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Introduction

'HYHORSPHQW� RI� PLQLQJ� H[SORVLYHV� �0(�� LV� FRQQHFWHG� ZLWK�
PRGLğFDWLRQ� RI� IXQFWLRQDO� IRUPV� RI� DPPRQLDF� VDOWSHWHU� �$6���
,W� LV� XVHG� LQ� SDUWLFXODWH� IRUP� �DPPRQLWHV�� NDUERQLWHV�� PHWDQLW��
G\QDPLWHV��EDUEDU\WV���JUDQXODU�IRUP��VDOHWUROV���VDWXUDWHG�DTXHRXV�
VROXWLRQ� �VXVSHQVLRQ� H[SORVLYHV�� RU� VXSHUVDWXUDWHG� DTXHRXV�
VROXWLRQ��HPXOVLRQ�H[SORVLYHV���1RZDGD\V��WKH�PRVW�SRSXODU�PLQLQJ�
H[SORVLYHV�DUH�$1)2V��VDOHWUROV��DQG�HPXOVLRQ�H[SORVLYHV��$PRXQW�
RI�H[SORVLYHV�XVHG�LQ�LQGXVWU\�LQ�3RODQG�KDV�LQFUHDVHG�VLJQLğFDQWO\��
,Q� ����� WRWDO� H[SORVLYH� FRQVXPSWLRQ� ZDV�� ����������� NJ�� DQG� LQ�
����� ļ� ����������� NJ� >�@�� &RQVXPSWLRQ� RI� HPXOVLRQ� H[SORVLYHV�
DQG�$1)2�W\SH�H[SORVLYHV� LQ�XQGHUJURXQG�DQG�RSHQ�SLW�PLQHV� LV�
SUHVHQWHG� LQ� 7DEOH� ��� ,QFUHDVH� LQ� HPXOVLRQ� H[SORVLYH� DSSOLFDWLRQ�
LV� HVSHFLDOO\� SURQRXQFHG�� DV� WKHLU� XVH� LQ� 3ROLVK� RSHQ�SLW� PLQLQJ�
LQGXVWU\�ZDV�LQ��������������DQG�LQ������ļ�������

Table 1

Year
Saletrols Emulsion explosives

2009 ��������� ����������

2010 ��������� ����������

2011 ���������� ����������

2012 ���������� ����������

2013 ��������� ����������

(PXOVLRQ� H[SORVLYHV� DQG� $1)2�W\SH� PDWHULDOV� GXH� WR� WKHLU�
DGYDQWDJHV�DUH�RI� VSHFLDO� LQWHUHVW� IRU�PDQ\� UHVHDUFK� WHDPV�ZRUNLQJ�
RQ� GHYHORSPHQW� RI� LQQRYDWLYH� EODVWLQJ� DJHQWV��'HVSLWH� WKH� IDFW� WKDW�
WKH\� KDYH� EHHQ� NQRZQ� IRU� GR]HQV� RI� \HDUV�� VFLHQWLğF� MRXUQDOV� VWLOO�
SXEOLVK�QHZ�UHVXOWV�RI�H[SHULPHQWV�DQG�QXPHULFDO�HVWLPDWLRQV�RI�WKHLU�
SURSHUWLHV��$XWKRUV�SUHVHQW�LQ�WKLV�SDSHU�D�VXEMHFWLYH�VHOHFWLRQ�RI�WKH�
PRVW�LPSRUWDQW�SDSHUV�SXEOLVKHG�LQ�WKH�\HDUV�����ļ�����

Saletrols

6DOHWUROV� FRQWDLQLQJ� JUDQXODWHG� DPPRQLDF� VDOWSHWHU� KDYH� EHHQ�
SDWHQWHG� LQ� ����� LQ� WKH� 86�� 7KLV� PDUNV� EHJLQQLQJ� RI� UHVHDUFK�
LQYROYLQJ�PDLQO\�VHOHFWLRQ�RI�DSSURSULDWH�OLTXLG�IXHO��PRGLğFDWLRQ�RI�
VWUXFWXUH�RI�DPPRQLDF�VDOWSHWHU�JUDQXOHV�DQG�LQFUHDVLQJ�WKHLU�ZDWHU�
UHVLVWDQFH��$OWKRXJK� ğUVW� YDULDWLRQV� RI� VDOHWUROV�ZHUH�GHYHORSHG� LQ�
����V�� WKH� OLVWHG� DERYH�ğHOGV�RI� UHVHDUFK� UHVXOWHG� LQ� WKDW� VRPH�RI�
WKHP� FDQ� EH� FRQVLGHUHG� VWDWH�RI�WKH�DUW� H[SORVLYHV�� 7KLV� LV� WUXH�
PDLQO\� IRU� VDOHWUROV� FRQWDLQLQJ� KLJKO\� SRURXV� DPPRQLDF� VDOWSHWUH��
7KH� LPSRUWDQFH�RI� WKLV�SURSHUW\�RI�DPPRQLDF�VDOWSHWUH��DV�ZHOO�DV�
GRPLQDQW�UROH�RI�LQQRYDWLYH�YDULDWLRQV�RI�VDOHWUROV�LQ�RSHQ�SLW�PLQLQJ�
LQGXVWU\�LV�SURYHQ�E\�SXEOLFDWLRQV�SUHVHQWHG�LQ�WKH�UHFHQW�\HDUV�RQ�
LPSRUWDQW�FRQIHUHQFH�RQ�PLQLQJ�H[SORVLYHV�DQG�EODVWLQJ� WHFKQLTXH��

%\� DSSURSULDWH� SURFHVVLQJ� RSHUDWLRQV�� DPPRQLDF� VDOWSHWHU� RI�
GHYHORSHG� H[WHUQDO� DQG� LQWHUQDO� VXUIDFH� DUHD� FDQ� EH� REWDLQHG��
6WUXFWXUH�RI�DPPRQLDF�VDOWSHWUH�JUDQXOHV�QH[W�WR�HIIHFW�RQ�VDOHWURO�
SK\VLFRFKHPLFDO�SURSHUWLHV�GHWHUPLQHV�WKHLU�GHWRQDELOLW\�DQG�YDOXH�
RI�GHWRQDWLRQ�SDUDPHWHUV�ļ�GHWRQDWLRQ�UDWH�DQG�ZRUNLQJ�DELOLW\�>�@�

Effect of various factors on saletrol detonation parameters

3RURVLW\�RI�DPPRQLDF�VDOWSHWUH�SOD\V�LPSRUWDQW�UROH�IRU�HIğFLHQF\�
RI�$1)2�W\SH�H[SORVLYHV�RQ�URFN�PDVV�EODVWLQJ��$PPRQLXP�QLWUDWH�
�9��GHQVLW\�DW���Ş&�LV������J�FP3�>�@��$PPRQLXP�VDOWSHWUH�JUDQXOHV�DUH�
RI����ļ����J�FP3�GHQVLW\��ZKLOH�WKHLU�EXON�GHQVLW\�LV�����ļ�����J�FP3. 

7H[WXUH�RI�SRURXV�DPPRQLDF�VDOWSHWUH�FRQWDLQV�H[WHUQDO�DQG�LQWHUQDO�
SRUHV��2XWHU�SRURVLW\�SURYLGHV�DEVRUSWLRQ�DELOLW\�RI�VXFK�DPRXQW�RI�
RUJDQLF� IXHO� LQWR�DPPRQLDF�VDOWSHWUH�JUDQXOHV�WKDW�DOORZV�REWDLQLQJ�
PL[WXUHV�RI�PD[LPXP� WKHUPRG\QDPLF� DQG�GHWRQDWLRQ�SDUDPHWHUV��
7KLV� DOVR� IRUPDWLRQ� RI� SK\VLFDOO\� VWDEOH� DQG� PDFURVFRSLFDOO\�
KRPRJHQHRXV� H[SORVLYH� PL[WXUH� WKDW� FDQ� EH� WUDQVSRUWHG� RQ� ORQJ�
GLVWDQFHV�DQG�KDV�H[WHQGHG�VWRUDJH�WLPH��:KLOH� LQWHUQDO�SRURVLW\� LV�
D�EDVLF�IDFWRU�GHWHUPLQLQJ�ğQDO�GHQVLW\�RI�H[SORVLYH�PL[WXUH��,QWHUQDO�
SRUHV�SOD\� UROH�RI� ĴKRWVSRWVĵ� WKDW�GHWHUPLQH� LQLWLDWLRQ�RI� FKHPLFDO�
reactions that become detonation.

7HVWV�RI�GHWRQDWLRQ�SDUDPHWHUV�RI�VDOHWUROV�FDQ�EH�IRXQG�LQ�SDSHUV�
>��ļ��@�� ,Q� DUWLFOH� >�@�GHWRQDWLRQ� UDWH�RI� VDOHWURO� �DPPRQLXP�QLWUDWH�
�9��RLO��������RI�GHQVLW\�������J�FP3�� LQ� VWHHO�SLSHV�������PP�XVLQJ�
UHIHUHQFH�GHWRQDWRUV�FRQWDLQLQJ�������J������J������J������J�DQG�����J�RI�
SHQWU\W�DV�LQLWLDWRUV��0HDVXUHPHQWV�ZHUH�FRQGXFWHG�RQ�IRXU�GLVWDQFHV�
�����PP�HDFK���2Q�WKH�ODVW�PHDVXUHPHQW�VHFWLRQ�IRU�SHQWU\W�PDVV�RI�
�����J������P�V�ZDV�REWDLQHG��ZKLOH�IRU�����J�ļ������P�V��$V�VKRZQ�
E\�H[SHULPHQWDO�UHVXOWV��LW�PD\�EH�FRQFOXGHG�WKDW�WKH�JUHDWHU�SHQWU\U�
PDVV�LQ�WKH�GHWRQDWRU��WKH�JUHDWHU�GHWRQDWLRQ�UDWH��%RKDQHN� �>�@�
ZKHQ�XVLQJ�SHQWU\W�GHWRQDWRUV�DV�LQLWLDWRUV�RI�PDVV�����J�����J������J��
KDYH�DOVR�REWDLQHG�GHWRQDWLRQ�UDWHV� LQFUHDVLQJ�ZLWK�GHWRQDWRU�PDVV��
������P�V��������P�V�DQG�������P�V��UHVSHFWLYHO\�

pipe 52/57 mm, detonator 



6WXGLHV� >�@� FRQGXFWHG� IRU� VDOHWURO� FKDUJHV� �DPPRQLXP� QLWUDWH�
�9��RLO����������GHQVLW\�������J�FP3��SODFHG�LQ�VWHHO�SLSHV�RI�GLDPHWHU�
������ PP� DQG� ���������� PP� DQG� IRU� GLIIHUHQW� LQLWLDWRUV� �HOHFWULF�
IXVH� FRQWDLQLQJ� ����� J� RI� SHQWU\W�� GHWRQDWRU� RI� VSHFLğHG� PDVV� RI�
H[SORVLYHV��KDV�IRXQG�WKDW�DV�WHPSHUDWXUH�LQFUHDVHV��GHWRQDWLRQ�UDWH�
LQFUHDVHV�DV�ZHOO��7\SH�RI� LQLWLDWRU�KDV�DOVR�HIIHFW�RQ�WKH�PHDVXUHG�
SDUDPHWHU��)LJ�����
6RPH�EODVWLQJ�WHFKQLTXHV�XVH�VDOHWUROV�RI�UHGXFHG�GHWRQDWLRQ�

SDUDPHWHUV� WKDW� FDQ� EH� DFKLHYHG� E\� XVLQJ� PDWHULDO� RI� ORZ� EXON�
GHQVLW\�DV�D�FRPSRQHQW��7KH�SDSHU�>�@� LQYROYHV�XVH�RI�H[SDQGHG�
SRO\VW\UHQH�RI�JUDLQ�VL]H�LQ�UDQJH�RI����ļ����PP�DQG�EXON�GHQVLW\�
RI� ������ J�FP3� DV� D� GHQVLW\� UHGXFLQJ� DJHQW� IRU� KHDY\�$1)2�
�PL[WXUH� RI� VDOHWURO� DQG� HPXOVLRQ� H[SORVLYH� PDWUL[��� 6DOHWURO�
FRQWDLQHG�������RI�DPPRQLXP�QLWUDWH��9��DQG������RI�RLO��ZKLOH�
HPXOVLRQ�H[SORVLYH�PDWUL[�KDG�WKH�IROORZLQJ�FRPSRVLWLRQ��R[LGLVHUV�
ļ� �������� RUJDQLF� SKDVH� ļ� ������� ZDWHU� ļ� �������� 6DOHWURO�
HPXOVLRQ�H[SORVLYH�PDWUL[�YROXPH�UDWLR�ZDV��������'HWRQDWLRQ�UDWH�
PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�ZDV�PL[WXUHV�FRQWDLQLQJ�YDULRXV�
DPRXQWV�RI�H[SDQGHG�SRO\VW\UHQH�LQ�VWHHO�SLSHV�RI�LQQHU�GLDPHWHU�
RI����PP�DQG�RXWHU�GLDPHWHU�RI�����PP��7KH�H[SHULPHQW�UHVXOWV�
DUH�SUHVHQWHG�LQ�7DEOH���

Table 2

Explosive
Density

3

Detonation rate

m/s

�$1)2�PDWUL[��SRO\VW\UHQH ����� ����� 1999

�$1)2�PDWUL[��SRO\VW\UHQH ����� 0.714 1777

�$1)2�PDWUL[��SRO\VW\UHQH ����� ����� 1602

�$1)2�PDWUL[��SRO\VW\UHQH ����� 0.541 1562

�$1)2�PDWUL[��SRO\VW\UHQH ����� 0.454 1520

�$1)2�PDWUL[��SRO\VW\UHQH ����� 0.367 1260

�$1)2�PDWUL[��SRO\VW\UHQH ����� ����� ���

�$1)2�PDWUL[��SRO\VW\UHQH ����� 0.193 524

7KH� REWDLQHG� UHVXOWV� VKRZ� PRQRWRQLF� GHFUHDVH� RI� GHWRQDWLRQ�
UDWH�RI�WHVWHG�PL[WXUHV�DV�GHQVLW\�GHFUHDVHV�ļ�H[SDQGHG�SRO\VW\UHQH�
FRQWHQW�LQFUHDVHV��3RO\VW\UHQH�QRW�RQO\�GHFUHDVHV�WKH�GHQVLW\��EXW�DOVR�
VKLIWV�R[\JHQ�EDODQFH�RI�H[SORVLYH�PL[WXUHV�WRZDUGV�QHJDWLYH�YDOXHV��
KDYLQJ�XQIDYRXUDEOH�HIIHFW�RQ�WKHUPRG\QDPLF�SDUDPHWHUV�

Effect of aluminium powder addition on detonation 

explosion products

'HWRQDWLRQ�RI�H[SORVLYH�UHVXOWV�LQ�IRUPDWLRQ�RI�ODUJH�DPRXQWV�
RI� JDVHRXV� H[SORVLRQ� SURGXFWV�� 6RPH� RI� WKHP�� PDLQO\� FDUERQ�
PRQR[LGH� DQG� QLWURJHQ� R[LGHV� DUH� KDUPIXO� WR� KHDOWK� RI� PLQHUV�
SUHVHQW� LQ� WKH� DUHD� RI� EODVWLQJ� RSHUDWLRQV�� DV� ZHOO� DV� KDYH�
QHJDWLYH�HQYLURQPHQWDO�LPSDFW��7KHUHIRUH��VWXGLHV�DUH�FRQGXFWHG�
WR�WHVW�FRQWHQW�RI�WR[LF�LQJUHGLHQWV�HPLWWHG�GXULQJ�GHWRQDWLRQ�IRU�
H[SORVLYHV�XVHG�LQ�XQGHUJURXQG�PLQHV��7KH�&HQWUDO�0LQLQJ�,QVWLWXWH�
LQ�FRRSHUDWLRQ�ZLWK�WKH�0LOLWDU\�8QLYHUVLW\�RI�7HFKQRORJ\�DQG�WKH�
,QVWLWXWH�RI�,QGXVWULDO�2UJDQLF�&KHPLVWU\��,32��FRQGXFWHG�VWXGLHV�
RQ� HIIHFW� RI� DOXPLQLXP� SRZGHU� RQ� FRQFHQWUDWLRQ� RI� WR[LF� SRVW�
H[SORVLRQ�JDVHV�>�@��([SHULPHQWV�ZHUH�FRQGXFWHG� IRU�DOXPLQL]HG�
VDOHWUROV�RI�R[\JHQ�EDODQFH�FORVH�WR�]HUR��RI�FRPSRVLWLRQ�SUHVHQWHG�
LQ�7DEOH���

Table 3

Explosive

ANFO-Al-1 ANFO-Al-2 ANFO-Al-3

3RURXV�1+
4
12

3
����� ����� �����

)ODNHG�DOXPLQLXP�SRZGHU 3.64 7.27 12.12

2LO�)/(;��� 4.51 4.02 2.65

,Q� RUGHU� WR� H[SRVH� PLFURPRUSKRORJ\� RI� WHVWHG� DPPRQLDF�
VDOWSHWUH� VDPSOHV�� LQWHUQDO� DQG� H[WHUQDO� VWUXFWXUH� ZDV� VWXGLHG�
E\� PHDQV� RI� 6(0�� $PPRQLDF� VDOWSHWUH� VDPSOH� VWUXFWXUH� LV�
SUHVHQWHG� LQ� )LJXUH� ��� 7HVWHG� DPPRQLDF� VDOWSHWUH� LV� RI� SRURXV�
VWUXFWXUH�ZLWK�PXOWLSOH�RSHQLQJV�YLVLEOH�LQ�6(0�LPDJHV��*UDQXOHV�
DUH� RI� UHJXODU� VSKHULFDO� VKDSH� ZLWK� GLDPHWHU� RI� DSSUR[�� �� PP�
ZLWK�SRUH�VL]H�RI�a���ŝP��$EVRUSWLYLW\�IRU�RLO�)/(;�����ZDV�XS�
WR�DSSUR[�������RI�ZHLJKW�

7HVW�UHVXOWV�RI�WR[LF�JDV�FRQWHQW�LQ�VDOHWURO�H[SORVLRQ�SURGXFWV�DUH�
VXPPDUL]HG�LQ�7DEOH���

Table 4

Explosive

ANFO-Al-1 ANFO-Al-2 ANFO-Al-3

&2 5.53 ���� 7.43

12 5.22 3.75 0.93

12
2

2.17 1.69 0.47

12[ 7.39 5.45 1.40

&2�12[ 20.31 19.56 10.23

,QFUHDVH� LQ� ĠDNHG� DOXPLQLXP� SRZGHU� FRQWHQW� IURP� ������
WR� ������� FDXVHG� GRXEOH� GURS� LQ� FRQFHQWUDWLRQ� RI� WR[LF� H[SORVLRQ�
SURGXFWV��7KLV�LV�D�UHVXOW�RI�WKH�IDFW�WKDW�LQFUHDVH�RI�DOXPLQLXP�SRZGHU�
TXDQWLW\�UHVXOWV�LQ�WHPSHUDWXUH�LQFUHDVH�LQ�FKHPLFDO�UHDFWLRQ�]RQH�GXH�
WR� WKH�KLJK�KHDW�RI�FRPEXVWLRQ� IRU�DOXPLQLXP��ZKLFK�DOORZV�JUHDWHU�
FRQYHUVLRQ�RI�LQJUHGLHQWV�RI�H[SORVLYH�PL[WXUH�



7KH�SDSHU�>�@�SUHVHQWV�DOVR�UHVXOWV�RI�ZRUNLQJ�DELOLW\�RI�DOXPLQL]HG�
VDOHWUROV�PHDVXUHG�XVLQJ�+HOG�PHWKRG��)LJ�����

7DEOH���SUHVHQWV�PD[LPXP�DQG�DYHUDJHG�YDOXHV�RI�GHQVLW\�SXOVH�
REWDLQHG�IRU�WKUHH�W\SHV�RI�VDOHWUROV��'HQVLW\�SXOVH�,'�ZDV�GHWHUPLQHG�
XVLQJ�WKH�IRUPXOD

,
D
� �,�$� ��PĿ9��$� ��)ĿW��$� ���

ZKHUH��
,�ļ�SXOVH��NJĿP�V
$�ļ�VXUIDFH�DUHD�RI�GULYHQ�EORFN��FP2

)�ļ�IRUFH��1
P�ļ�EORFN�ZHLJKW��NJ
9�ļ�YHORFLW\��P�V
W�ļ�WLPH��V

Table 5

Explosive

Diameter 0.5 m, steel block
Diameter 0.75 m, aluminium 

block

I
D
,

105 Pa·s

I
Ds

,

105 -1/3

I
D
,

105 Pa·s

I
Ds

,

105 -1/3

Max. Max. Max. Max.

