WKH PH®PQV RI W
WKH WZR W\SHV RI EODVWY $OVR WR HVWDEOLVK LI
VWDWLVWLFDOO\ VLIJQLILFDQW /DVWO\ WZRRQLU EODV
WKH 9DULVWHPS DQG VWDQGDUG EODVWVY 7KH REVHU)

DUH WKH VXEMHFW RI GLVFXVVLRQ LQ WKLV VHFWLRQ
FDUULHG RXW LQ OLQH ZLWK WKH OLWHUDWXUH FRYH
FODULI\ WKH REVHUYDWLRQV UHSRUWHG LQ &KDSWHU
DUH DOVR GLVFXVVHG

5.2 Effect of stemming plugs on air blast at Station A

'LVWDQFH IURP WKH EODVW VLWH WR WKHRPRQLKMRW L Q.
KDV D GLUHFW LQIOXHQFH RQ WKH OHYHO RI DLU EODYV
REVHUYDWLRQV PDG B VURPWOWDBI\E LIR®D ADEOH DUH LQV
WKLV VHFWLRQ 7KH SURSDJDWLRQ RI DLU RYHUSUHV\
GLVWDQFHV SHU SURGXFWLRQ EODVW ZDV FDSWXUHG
86%0 UHJXODWLRQV RI DLU EODVW VDIH OLPLWV DUH Z
$V VXFK 4XDUU\ 70 DOVR RSHUDWHYV XQGHU WKHVH UH.
EODVW WKUWBWKRI% OLPLW
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7KH UHVXOWDQW DLU RYHUSUHVVXUH $2S OHYHOV IUI
EODVWY YDULHG EHWZHHQ DQG G% DRQ WKH
RYHUSUHVVXUH OHYHOV IRU WKH 6WDQGDUG EODVW\
EHWZHHQ DQG GBU I7\KWMHPS EODVWY KDG D VDPS
G ZKLOHWWIIHGDUG EODVWY KDG D VBPSOH PHEC
7KH GLITHUHQFH EHWZHHQ WKHVH WZR VDPSOH PHDQV
YDULDWLRQ EHWZHHQ WKH WZR EODVWY DOVR KLJKOLJ
OLPLWV IRU KXPDQ DQG VWUXFWGEWOOODEAWSRQ¥YHUDKEO®D
OHYHOV RI XS WR G WKUHVKROG DUH WKH UHFR
LUULWDWLRQ 6LVNLQG HW DO ,GHDOO\ VRPH ZL
GDPDJH PD\ RFFXU EH\RQG WKLY OHYHO RI WKUHVKROC

$ FRPSDULVRQ DQDO\VLY ZDV FRQGXFWHG EHWZHHQ W]
SURGXFWLRQ EODVWY DW WKLV VWDWLRQ 7KLV LQYRC
OHYHOV FDSWXUHG IRU GLIIHUHQW PRQLWRULQJ GLV
SORWWHG DV D IXQFWLRQ RI VFDOHG GLVWDQFH DV G
&KDSWHU 7KH OLQH RI EHVW ILW IRU WKH 9DULVWHTF
UlLus{ T*8°®$QG WKH EHVW ILW OLQH IRU WKH VWDQGD
VWDWLRQ ZDV |RBXQGsWRAE HS$ G% ERXQGDU\ OLQH Z
LOQOWURGXFHG RQ WKH JUDSK SORW WR KLJKOLIKW WKFE
EODVW DV SHU WKH 86%0 DQG DVVLVW LQ LQWHUSUHW

$V GHPRQVWUDWHG 6MDWURQHS UHFRUGHG VRPH EODV

EHORZ WKH G% 86%0 OLPLW ZLWK VRPH IHZ SRLQ
HVVHQFH RXW RI WULDOV IRU WKH 9DULVWHF

G% OLQH OHDQZKLOH RXW RI WKH WWUZHL®GYV IRU V
DERYH WKH G% OLQH 7KLKI PAHORE MERXWRQGXFWHG

VWDQGDUG EODVWY ZHUH DERYH WKH WKUHVKROG OLF
LUULWDWLRQ WR KXPDQV RU GDPDJH WR QHDBEN LQIUD'

7KH G% DLU EODVW OHYHO UHFRUGHG IRU VWD
DW WKLV VWDWLRQ $FFRUGLQJ WR WKH 86%0 UHJXODV
OHYHOV RI DLU RYHUSUHVVXUH LV XQDFFHSWDEOH L
VWUXFWXUHV QHDUE\ 2Q WKLV VSHFLILF EODVW WKI
FDXVHG D KLJK PDJQLWXGH RI QRLVH DQG DLU RYH
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VXSSRUWHG E\ 6DKDUKRWWD /GIG WKDAN *ERUHKROHV V)
FRQYHQWLRQDO VWHPPLQJ XQLIRUPO\ DOORZV HVFDSH
LW NHHS RQ JHQHUDWLQJ DQG WKXV SRRU XWLOL]DWLF

,Q SULQFLSOH GXULQJ EODVWLQJ WKH H[SORVLYHV WU
DQG SDUW RI WKLV HQHUJ\ LV DOVR UHOHDVHG LQWR
DLU EODVW R$BRKW EODVWV RU FDUULHG RXW IF
KLJKHU DLU EODVW OHYHOV VHRKAD BOIN X0 WQ G H IULYHG
WKLY VWDWLRQ VXSSRUW WKH UHYLHZ FRYHUHG LQ ¢
VWHPPLQJ SOXJV KDYH WKH SRWHQWLDO WR RSWLPL
9DULVWHPS VWHPPLQJ SOXJV ZHUH DEOH WR UHGXFH \
GHIOHFWLQJ WKH UHOHDVHG HQHUJ\ LQWR WKH URF
LPSURYLQJ WKH URFN IUDJPHQWDWLRQ ,QGHHG 6DKD!
DO DOVR VKRZHG WKDW WKH LQFRUSRUDWLRQ RI
GHVLJQ GRHV LPSURYH H[SORVLYH HQHUJ\ XWLOLVDWL
UHSRUWHG WKDW VWHPPLQJ SOXJV LQFUHDVHG JDV L
BWDWLRQ $ WKH UHFRUGHG DLU EODVW OHYHOV IRU V
LPSURYHPHQW LQ JDV HQHUJ\ UHWHQWLRQ DV KLJI
LPSURYHPHQW GLVFXVVHG DERYH 7KH KLJKHVW YDOX
WKH 9DULVWHPS EODVWYVY DW WKLV VWDWLRQVZDV

ZDV G %

$GGLWLRQDOO\ WKH DLU EODVW OHYHOV UHWRUGHG D
WKH H[LVWLQJ JHRORJLFDO GLVFRQWLQXLWLHYVY VHH )
RQ WKH RXWFRPH RI VRPH RI WKH EODVW\WE OGCRPMHIBU HD
KD@HRORJLFDO MRLQWYV ZLWK VRPH DUHDV RQ WKH K
IDFH 7KLV LV DOVR VXSSRUWHG E\ WKH JHRJGBDSKLFDO
LQ J)LIXUHKHUH D GROHULWH G\NH LV ORFDWHG QH[W
EODVWHG :KHQ JHRORJLFDO GLVFRQWLQXLWLHYV DUL
LOQWHQVHO\ HVFDSH IURP WKHP FDXVLQJ ODUJH YLEUD
HW DO $W 4XDUU\ 70 SUHFDXWLRQDU\ PHDVXU
HVSHFLDOO\ ZKHQ GULOOLQJ DQ DUHD ZLWK JHRORJLF
WKH SRWHQWLDO H[SORVLYH HQHUJ\ WKDW FRXOG EH ¢
FHUWDLQ EODVW KROHV DQG WKLV ZDV DOVR LQFRUSF
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Figure 51 *HRORJLFDO GLVFRQWLQXLWLHY SUHVHQW ZLW
REVHUYDWLRQ E\ WKH DXWKRU DW 4XDUU\ 70

,Q OLJKW RI WKH DERYH D IXUWKHU DQDOWHMY ZDV P
UHFRUGHG DLU EODVW UHVXOWV WKURXJK WKH XVH R
DQDO\VLQJ WKH REVHUYHG UHVXOWY WR DVVHVV LI WK
EHWZHHQ WKH WZR JURXSV RI GDWD $V KLJKOLJKWHG
WHVW ZDV GRQH DURXQG WE HLGX CD0Q & \ SVRKW KBIOW\H U Q D
K\SRW KH¥ | &

JURP )LIXURVKH $129% WHVW DURXQG PRQLWRULQJ 6WD
S YDOXH DW FRQILGIHQFH OHBAKHEX RIV ORZHU WKDQ
WKUHVKROG RU FULWLERO S YDOXHDUMKMW BDHORZ WKH F
L H EHIORZAJQLILHY VWDWLVWLFDO VLJQLILFDQFH L
&RQVLGHULQJ WKLV WKH QXOO K\SRWKHVLV FDQ EF
VXEVWDQWLDO HYLGHQFH DJDLQVW LW 7KLV IXUWKHU
DERYH WKDW WKHUH LV LQGHHG D VLJQLILFDQW GLIIHU
JURXSV RI GDWD )XUWKHUPRUH D ERRWVWUDS DQDOV
WKH EHVW ILW OLQHV RI WKH WZR JURXSV RIFE®DVWYV L
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UHVXOWY IURP ERRWVWUDSSLQJ VKRZHG WKDW WKHUF
WKH WZR EODVW KHQFH FRQILUPLQJ WKDW WKHUH LV LC

7R WHVW WKH YDOLGLW\ RI WKMW EH\FR QLW ©QBH ERQG!

VLIQLILFDQFH OHYHO ZHUH FRQVWUXFWHG IRU ERW
$ 7KH SXUSRVH RI WKHVH FRQILGHQFH EDQGV ZHUH
UDQJH RI YDOXHV IRU WKH ILWWHG OLQH 7KHG FRQIL!
XVLQJ WKH IROORZLQJ IRUPXOD 9HUVFKXXUHQ

" L:GP5" iE:é?%;'

1155

"KHUH FRQILGHQFH LQWHUYDO
;, SBUHGLFWHG DLU RYHUSUHVVXUH YDOXH
P 6WXGHQWYV WZR WDLOHG W WHVW DW
5'a6WDhQGDUG HUURU
J 6DPSOH QXPEHU
T@®FDOHG GLVWDQFH YDOXHYV
T8 YHUDJH RI WKH VFDOHG GLVWDQFH YDOXHV
53:+6XP RI WKH VTXDUHV RI GHYLDWLRQV RI GD\
VDPSOH PHDQ

8VLQJ (TXDWIDRERYH WKH 9DULVWHPS VHULHV RI GDWD
DV LOOXVWUDWHGEHQRYLIJKUGHHWDLOHG LOOXVWUDWLR
FRQILGHQFH EDQGYV ZHUH FDOFXODWHG LV LQFOXGHG I
$QQH[XUH & 7KH XSSHU DQG ORZHU ERXQG OLQHV C
EDQGYV’  EHORZ ORRVHO\ LPSO\ WKDW WKHUH LV D S
ILW OLQH IRU WKH GDWD VHW OLHV ZLWKE®& WK H. BRIIW
WKHVH GDWD SRLQWY ZDV HVWDEOLVKHG E\ ILWWLQJ V
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Figure5.2 & RQILGHQFH EDQG DW VLIQLILFDQFH OHYHO |
DW 6WDWLRQ $

JURP )LJXUH DERYH WKH OLQH RI EHVWUILW IRU W
uswi{ T4%°6:GRHV LQGHHG OLH ZLWKLQ WKH FRQILGHQI
DOVR DERXW SRIQHWGEDIKDRFK IDOO RXWVLGH WKH FRQI
ZRUWK QRWLQJ WKDW WKHVH GDWD SRLQWY DUH QRW (
WKH GDWD 7KLV LV EHFDXVH WKH FRQILGHQFH LQWHU!
HVWLPDWLQJ WKH PHDQ UHVSRQVH DQG QRW LQGLYLG?

6LPLODUO\ FRQILGHQFH EDQGYVY ZHUH SOWWMWHG IRU
VWDWLRQ DV LOOXVWUDWHG LQ )LIJXUH EHORZ 7KH
EODWWY{zst T4%%* ZDV IRXQG WR OLH ZLWKLQ WKH FRQIL
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Figure54 &RQILGHQFH EDQGV DW VLIQLILFDQFH OHY

7KH FRQILGHQFH EDQGYVY SORWWHG LQ )LQNUWRH DEF
EHVW ILW IRU WKH WZR EODVWYV GRHV OLH ZLWKLQ W
ZKHQ FRPSDULQJ WKH WZR VHWYV RI EODWW\D UWIOMIHLO O
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7KH VDPH REVHUYDWLRQ ZDV QRWHG DERDRW WKH F
WZR EODVWYV 7KLV VXJIJHVWV D VORSH YDULDWLRQ EH
LPSOLHV WKDW WKH HITHFW RI WKH LQGHSHQGHQW YD
GHSHQGHQW YDULDEOH $LU RYHUSUHVVXUH LV GLIIHL

5.3 Effect of stemming plugs on air blast at Station B

6LPLODUO\ WKH REVHUYDWLRQV PDGH IURP R/KH EO
FDSWXUHG LQ 7DEOH 7KH SURSDJDWLRQ RI DLU R’
PRQLWRULQJ GLVWDQFHV SHU EODVW ZDV VWXGLHG 7
OLPLWV ZHUH DOVR XVHG WR PDNH FRQFOXVLRQV IRU
VWDWLRQ