$1)2�$O��
1.06

(����

����

(����

1.44

(����

5.19

(����

����

(����

2.35

(����

9.31

(����

���� 
(����

$1)2�$O��
����

(����

3.60

(����

1.14

(����

����

(����

6.64

(����

2.75

(����

9.02

(����

3.69 

(����

$1)2�$O��
1.16

(����

3.95

(����

����

(����

5.36

(����

7.47

(����

2.96

(����

1.01

(����

4.02 

(����

'DWD� �7DE�� ��� VKRZV� WKDW� LQFUHDVH� RI� ĠDNHG� DOXPLQLXP� SRZGHU�
FRQWHQW� LQFUHDVHV� GHQVLW\� SXOVH�� WKXV� LQFUHDVLQJ� ZRUNLQJ� FDSDELOLW\�
RI� VDOHWUROV�� %\� FKDQJLQJ� DOXPLQLXP�SRZGHU� FRQWHQW� RQH� FDQ� DGMXVW�
WKHUPRG\QDPLF� SDUDPHWHUV� RI� VDOHWUROV� DGRSWLQJ� WKHP� WR� WKH�
PHFKDQLFDO�SURSHUWLHV�RI�WKH�H[SORLWHG�URFN�PDVV�

Emulsion explosives

0DLQ� LQJUHGLHQWV� RI� HPXOVLRQ� H[SORVLYHV� DUH�� R[LGLVHUV�� IXHOV��
ZDWHU��HPXOVLğHUV��VHQVLWLVHUV�DQG�PRGLğHUV��$PPRQLXP��DONDOL�PHWDOV�
DQG�DONDOLQH�HDUWK�PHWDOV�QLWUDWHV��9���FKORUDWHV��9��DQG�FKORUDWHV��9,,��
DUH�XVHG�DV�R[LGLVHUV��$PPRQLXP�QLWUDWH�9��LV�PRVW�RIWHQ�XVHG��DOVR�
DV�D�PL[WXUH�ZLWK� VRGLXP�RU�FDOFLXP�QLWUDWH�9���2[LGLVHU�FRQWHQW� LQ�

HPXOVLRQ� H[SORVLYHV� UHDFKHV� DOPRVW� ����� )XHOV� XVHG� LQ� HPXOVLRQ�
H[SORVLYHV�FDQ�EH�GLYLGHG�LQWR���JURXSV�
ļ�� RUJDQLF�OLTXLGV�IRUPLQJ�VROXWLRQV�ZLWK�ZDWHU�
ļ�� RUJDQLF�OLTXLGV�QRW�IRUPLQJ�VROXWLRQV�ZLWK�ZDWHU�
ļ�� VROLG�IXHOV�VXFK�DV�FRDO��VXOSKXU��DOXPLQLXP�SRZGHU�RI�YDULRXV�JUDLQ�
VL]H��PLOOHG�FHUHDO�VHHGV��WKH\�DUH�XVHG�DV�DGGLWLRQDO�IXHOV�DQG�WKHLU�
FRQWHQW�LQ�HPXOVLRQ�H[SORVLYHV�FDQ�EH�XS�WR�����>�@�
:DWHU� LV� D� YHU\� LPSRUWDQW� WH[WXUH�FUHDWLQJ� DJHQW� RI� HPXOVLRQ�

H[SORVLYHV�� ,WV� FRQWHQW� GHSHQGV� RQ� WKH� W\SH� RI� XVHG� HPXOVLğHU�
DQG� DIIHFWV� VLJQLğFDQWO\� WKHLU� GHWRQDELOLW\�� GHQVLW\� DQG� H[SORVLRQ�
SURSHUWLHV��(PXOVLRQ�H[SORVLYHV�DUH�EDVHG�RQ�HPXOVLRQ�RI�ĴZDWHU�LQ�
RLOĵ�W\SH��FDOOHG�PDWUL[��7KH�PDWUL[�KDV�GHQVLW\�RI�DSSUR[������J�FP3��,W�
KDV�QR�H[SORVLYH�SURSHUWLHV��WKHUHIRUH�LW�KDV�WR�EH�VHQVLWL]HG�LQ�RUGHU�
WR�REWDLQ�H[SORVLYH�PDWHULDO��7R�WKDW�HQG��KLJK�HQHUJ\�H[SORVLYHV�DUH�
DGGHG�WR�WKH�PDWUL[��RU�JDV�EXEEOHV�VHUYLQJ�DV�VR�FDOOHG�KRWVSRWV�DUH�
IRUPHG�PHFKDQLFDOO\�RU�FKHPLFDOO\�
/DUJH�QXPEHU�RI�SXEOLFDWLRQV� >��ļ���@� VKRZV�FRQWLQXRXV�KLJK�

LQWHUHVW� LQ� HPXOVLRQ� H[SORVLYHV� LQ� WKH� ODVW� \HDUV� GHVSLWH� WKH� IDFW�
WKDW�ğUVW�YHUVLRQV�RI�WKHVH�H[SORVLYHV�ZHUH�GHYHORSHG�LQ������>�@��
0DLQ�GLUHFWLRQV�RI�WKH�UHVHDUFK�LQYROYH�HPXOVLRQ�H[SORVLYH�PDWUL[�
VWDELOLW\� >�� ļ� ��@� DQG� EDVLF� GHWRQDWLRQ� SDUDPHWHUV� RI� HPXOVLRQ�
H[SORVLYHV�>���ļ���@�

Matrix stability

6WDELOLW\� RI� H[SORVLYHV� FDQ� EH� GHğQHG� DV� DQ� DELOLW\� WR� PDLQWDLQ�
LQYDULDEOH� SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV� IRU� D� ORQJ� WLPH�� 3K\VLFDO�
VWDELOLW\�GHSHQGV�RQ�SURSHUWLHV�RI�FRPSRQHQWV�RI�H[SORVLYH�PL[WXUHV�DV�
ZHOO�DV�RQ�WKH�VWDELOLW\�RI�WKH�VWUXFWXUH�WKH\�IRUP��0LQLQJ�H[SORVLYHV�LQ�
FRPSDULVRQ�ZLWK�H[SORVLYHV�XVHG�LQ�PLOLWDU\�KDYH�UHODWLYHO\�ORZ�VWDELOLW\��
7KLV�SURSHUW\� LV�GHWHUPLQHG�DPRQJ�RWKHUV�E\�K\JURVFRSLFLW\�RI�PDLQ�
FRPSRQHQW� RI�PLQLQJ� H[SORVLYHV�� L�H�� DPPRQLXP� QLWUDWH� �9��� ,Q� FDVH�
RI� HPXOVLRQ� H[SORVLYHV�� WKHUH� PD\� RFFXU� SURFHVVHV� FDXVLQJ� FKDQJHV�
SDUWLFXODUO\�LQ�WKHLU�VWUXFWXUH��HPXOVLRQ�LQYHUVLRQ�OHDGLQJ�WR�FU\VWDOOLVDWLRQ�
RI�R[LGLVHUV��WKDW�ZLOO�KDYH�GLUHFW�QHJDWLYH�LPSDFW�RQ�WKHLU�GHWRQDWLRQ�
SDUDPHWHUV��HVSHFLDOO\�RQ�GHWRQDELOLW\��7KH�UHVXOWV�RI�FRQGXFWHG�VWXGLHV�
VKRZ�WKDW�KLJK�VWDELOLW\�RI�HPXOVLRQ�H[SORVLYH�PDWUL[�FDQ�EH�REWDLQHG�
ZKHQ� VXFK� FRQGLWLRQV� DV� WKH� IROORZLQJ� DUH� PDLQWDLQHG�� VHOHFWLRQ� RI�
SURSHU�HPXOVLğHU�RU�PL[WXUH�RI�HPXOVLğHU��SRO\PHU�EDVHG�HPXOVLğHUV�
LQFUHDVH� VWDELOLW\��� XVLQJ� KLJK�TXDOLW\� FRPSRQHQWV� RI� RUJDQLF� SKDVH��
XVLQJ� SXUH� VXEVWDQFHV� LQ� QRQ�FRQWLQXRXV� SKDVH�� DSSURSULDWH� UHJLPH�
RI�WHFKQRORJLFDO�SURFHVV��FRUUHFW�VHQVLWL]DWLRQ�PHWKRG�DSSURSULDWH�IRU�
HPXOVLRQ�H[SORVLYH�DSSOLFDWLRQ�PHWKRG�>��@�
7KH�SDSHU�>��@�SUHVHQWV�VWXGLHV�RQ�HIIHFW�RI�)H>�12

3
�

4
@- ions on 

WKHUPDO�VWDELOLW\�RI�DPPRQLXP�QLWUDWH��9��DQG�HPXOVLRQ�H[SORVLYHV��,W�
ZDV�IRXQG�WKDW�LURQ��,,,��QLWUDWH��9��KDV�FDWDO\WLF�SURSHUWLHV�WKDW�UHGXFH�
LQLWLDO�GHFRPSRVLWLRQ�WHPSHUDWXUH�RI�DPPRQLXP�QLWUDWH�DQG�HPXOVLRQ�
H[SORVLYH�PDWUL[� �9�� E\� �����Ş&� DQG� �����Ş&�� UHVSHFWLYHO\�� &ULWLFDO�
WHPSHUDWXUH�RI�HPXOVLRQ�H[SORVLYHV�LQ�WKH�SUHVHQFH�RI�)H>�12