7KH UHVXOWDQW DLU RYHUSUHVVXUH $2S OHYHOV IUF
EODVWY YDULHG EHWZHHQ DQG G% :LWK WKH '
WKH VDPH VWDWLRQ WKH $2S OHYHOV YDULHG EHWZ]
O9DULVWHPS EODVWYV KDG D VDPSOH PHDQ RI G% ZK
KDG D VDPSOH PHDQ RI G% 7KH GLIIFMDHPGEOHEHWZ
PHDQV LV WKHUHIRUH

$ ORIJDULWKPLF VFDWWHU JUDSK SORW zZDV DOVR SUR
VWDQGDUG GDWD VHW DV HYLGHQFHG LQ )LJXUH R
SRLQWY DUH QRW OLQHDU D SRZHU IXQFWLRQ ZDV IL\
LOWHUSUHWLQJ WKH UHODWLRQVKLS EHWZHHQ WKH
YDULDEOHVY ,Q WKLY FDVH WKH GHSHQGHQW YDULDEC
WKH LOQGHSHQGHQW YDULDEOH LV WKH VFDOHG GLVWD

$IWHU SORWWLQJ WKH JUDSK WKH OLQH RIEHVW ILW
IRXQG WR.EHiv{ T44°"$QG IRU FRPSDULVRQ SXUSRVHV WK
IRU WKH VWDQGDUG GDWD VHW DW WKH VDRPH VWD\
sysiu T44:6

$ ERXQGDU\ OLQH DW G% ZDV DOVR SOIRMMVBIGGWR ||
DLG LQ LOWHUSUHWLQJ WKH UHVXO OO $W KA-D @D EJHL \KAK Hi R
GDWD SRLQWY ZHUH EHORZ WKH G% OLQH ZKLFK LV
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86%0 UHJXODWRU\ VWDQGDUGY %DVHG RQ WKH GLVF:
$2S OHYHOV EHORZ G% PHDQ ORZ OHYHONGRI QRLVFE
, QWHUHVWRL®XRODVWYV IRU WKH VWDQGDUG EODVWYV ZH
WKH G% OLQH 7KRY WHKBQA/DWD SRLQWV ZHUH DERYF
OLQH IRU WKH VWDQGDUG EODVWYV $FFRUGLQJ WR WK
DERYH G% PD\ FDXVH GDPDJH WR QHDUE\ LQIUDVWU
8QOLNH 6WPIRWMRRISWKH REVHUYHG Go2 WIDHI U W\KKLLQY V8 KWH
DFFHSWDEOH 86%0 D MW LEODOWR ZRPUWK QRWLQJ WKDW LC
DW IDUWKHU PRQLWRULQJ GLVWDQFHV ZHUXUBRW JUHL
DQG WKLV LV GHPRQVWUDWHG LQ 7DEOH

7R HVWDEOLVK LI WKHUH LV D GLIIHUHQFH EHWZHHQ
O9DULVWHPS DV ZHOO DV WKH VWDQGDUG EODVWV DQ
ZDV DOVR GRQH LQ D VLPLODUPWDWILRQ BV)IRWP CPRQHW
6WDWLRQ % WKH $129%$ JDYH WIKH IROQREZLQJ RXWFRPH
ZKLFK LV ORg4hyY WKDQY KLIKOLJKWHG LQ 6HFWLRQ D
WKH FULWLFDO VLIQLILHY VWDWLVWLFDO VLJQLILFDQI
WKLV WKH QXOO K\SRWKHVLV VKRXOG EH WJUIHMHFWH (
HYLGHQFH DJDLQVW LW 7KLV DOVR VXSSRUWYV WKH H°
WKHUH LV D VLIQLILFDQW GLIITHUHQFH RU HIIHFW SUHYV

$GGLWLRQDOO\ WKH FRQILGHQFH EDQGV DW VLIC
HVWDEOLVKHG IRU WKH SORWWHG DIMWKNVWHRAD W QREQV W I
ZDV DLPHG DW GHWHUPLQLQJ LI WKHUH LV DQ\ VWDWL"
WZR VHWV RI EODVWV 7KH SXUSRVH RI DWMHRVHKRZFR QI
WKH SODXVLEOH UDQJH RI YDOXHV IRU WKHHEHVW ILW
9DULVWHPS EODVWY D VHULHV Rl GDWD SRLQWYV ZHUH

EHORZ 7KH XSSHU DQG ORZHU ERXQG OL@®GW GHQRW
EHORZ GHPDUFDWH WKH UHJLRQ ZLWKLQ ZKLFK WKHUH
WKH WUXH EHVW ILW OLQH IRU WKH SRSXODWLRQ
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Figure55 & RQILGHQFH EDQG DW VLIQLILFDQFH OHYHO |
DW 6WDWLRQ %

$V LOOXVWUDWHG LQ )LIXUH DERYH WKH @LQH RI E
‘U Lswiv{T44° GRHV LQGHHG OLH ZLWKLQ WKH FRQILC

VDPH FRQILGHQFH EDQGY ZHUH DOVR FRQVWUXFWH
DV LOOXVWUDWHG LQ )LIJXUH EHORZ
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Figure 56 &RQILGHQFH EDQGV DW VLIQLILFDQFH OHY'

EODVWY DW 6WDWLRQ %

$ VLPLODU REVHUYDWLRQ FDQ EH PDGH IRWUGVWECOD BWQH |
UlLsysiu T4%6 ZKLFK LV ZLWKLQ WKH FRQVWUXFWHG

VHH )LIJXUH JRU D EHWWHU FRPSDULVRQWWDO\VLV
JLIXUHWQG ZHUH SORWWHG RQ WKH VDPH VHW RI D
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Figure5.7 &RQILGHQFH EDQGV DW VLIQLILFDQFH OHY

$W PRQLWRULQJ 6WDWLRQ % DV LOOXVWUDWHG LQ )L
WKH GDWD VHWV VHHP SDUDOOHO VXJJHVWLQJ D VLP
IXUWKHU DQDO\VLV VKRZV WKDW WKH VORSHV RI WKt
GLIIHUHQW 7KH 9DULVWHPS EODVWV KDG D VORSH RI
EODVWYV KDG D VORSH RI 7KLV VKRZV D VORSH YD

JLOD@WEH 6WXGHQWYIV W WHVW DURXQG 6WDWLRQ % J
FRQILGHQFHLOHYHO RI ZKLFK LV ORZHU WKDQ WKH Wi
FULWLFDO S YBQXH VHWKDW IXUWKHU VXSSRUWV WKH
PDGH DW WKLV VWDWLRQ DERXW WKH YDULDELOLW)\ LQ

5.4 Linking air blast reduction to blast energy confinement

7KH DLP Rl FDOFXODWLQJ WKH VFDOHG GHSWK RI EXUL
PHDVXUH WKH DPRXQW RI HQHUJ\ FRQILQHPHIQW DIIRUG
IRU HDFK EODVW +RZHYHU LW VKRXOG EH QRWHG W
SHUIRUPHG IRU WKH VWDQGDUG EODVWV GXH WR ODF
GDWD WR FDUU\ RXW WKH WHVWV 8VLQJ WKH EODVW
7DEOH WKH FDOFXODWHG VFDOHG GHSWR R MWHRXULDC
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EH LQ WKH UDQJH EHWZHHQ S$AFRE®GLQFP WR WKH HC
L OO XV W L) DIXLRQ DQG WKH FDOFXODWHG 6'R% YDOX
HQHUJ\ FRQWDLQPHQW IRU DOO EODVWV IDOOV ZLWtk
6'R % WR P NVKLV FRQWUROOHG HQHUJ\ UDQJH |
EODVWYV ZHUH [TE&ppettty, R0OAMLHO G

X *RRG IUDJPHQWDWLRQ

X OD[LPXP YROXPH RI EURNHQ URFN LQ WKH FROODU
Xx $FFHSWDEOH JURXQG YLEUDWLRQ DQG DLU EODVW
X *RRG KHDYH DQG PXFNSLOH PRXQG

6XEVHTXHQWO\ ZKHQ ORRNLQJ DW WKH DLU EODVW OH
wuLDOV DQG WKH GLVFXVVLRQV FRYHUHG LQ WKH SI
VWDWLRQV LW LV HYLGHQW WKDW PRVW Rl WKH UHTI
DFFHSWDEOH UHJXODWRU\ OLPLWYV

W VKRXOG EH QRWHG WKDW 4XDUU\ 70 GREMMUEBQV LG H
GXULQJ SODQQLQJ RI WKH EODVW GHVLJQ SURFHVV W
HQYLURQPHQWDO LPSDFWV (5* ,QGXVWULDO DO
VFDOHG GHSWK RI EXULDO WR RSWLPL]H EODVW GHVL.
RSHUDWLRQV WR REWDLQ WKH GHVLUHG SURGXFWLEF
HQYLURQPHQWDO LPSDFWV 7REL@® VLPLODWYRWREGW
PHDVXUH EODVW HQHUJ\ FRQILQHPHQW ZKLOH LQFRUS
LQWR WKH EOBWMWRGOIGLWKDW WKH SOXJV VLJIQLILFD
H[SORVLYH HQHUJ\ UHWHQWLRQ FRPSDUHG WR FDVH)
QRUPDOO\ VWHPPHG DV WKH 6'R% YDOXHV ZHUH ZLWK|
UDQJH ,Q HVVHQFH GHHSHU EXULDO GHSWKKHDUH GL!I
6'ROYDOXHV ZKLFK UHVXOW LQ FRQWUROOHG EODVW |
DFWLYLW\ ORUHRYHU FRQVLGHULQJ WKH 6'R% GXULQJ
XQGHUVWDQGLQJ WKH UDWLR RI VWHPPLQJ WR H[SORV
PHDVXUH RI EODVW HQHUJ\ FRQILQHPHQW IRU EHWWHU
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5.5 Air overpressure as a function of scaled distance

,Q WKLV VHFWLRQ WKH 86%0 PRGHOOLQJ VFKHPH GLVF
LV XVHG LQ DQ DWWHPSW WR EHWWHU XQGHUVWDQG
GLVWDQFHYV DV D UHVXOW RI EODVWLQJ

JLUVW OHW XV GLVFXVV WKH UHVXOWV REWDLQHG ZKH
6WDWLRQ $ 7R VXFFHVVIXOO\ DSSO\ WKH PRGHO WK
UHTXLUHG WKH GHWHUPLQDWLRQ RIDQB/RWSKXFBULL FR
70 7KLV ZDV GRQH E\ SHUIRUPLQJ FXUYH ILWWLQJ RQ
DW WKH VWDWLRQ DQG WKXV WUDQVODWLQJ WKH 86%0
IXQFWLRQ DV LOOXVWUDWHG LQ )LIXUHV DQG 7K
WKH 9DULVWHPS EODVWY DW PRQLWRWUI MEWPEGLRQ $
UL rtuw 2Q WKH RWKHU KDQG WKH VLWH FRQVWDQWYV IR
* L s{xaxDQW L r§sa

,Q HVVHQFH WKH 9DULVWHPS EODVWV SURGXFHG D 8
#1L Lt{wau &@%° ,Q FRPSDULVRQ WKH VWDQGDUG EODV
HPSLULFDO IRILPXO®x B;&4> 7TKHVH WZR HPSLULFDO HTX
ZHUH JHQHUDWHG E\ PHDQV RI FXUYH ILWWLQJ $V VX
HPSLULFDO HTXDWLRQV ZDV GHGXFHGENRORBWDQULRQ $
SHUIRUPDQFH LQGLFHV VXFK DV WKH FRBQGFURGW RI
PHDQ VTXDUHG HUURU 506( DV JLYHQ LQ 7DEOH

9DULVWHPS EODVWYV RURGXPH)E& MQ586( RI 7KH
VWDQGDUG EODVWYV RQ WKH RVWKHU KIXQ® KSDR® GRBEHG
R ,GHDOO\ D®»O0G PHDQ WKDW WKH ILWWHG PR

IRU DOO $2S GDWD FROOHFWHG DW 4XDUU\ 70 L H
DQG LUUHIJXODULWLHY LQKHUHQW WR WKH WWHVWLQJ F
YDOXHV EHORQ@G IRU WKH HUURUV 506( RI DQG
WKDW WKHUH DUH OHYHO RI GHYLDWLRQV WR H H[SHF
SURGXFHG DV SDUW RI WKLV VWXG\ IRU IXWXUH SUHGL:

$GGLWLRQDOO\ DV KLIJKOLJKWHG LQ J)LIXUBWLR®QQG
IRU TXDUU\ EODVWV ZDV LQWURGXFHG RQ WKH JUD
SXUSRVHV 7KLV VSHFLILF SUUHGUEWELSH T2ZODWLRQ
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DGRSWHG IURP WKH OLWHUDWXUH SUHVHQWHG LQ &KD
WKH 9DULVWHPS EODVWYV ZDV IRXQG WR EH UG ZKHC(
EODVWY ZDV 7KH YDOXHV PIQ%06( RLQGLFDWH

WKDW WKH 86%0 SUHGLFWRU PRGHO LNVQIR WHNNEMHW W K U
VWDWLRQ VLQFH LW GLG QRW SURGXFH D JERG SUHGI
DWWULEXWHG WR WKH GLITHUHQW EODVW GHVLJQ SDUI
Rl WKLV VLWH VSHFLILF 860% SUHGLFWRU PRGHO 7KH
EHLQJ EODVWHG FRXOG KDYH DOVR LQIOXHQFHG WKH F

6LPLODUO\ WKH 86%0 SUHGLFWRU PRGHO ZDV DSSOLF
BWDWLRQ % 7KH VLWH FRQVWDQWY IRU WKH 9DULVWHF
ZHUHL sw&sDQ® L mid{DV LOOXVWUDWHG RQ WKH SRZF
YLIXUH 2Q WKH RWKHU KDQG WKH VWDQ®IDUG EOD
VLWH FRQULVWRAYDWQG DV LOOXVWUDWHG LQ )LIJXUH

7KH UHVXOWDQW 86%0 SUHGLFWRU HTXHMWULRQV IRU
sw&s : @ %%°TIRU WKH 9DUL\D\HER B |5 ©@ ¥ V@V*4° IRU WKH
VWDQGDUGHHOHD\DWVZHOO WKH FXUYH ILWWLQJ RI WKFE
9DULVWHPS EODVW GDWHD SURBXEHG 5M6(5R |

7KH VWDQGDUG EODVWR/I SURGXEFW& DG ®6( RI DV
LOOXVWUDWHG LQ 7DEOH

$FFRUGLQJ WR 7XUQH\ D FRHIILFIRH(EWMWZ HKHHQVHUF
DQG PHDQV D PRGHO SDUWLDOO\ SUHGLFWN DQ RXW
PHDQV WKH PRGHO SHUIHFWO\ SUHGLFWYV WKH RXWFRP|
E\ $ODED HW DO ZKHUH LW ZzDV VWDWHG WKDW 3D
ILW LI LWV FRHIILFLHQW RI GHWHUPLQDWLRMGV HTXDC
(UURU HTXDO WR JHUR™ ,Q HVVHQFH WKH 86R® SUHGLF
5 DW ERWK PRQLWRULQJ VWDWLRQV +RZHYHU LQ WHU
vD\ WKDW WKH 86%0 PRGHO SHUIRUPHG EHWWHU VXJ
EHWWHU SUHGLFWLRQV IDUWKHU IURP WKH SURGXFWL]
ZRUN LV QHHGHG WR FRQILUP WKLY DVVHUWLRQ

JXUWKHUPRUH D 86%0 SUHGLFWRU HTXDWLRQ IRU TXD
JLIXUHV DQRU 6WDWLRQ % WKLV SUHGLFWRU HTXD\
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#1L Lxtt:@°%%°°, W VKRXOG EH DOVR QRWHG WKDW WKH Ul
9DULVWHPS EODVWYV ZWIMOH WKDW RI WKH VWDQGDUG

7KHVH 506( YDOXHV LQGLFDWH WKDW WKH VHO
PRGHO LV QRW D EHWWHU PRGHO ILW RQ WKH GDWD V
KLJK YDULDELOLW\ H[SHFWHG LQ WKH SUHGLFWLRQ RI |
RXWFRPH FDQ EH DWWULEXWHG WR WKH GLIIHUHQW EC
LQ WKH JHQHUDWLRQ RI WKLV VLWH VSHFLILF 860% SU
VHWWLQJ RI WKH URFN EHLQJ EODVWHG FRXAG KDYH L
WKH UHVXOWV )XUWKHU UHVHDUFK LV UHTXLUHG WR H

$ODED HW DO DOVR FRQGXFWHG D VLPLODU VWXG
PRGHO zZzDV DSSOLHG WR SUHGLFW $2S OHYHOV IRU Wt
IRU WKHLU VWXG\ DFFRUGLQJ WR* WEH¥2@QW BUHGLFWI
rawxzUHVSHFWLYHO\ 7KH FRHIILFLHQW RI GHWHUPLQDW
WR EH 5 DQG WKH 506( ZDV JXUWKHUPRUH WK
IRXQG WKDW WKH 86%0 SUHGLFWRU PRGHO ZDV WKH E
FRPSDUHG WR RWKHU SUHGLFWRU PRGHOV ZKLFK KDG
WR WKH SHUIRUPDQFH LQGLFHV

. X]X HW DO DOVR DGRSWHG WKH 86%0 SRIHGLFWR
SUHGLFW DLU RYHUSUHVVXUH LQ WKH DEVHQFH RI PRQ
SUHGLFWRU HTXOIW Lx@vv@HtyH IRU WKH FRPSHWHQW ]
EODVW¥1IDQxuaz@’**<>IRU EODVWYV FRQGXFWHG LQ WKHF
7KH HUURUV OHYHOV ZHUH OHVV WKDQ ZKHQ FRPSD
RYHUSUHVVXUH OHYHOV

7KH DERYHPHQWLRQHG VWXGLHV E\ .X]X HW DO L
DOVR KLIJIKOLJKW WKH HIITHFW RI VLWH VSHFHIDFKIDFWR
PLQH RU VWXG\ DUHD

$FFRUGLQJ WR .KDQGHOZDO DQG 6LQJK WKH JHQ!
DLU RYHUSUHVVXUH LV GLUHFWO\ LQIOXHQFHG E\ WK}
GHOD\ 7KLV LV HYLAB8HQWYVHHR R KMEWH U ZKHUH WK

RYHUSUHVVXUH JHQHUDWHG VKRZV WR JURZ ZLWK DQ 1
ZHLJKW )XUWKHUPRUH WKH PRQLWRULQJ GLVWDQFH |

127



DLU EODVW DV GHSLFWHEG U®L QDEWR )DUDPDU]L HW DO
EODVW OHYHO GRHV LQGHHG GHFUHDVH ZLWK GLVWDQ

$FFRUGLQJ WR 5HKPDQ HW DO VWHPPLQJ EORZ]
EODVWLQJ UHVXOW LQ H[FHVVLYH YLEUDWLRQ DQG OI
VWXG\ EODVW KROH VWHPPLQJ EORZRXWV ZHUH REVH!
EODVW $GGLWLRQDOO\ LQ VRPH RWKHU FDVHV ZKHUH
KLJKHU WKLV FDQ EH DWWULEXWHG WR ZDWHU VHHSD
D VHULRXV LQVWDQFH RI ZDWHU VHHSDJH SUHVHQW ZL
DW WKH TXDUU\ DQG ORRVH PDWHULDOUZDWHISDBRIBHG
FDQ DOVR DIIHFW KRZ DLU EODVWYV DUH JHQHUDWHG VI
FKDUDFWHULVWLFV RI WKH URFN WKHUHE\ LQFUHDVI
FRQFHUQV -DQJ HW DO

5.6 Testing the contribution of stemming plugs to air blast

$V KLJKOLJKWHG LQ 6HFWLRQ D VWDWLVWLFDO $129
VWDWLRQV 7KLV IRFXVHG RQ FRPSWMLIDLQWKH WERHY L)
VWDQGDUG/ KD BXWSRVH RI WKH VWDWLVWLFDO DQDO\
ZKHWKHU WKH PHDQ DLU EODVW OHYHOV SURGXFHG EH
ZRXOG EH WKH VDPH RU GLIIHUHQW IRU DQOZD¥ODVWYV
VHW DW WKH FRPPRQO\ XVHG IRU WKH VWDWLVWLFI

JRU PRQLWRULQJ 6WDWLRQ $ WKH PHDQ DDWEWDVW O
DQG WKH VWDQGDUG EODVWYV DHUUH |IREBGSWRWHERN HO\

$QG IRU 6WDWLRQ % WKH PHDQ DLIREGDKHNVIOH YWD M P2
EODVWV DQGRU WKH VWDQGDUG EODVWV 7KH $129% D
BWDWLRQ $ JHQHUDWHG D S YDOXHLDW  ZFARFEK EGMQFH
ORZHU WKDQ WKH WKUHVKRBQG RU BUPWQBDO\S 6WDEDW HF
JDYH D S YDOXH RI DW FRQILGHE@FH DOVR ORZ

,Q HVVHQFH D S YDOXH RI OHVV WKDQ LV UHJDUGH
LQ SUDFWLFH PHDQLQJ WKDW LW SURYLGHV VWURQ.:
K\SRWKHVLV 7KLV VXJJHVWV WKDW WKH QXOO K\SRW

128



FKDQFH RI EHLQJ WUXH KHQFH VXSSRUWLQJ WKH LGHEL
WKH WZR GDWD VHWY DUH GLIITHUHQW $V VXO-KG WKH Q X
WKH DOWHUQDWLYH K\SRWKHVLV DFFHSWHG EDVHG F
SURYLGHG E\ WKH GDWD DQDO\VLV )URP WKHVH REVHU
WKDW WKH VWHPPLQJ SOXJV FRQWULEXWH WHHUHGXFL(
OHYHO 6LPSO\ SXW WKLV PHDQV WKDW WKH 9DULVWF
UROH LQ FRQWUROOLQJ DLU EODVW

5.7 Summary of findings

7TKHUH LV D QRWDEOH GLIITHUHQFH EHWZHHQ WKH DLU
9DULVWHPS EODVWY DQG WKH VWDQGDUG EODVWYV IRU
WKH 9DULVWHPS VWHPPLQJ SOXJV LQWR WKH EODVW G
EODVW RXWFRPH 7KLV LV HYLGHQW LQ )LIJXQUHYV D¢
UHVSHFWLYHO\ ZKHUH WKH 9DULVWHPS EODVWYV SURG
FORVHU WR RU OHVV WKDQ WKH G% 86%0 UHJXODWEHE
WKH DLU RYHUSUHVVXUH GDWD IRU WKH 9DULVWHPS E
OLPLWV 7KH 86%0 PRGHO ZDV GHHPHG WR EH D JRRG
VWXGLHVY DQG PLJKW DVVLVW WKH TXDUU\ DW IRUHFDV

)LQDOO\ WKH RXWFRPH RI WKH K\SRWKHVLV WHVW $1;
EHWZHHQ 9DULVWHPS DQG VWDQGDUG EODVWV LV VW
VWDWLRQV FRQVLGHUHG 7KLV VLPSO\ PHDQV WKDW D'
L H VLPLODULW\ EHWZHHQ WKH WZR VHWYV RI EODVW
HPSLULFDO HYLGHQFH ,Q RWKHU ZRUGV WKH REVHUYI
VKRZ WKDW WKH WZR JURXSV RI EODVWY DUH VWDWLVW
OHYHO 2QH LV WKHUHIRUH LQ D SRVLWLRQ WR VD\ W
LOQGHHG FRQWULEXWLQJ WRZDUGYV UHGXFLQJ DLU EOD\
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Chapter 6 Conclusion and recommendations

6.1 Introduction

The main objective of this study was to assess the application of Varistem®
stemming plugs on blast induced air blast in surface mines. This was done
in comparison to a standard blast stemming method. Varistem® stemming
plugs were incorporated into the blast design to improve blast performance
and thereby reduce air blast generation. The size of plugs used for this study
were 102 mm. A total of 27 blasts were organised and carried-out for this
study: 15 included Varistem® plugs and 12 used standard aggregate
stemming only. These blasts were monitored in a near field at two locations
termed Station A and Station B in this study. The monitoring distances varied
between 100 to 700 m away from the blasts. At each station, a mobile Nomis
blasting seismograph station was set up to monitor and record air blast levels
during each blast. The effect of blast parameters such as the distance from
the blast to the monitoring station and the explosive charge weight were
studied and used as input parameters to calculate for the scaled distances.
Air blast safety limits at the quarry were guided by the USBM regulatory
standards. The amount of blast energy confinement offered by the Varistem®
plugs were also studied by calculating the scaled depth of burial for each
blast. Two air blast prediction models were also tested to find a model which
would best predict the air blast levels at Quarry TM in the absence of

monitoring.

6.2 Varistem Sstemming plugs on air blast reduction

The Varistem® stemming plugs were found to have reduced air blast sample
mean by 9.35% at Station A when compared with the standard blasts.
However, the Varistem® plugs reduced air blast by 9.08% around Station B.
A further analysis of the results captured at Station A showed that 5 out of

the 15 blasts tested using the Varistem® plugs were above the regulatory air
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blast limit of 134 dB as set by the United States Bureau of Mines (USBM).
This means 33% of the recorded Varistem® blasts were above limit. When
compared with the standard blasts at the same station, it was found that 67%
of the recorded air blast levels for the standard blasts were above limit. In
addition to this, WKH DLU EODVW OHYHOV UHHFGVUIGIHGE D OO 6W K
9DULVWHPS GDWD SRLQWWYW/XKHVHPEBQRZ ORZ OHYHOV R
DQG LUULWDWLRQ ZHUH SURGXFHG E\ WKH 9DULVWHPS
RWKHU KDRGWKH UGBHWVWAPRNGEGDUG EODVWY ZHUH IRXQG W
G% WKUBM¥KROGLQJ WR 86%0 JXLGHOLQHV DLU RYI
DERYH G% PD\ FDXVH GDPDJH WR @GKEBUB\RUWHUDVW
QRWDEOH LPSURYHPHQW LQ XVLQJ WKH 9DULVWHPS SC
ZKHUH DOO WKH UHFRUGHG EODVWY ZHUH ZLWKLQ LC
JXUWKHUPRUH WKLV VWXG\ KLIJIKOLJKWH® WKK DRQFW W
LQFUHDVH LQ PRQLWRULQJ GLVWDQFH ,W ZDV GHWHUF
UHFRUGHG DW 6WDWLRQ % ZKLFK zZzDV WKH IDUWKHVW
PHDVXUHG QHDU WKH VRXUFH L H DURXQG 6WDWLRQ

,Q WHUPV Rl HQHUJ\FPROFWODQRIR@W VREZHESRQGLQJ
VFDOHG GHSWKV RI EXULDO UDQJHG E HRWZ D@ W
9DULVWHPS EODVWYV 7KLV UDQJH RI FDOFEXODWHG YDO
EODVWV SURGXFHG FRQWUROOHG HQHUJ\ DV LW IHOO
7KLV FRQWUROOHG HQHUJ\ UDQJH PHDQV WKDW WKH E
IUDJPHQWDWLRQ KLJK URFN IUDFWXULQJ LQ FROODU
JURXQG YLEUDWLRQ DV ZHOO DV H[FHOOHQW KHDYH D

7KH $2S OHYHOV SUHGLFWHG IRU WKH 9DULVWHPS EC
86%0 PRGHO SURGX¥IHG DQD®RG D 506( RI 7KH
VWDQGDUG EODVWYV RQ WKH RVWVRKHU EDQ & DSURGO(FHG
R $Q®VEWDWLRQ % WKH SUHGLFWHG $2S OHYHO
EODVWVY SURGXAHG DQD®RG D 506( RI $V IRU WKH
VWDQGDUG EDQEWW6(G ZHUH IRXQG WR EH DQG
UHVSHFWLYHO\
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,Q WHUPV RI WKH OFNHQJLHYV PRGHO WKHIKRORPRZLQJ

WKH 9DULVWHPS EOD\DWG 506 ( ,Q FRPSDULVRQ WKH

VWDQGDUG EODVWYV FBIURGXFHE& DM F06( RI 'KHQ

ORRNLQJ DW WKH SUHGLFWH GD DSWD RNLIRQS bH \OEXUHHD |Q |

PRGHO SURGXMRHG D@®BG DQ 506( RI IRU WKH 9DUL

EODVIWK WKH VWDQGDUG EODVWVYV WKH PRGHO ZDV D
DQG DQ 506( RI

,Q HVVHQFH WKH UHVXOWY REVHUYHG IURP WKLV VW X(
LV D EHWWHU PRGHO ILW DW 4XDUU\ 70 WKDW OFNHQ]
IXUWKHU HRMKX DWP WKH VWHPPLQJ SOXJV DUH FRQWULE
EODVW DW D FRQILGHQFH OHYHO ,Q VLPSOH WHL
9DULVWHPS SOXJV DUH SOD\LQJ D PDMRU UROH LQ FRQ

6.3 Recommendations for future work

The current study has addressed the potential use of the Varistem Splug as
a stemming accessory to aid in blast performance improvement. Considering
this, further areas of research work can be done which would provide key
information to the engineering body of knowledge. These include the below

amongst others:

x ,W LV UHFRPPHQGHG WKDW DQ H[SHULPHQWDO VW
ERWK VHWV RI EODVWY DUH FDUULHG RXW FRQFXL
KLVWRULFDO GDWD 7KLV ZLOO SURYLGH D FOHDU
WHVWY ZLOO EH FDUULHG RXW XQGHU WKH VDPH F

x 7TKH VWXG\ DOVR UHFRPPHQGV WKDW WKH 86%0 SL
VFUXWLQLVH WR LQFOXGH WKH HIITHFWV RI WKH JH
WKDW WKH UHILQHG PRGHO LV XVHG IRU SUHGLFWI

X ,W ZRXOG ILQDOO\ EH EHQHILFLDO WR FDUU\ DGYD(
SUHGLFWRU PRGHOV WKDW ZHUH QRW FRQVLGHUHC
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Appendices

Annexure A

The links below contain the blast reports for all 27 blasts at Station A and
Station B. These blast reports were generated and printed from the Nomis

seismograph machines:

Varistem Blasts (1)

Standard Blasts (1)
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Annexure B: USBM Model calculated data for Station A and Station B
cele 12U aU«iX \e6lUi"«< alUa:io+y cele 12U aUceli21iXiUae+i\eUi "« alUa:16+y
<el+067TU | ab6l\jXoT| jX}oUx¢ (XX:X{Q| "« aU cei+067U | abl\jXoT| jX}oUx( (XX:X{Q| "« aU
i \ei2eéd6| iU i, a:T6+U i 7 \ei2&6| iU i, a:10+U i
XVRVP | PORRTO POQRR(C PRSRU | UORUX | STRSO | PRTRSO| PRWRV{ PORWW] WVRPW
SVRRO | POWRXJ PPXRSX WWRSXE WTRRU | WSRWO| PROROQ PRORXX ORXXU | URRPX
RPRSO | PRSRWJ PRPRTT| PORTVS| POTRSP XPRTO | PQWRO( PROROX SBRRVO | UORVYV
RSRVU | PPXRPO| PQWRSTWVRRW| POOROF UPRQO | PRTRPO| PRSRXU OROPX | VSRVT
QWRPO | PRRRWJd PRTROQ PRSWW | PPPRUP, TPRTO | PRURVO PRVRPP ORPUW | WPRVO
QVROT | PRQRVO PRURQR PQRSVQ PPRRW( VVRUO | PRPRUO PRQRO\ ORQPU | UURPT
SOROO | POQSRTO| PQRRTV ORWUX | XPRWW | STRPO | PRVRWJ PRWRVY ORXUW | WVRSW
XVRWO | WWROO| POORVV PURROV TWRVQ | QTRUO | PSRRPO| PSURPU XRRUQ | PPVRPO
QPRRO | PSPRRO| PSSROX VRVVO | POQWRVE STROR | PSTRRO| PRWRW({ SQRQOH WVRTT
SVRVO | POQORRRO PPXRQU PURRSS WSRXX | RORVO | PSQRUO PSRRVT| PRRQV | POURUS
RRRBRUO | PQTROOQ PQXRSV QOROQY POPRVX SVRPQ | PSSRWJ PRWRQF SRRPVV| WTRTQ
UORQO | PPUROQ PPQRXQ XRSWT | VTRRX | UXRBRXO | PRQRUQ PRRRRR ORTRW | UXRWO
RTROO | PRTROO PQWRQJy STRUWU XXRBRUW <"a PPSaoQR
QTROO | PRTRRO| PRWRV\ PQROUV PPWRTS 2 PQ
RTROO | PRURXO PQWRQYy VSBRXWH XXRBRUW

<~a TTQRPT

2 PT
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cele 12U aU«iX \ed1Ui"< alUa:T06+y cele :2U aUceli2iiXiUae+i\eUi"« alUa:16+y
<ei+067TU | abl\jXoT| jX}oUx( (XX:X{Q| "« aU <ei+067U | abl\jXoT| jX}oUx¢ (XX:X{Q| "« aU
i \ei2eo6| iU i a:76o+U il T \el2e6| iU i, a:fT6+U i
VQBXV PQOROQ PPVRXR SBQVU UWRBQW| SWRBQO | PRQRPO PRTRSW PPRBRSRP| WSRBTR
SPRPU PPXRBRW(J PQPRXT SBURS XPRUX VQRXO PSQRRO PRQRBRRV XWRBSRH UWRBRP
UORXR PQOQRVQO PPXRBPW PQRBRRUR VSRBXQ PPWRPQ PQORRQO PQWRW| VRBPPU TREBEQW
PQVRQX PPSROO PPSRBPT| OBROQR | TPBRQV PRWRBV(JQ PRTBRQO PQVRVQG TURROX SXBOT
TOROV | PQPRRO PQORBRTLU ORBRTST WQRWX| SUBPO PSOROQ PRTRW(Q PVRSVX| WURSX
PQRRBUP PPUROQ PPSRRT QRVQW | TQROT | POSBRRQ PQXRRO POXRVT ORQOR | TURWO
VSRBXU PPOROQ PPVRVT  UOROOXY UVBRS | UQRPO | PRPRBRPO| PRRBTV, UBPPR | VSRPX
TXBTP PPWRTQ PPXRBRRT OBRVQO | VTBWS | SORTO PRURBRVOl PRURBWHE OBOPQ | XQRBST
RXRUO | PQVRTO POQORQH QVRVWT XRRTS | PSQRQC PQVRVO POQVRTQ ORORR | SWRSQ
UVBQW | PPVRXO| PPWRBSXY ORRTR | VPRPX SWRPO | PRQBRQ PRTRTO POBRQPW WSRUQ
UURVR PQOROQ PPWRTT QBROXX | VPRSX PRTRXO PQTRQO PQVRWY UBRXWO | SXBTV
SRBTT PPRBTO PQPRTT|  USRWOY WXRBOV | XXRBUO PQXRBPO PROROXY ORXVQ | TWRPV
RXRSX | PQURUQ PQQRQT PWRXRH XRRUV a QWPRQ
PRBRPO POQXRBVO PRORSH OBRTOO | PUTRBRS 2 PQ
SVERWW | PQQRPQ PQORWY PRSXS | WSRWQ

a QOPRQV

2 PT
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Annexure C: 95% Confidence band calculations at both stations

<cele 12U aU«iX \ed6lUeae+I\e 2+162¢6
<éf+061UT \e iUUT y| X071 eed| 1 2 ifl,
UQPaR PSPaR| PRWaPS| PRRaXT PSQaR
QT PRTaAaR| PRUaOP| PRQaPU PRXaW
svav PQRAR| PQQaxT| PPXaxUl PQTax
XVvVaw WWwW XSaPRT( WUaARX( POPaW
SP PQSaT| PQUaAaWP PQRaWY PQXaV
uoaqQ PPU PPTavU\ PPQaPQ PPXas
RT PRT PROaQU| PQVaOX PRRa§
XPavP PORAaT| XVaURX({ XOaURS POSal
QWaP PRRaW| PRSaAaQR| PROaAUQ PRVaW
RT PRUaX| PROaQU| PQVaOX PRRaS
SVaR PQWaXx| PQRaPW PQOaQd PQUaR
RRaU PQT PRPaOV| PQVawH PRSaR
RPas PRSaW| PRQaRR| PQWaxl| PRTaV,
RSavu PPXaP| PROASO| PQVaQQ PRRaT
QvaoT PRQaVvV| PRSawWsS| PRPaPT| PRWal
slope -0,57534| 150,4035| intercept n 15
SEslope| 0,061397| 3,014783| SE interc Xm 43,79467
RSQ 0,871046| 5,280443| SEy SSxx 7396,772
F 87,81129 13| d.f t95 2,160369
SSreg | 2448,449| 362,4801| SSres SE 5,280443
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Station A: Standard Blast Confidence
Scaled distance | AOp(dB) | Predicted Y | min max
45,4 1354 139,61296| 137,4174| 141,8085
84,8 130 129,85554| 126,4961| 133,215
91,5 128 128,19628| 124,2897| 132,1029
61,2 135,1 135,70008, 133,7148| 137,6854
51,5 136,7 138,10229, 136,1198| 140,0848
77,6 131,6 131,63862| 128,8198| 134,4575
45,1 137,8 139,68725| 137,4777| 141,8968
25,6 143,1 144,51644 140,983| 148,0498
45,03 145,3 139,70459| 137,4917| 141,9175
30,7 142,6 143,25342| 140,1209| 146,386
47,12 1448 139,187| 137,0658| 141,3082
69,9 132,6 133,54553| 131,2127| 135,8784
slope -0,24765| 150,8563| intercept n 12
SEslope| 0,043306| 2,586607| SE interc Xm 56,2875
RSQ 0,765821| 2,997329| SEy SSxx 4790,373
F 32,7023 10| d.f t95 2,228139
Ssreg 293,7969| 89,83981( Ssres SE 2,997329
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Station B: Varistem Blast

Confidence

Scaled distance | AOP Predicted Y| min max
72,97 120 118,693841 116,1509| 121,2368
41,16 119,8| 122,362329 119,4509| 125,2738
60,93 122,7| 120,082354| 117,7025| 122,4622
127,29 114 | 112,429387 106,6186| 118,2402
50,07 121,3| 121,334783, 118,7709| 123,8986
123,61 116 112,853783 107,3138| 118,3938
74,96 110 118,464344 115,86| 121,0687
59,51 118,5| 120,246115] 117,8598| 122,6325

39,6 127,5| 122,542236] 119,5561| 125,5284
67,28 117,9| 119,35004| 116,9314| 121,7687
66,73 120 | 119,413469 117,0025| 121,8244
43,55 113,5| 122,086702] 119,2825| 124,8909
39,49 126,6| 122,554922| 119,5634| 125,5465
13,1 129,7| 125,598349 120,9848| 130,2119
47,88 122,1| 121,587345] 118,9521| 124,2226

slope
SEslope
RSQ

F
SSregr

-0,11533| 127,1091| intercept

0,037515

2,56915| Seinterc.

0,420936| 4,264261| SEy

9,45002 13| d.f

171,8384| 236,3909| Ssres

n
Xm
SSxx
t95
SE

15
61,87533
12920,32
2,160369
4,264261
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Station B: Standard Blast Confidence

Scaled distance | AOp (dB) | Predicted Y| min max
48,2 132,1| 134,721157] 132,3674| 137,0749
72,9 134,3| 132,327386| 130,5814| 134,0734
118,1 125,3| 127,94688| 125,8776| 130,0162
138,7 127,2| 125,950455] 123,2432| 128,6577
46,1 140 | 134,924676| 132,5049| 137,3444
104,3 129,3| 129,284291] 127,5205| 131,0481
62,1 131,1| 133,374055 131,4087| 135,3394
40,5 136,7| 135,467394| 132,8647| 138,0701
142,2 127,7| 125,611257| 122,7825| 128,44
48,1 132,3| 134,730849 132,374| 137,0877
135,9 125,2| 126,221814] 123,6096| 128,834
99,6 129,1| 129,739786| 128,0452| 131,4343

Slope -0,09691| 139,3924( Intercept n 12

Seslope| 0,019217| 1,841984| SEinterc Xm 88,05833

RSQ 0,717771| 2,520002| Sey SSxx 17195,49

F 25,43222 10| d.f t95 2,228139

Ssregr | 161,5051| 63,50411 Ssres SE 2,520002
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