3
�

4
@��LRQ�

ZDV�GHFUHDVHG�HYHQ�E\�XS�WR��������7DE�����
Table 6

No. Sample
Temperature

°C

1 $PPRQLXP�QLWUDWH�9� 0.497 241.066

2 $PPRQLXP�QLWUDWH�9��LURQ�,,,��QLWUDWH�9� 0.496 �������

3 $PPRQLXP�QLWUDWH�9��DPPRQLXP�FKORULGH 0.501 �������

4 (PXOVLRQ�H[SORVLYH�PDWUL[ 0.200 ������

5 ((�PDWUL[�LURQ�,,,��QLWUDWH�9� 0.200 ������

6 ((�PDWUL[�DPPRQLXP�FKORULGH 0.210 230.75



2QH�RI�WKH�SDUDPHWHUV��PRVW�RIWHQ�GHVFULEHG�LQ�WKH�OLWHUDWXUH�LV�
GHWRQDWLRQ�UDWH�WKDW�FDQ�EH�GHğQHG�DV�UDWH�RI�SURSDJDWLRQ�RI�FKHPLFDO�
UHDFWLRQ�]RQH�LQ�GHWRQDWLQJ�H[SORVLYH��7KHLU�FKDUDFWHULVWLF�SURSHUWLHV�
DUH� VWDWLRQDULW\� DQG� PD[LPXP� GLPHQVLRQV� XQGHU� JLYHQ� FRQGLWLRQV��
'HWRQDWLRQ�UDWH�IRU�JLYHQ�H[SORVLYH�LV�QRW�D�FRQVWDQW�YDOXH��([SORVLYH�
GHWRQDWLRQ�UDWH�PD\�EH�JUHDWO\�DIIHFWHG�E\�WKH�IROORZLQJ�IDFWRUV��FKDUJH�
GHQVLW\��GLDPHWHU�DQG�HQYHORSH��ğQHQHVV�RI�FU\VWDOV�DQG��IRU�PL[WXUHV��
FRPSRQHQW�FRQWHQW�DQG�FRPSRVLWLRQ�VWUXFWXUH��$QRWKHU�YHU\�LPSRUWDQW�
SDUDPHWHU�LV�ZRUNLQJ�FDSDELOLW\�WKDW�GHWHUPLQHV�HIğFLHQF\�RI�URFN�PDVV�
EODVWLQJ�RU�GHJUHH�RI�IHUPHQWDWLRQ�RI�PLVVLOH�VKHOO�
'HQVLW\�HIIHFW�RQ�GHQRWDWLRQ�SDUDPHWHUV�RI�HPXOVLRQ�H[SORVLYHV�

ZDV� VWXGLHG� LQ� >��@�� 'HQVLW\� RI� PDWUL[� FRPSRVHG� RI�� DPPRQLXP�
QLWUDWH� �9�� ļ� ������� VRGLXP� QLWUDWH� �9�� ļ� ������� RUJDQLF� SKDVH� ļ�
�����DQG�ZDWHU�ļ�������ZDV�FRQWUROOHG�E\�DGGLWLRQ�RI�PLFUREDOORRQV�
����'(� ���� ���� ,QFUHDVH� LQ� VHQVLWL]HU� FRQWHQW� IURP������ WR� �����
FDXVHG�GHFUHDVH�LQ�GHQVLW\�LQ�UDQJH�����ļ�����J�FP3��ZKLFK�UHVXOWHG�
LQ�GHFUHDVH�LQ�GHWRQDWLRQ�UDWH�PHDVXUHG�LQ�SLSHV�RI����PP�GLDPHWHU�
IURP�������P�V�WR�������P�V�DQG�ZDV�SDUWLFXODUO\�SURQRXQFHG�LQ�WKH�
ğUVW�VWDJH�RI�GHQVLW\�UHGXFWLRQ�
&RPSDUDWLYH�WHVWV�ZHUH�FRQGXFWHG�LQYROYLQJ�HIIHFW�RI�DGGLWLRQ�RI�

JODVV�PLFUREDOORRQV��+*0%���SRO\PHU�PLFUREDOORRQV��+30%��>��@�RQ�
GHWRQDWLRQ� UDWH� DQG�SUHVVXUH�RI� HPXOVLRQ� H[SORVLYHV�� 5HVXOWV� RI� WKH�
FRQGXFWHG�VWXGLHV�DUH�SUHVHQWHG�LQ�)LJXUH����ZKLOH�)LJXUH���LOOXVWUDWHV�
GHSHQGHQFH�RI�GHWRQDWLRQ�UDWH�RQ�SRURVLW\��ZKLFK� LV�GHğQHG�E\� WKH�
IROORZLQJ�HTXDWLRQ�

� ��
M
 – 

o
���

M
 – 0%�� ���

ZKHUH��

M
�ļ�PDWUL[�GHQVLW\�

o
�ļ�HPXOVLRQ�H[SORVLYH�GHQVLW\�

0% – sensitizer density.

a function of 1-

)LJXUH� �� SUHVHQWV� FRPSDULVRQ� RI� H[FHVV� SUHVVXUH� SURğOHV�
PHDVXUHG�IRU�HPXOVLRQ�H[SORVLYHV�VHQVLWL]HG�ZLWK�JODVV�PLFURVSKHUHV�
RI�YDULRXV�SRURVLWLHV�

'HWRQDWLRQ� UDWH� RI� ((V� VHQVLWL]HG�ZLWK�+0%3� LQFUHDVHV� OLQHDUO\�
DV�FKDUJH�GHQVLW\�LQFUHDVHV�DQG�LV�KLJKHU�WKDQ�GHWRQDWLRQ�UDWHV�RI�((V�
VHQVLWL]HG�ZLWK�+*0%��0RUHRYHU��SRURVLW\�LV�YHU\�LPSRUWDQW�KHUH��$V�
FKDUJH�SRURVLW\�LQFUHDVHV��WKH�GHQRWDWLRQ�UDWH�GHFUHDVHV�ERWK�IRU�((V�
VHQVLWL]HG�ZLWK�+*0%�DQG�+30%��&ULWLFDO�GHQVLW\��DW�ZKLFK�GHWRQDWLRQ�
GHFD\V�FRUUHVSRQGV�WR�SRURVLW\�RI������DQG�������UHVSHFWLYHO\�
7KH� WHVWHG� HPXOVLRQ� H[SORVLYHV� YHU\� SK\VLFDOO\� VHQVLWL]HG�

E\� DGGLWLRQ� RI� JODVV� RU� SRO\PHU� PLFURVSKHUHV�� 2WKHU� IRUP� RI�
VHQVLWL]DWLRQ� FDQ� EH� FKHPLFDO� IRDPLQJ�� WKDW� FDQ� EH� DFKLHYHG�
E\� DGGLQJ� PDJQHVLXP� K\GULGH� WR� HPXOVLRQ� H[SORVLYH� PDWUL[� WKDW�
XQGHUJRHV� GHFRPSRVLWLRQ� WKHUHLQ�� ZKLFK� OHDGV� WR� JHQHUDWLRQ� RI�
K\GURJHQ�PLFUREXEEOHV�>������@��3DSHU�>��@�SUHVHQWV�FRPSDUDWLYH�
VWXGLHV�RI�WKH�((V�RI�PDWUL[�FRPSRVHG�RI��DPPRQLXP�QLWUDWH�9��ļ�
�����VRGLXP�QLWUDWH��9��ļ������RUJDQLF�SKDVH�ļ�����ZDWHU�ļ�����
7KUHH�W\SHV�RI�VHQVLWL]HUV�ZHUH�XVHG��JODVV�PLFURVSKHUHV��PL[WXUH�
RI�JODVV�PLFURVSKHUHV�DQG�DOXPLQLXP�SRZGHU��PDJQHVLXP�K\GULGH��
((V�FRPSRVLWLRQV�DQG�H[SHULPHQWDOO\�GHWHUPLQHG�DQG�WKHRUHWLFDOO\�
HVWLPDWHG�H[SORVLRQ�KHDWV�DUH�VXPPDUL]HG�LQ�7DEOH���

Table 7

Matrix, 

%

Sensitizer, %

Al H
2

experimental

100

4 - - ���� 3297

4 4 - ���� ����

- - 2 3574 3530

7K
H�
VS
HH
G�
RI
�G
HW
RQ
DW
LR
Q



)RU� WKH� SUHVHQWHG� PL[WXUHV� �7DE�� ��� GHWRQDWLRQ� UDWHV� ZHUH�
PHDVXUHG��([SHULPHQWV�ZHUH�FRQGXFWHG�LQ�����������PP�SODVWLF�SLSHV��
0RUHRYHU�� PHDVXUHPHQWV� RI� EULVDQFH� XVLQJ� +HVV� PHWKRG� �VDPSOH�
ZHLJKW� ��� J�� DQG� VHQVLWLYLW\� WR� PHFKDQLFDO� VWLPXOL�� 7HVW� UHVXOWV� DUH�
SUHVHQWHG�LQ�7DEOH���

Table 8

 

Type of 

sensitizer

Density
3

Detonation 

rate

m/s

Brisance

mm

Friction 

sensitivity

N

Temperature 

resistance

K

*ODVV�PLFURVSKHUH 1.21 4434 16.1 !��� >503

*ODVV�PLFURVSKH-
UHV�$O

1.24 ���� 16.2 !��� >503

+
2
Mg 1.29 5552 19.1 !��� >503

5HVXOWV�RI�FRPSDUDWLYH�WHVWV�RI�((V�VHQVLWL]HG�ZLWK�YDULRXV�W\SHV�RI�
VHQVLWLVHUV��7DE����DQG����VKRZ�WKDW�JUHDWHVW�YDOXHV�RI�GHWRQDWLRQ�UDWH��
EULVDQFH�DQG�H[SORVLRQ�KHDW�ZHUH�REWDLQHG�IRU�PL[WXUHV�VHQVLWL]HG�ZLWK�
PDJQHVLXP�K\GULGH��7KLV�PD\�EH�D�UHVXOW�RI�L�D��WKDW�JODVV�PLFURVSKHUHV�
are inert additive.

2IWHQ�XVHG�PRGLğHU�RI�GHWRQDWLRQ�DQG�WKHUPRFKHPLFDO�SDUDPHWHUV�
RI� WKH�((V� LV�DOXPLQLXP�SRZGHU�>���ļ���@��7KH�SDSHU�>��@�SUHVHQWV�
HPXOVLRQ�H[SORVLYH�PDWUL[�FRPSRVHG�RI�DPPRQLXP�QLWUDWH��9���ZDWHU�
DQG�RLO�SKDVH�LQ���PDVV�UDWLR���������RI�GHQVLW\������J�FP3��7KH�PDWUL[�
ZDV�VHQVLWLVHG�ZLWK�JODVV�PLFURVSKHUHV��'+0%��RI����ŝP�JUDLQV�VL]H�
DQG�FRQWDLQHG�DOXPLQLXP�SRZGHU�RI�DYHUDJH�VL]H�RI�VSKHULFDO�SDUWLFOHV�
HTXDO� WR� �� ŝP�� RI� WKH� IROORZLQJ� FRQWHQW� ���� ����� ���� DQG� ����
�7DE������'HWRQDWLRQ�UDWHV�PHDVXUHPHQWV�LQ�������PP�39&�SLSHV�DUH�
SUHVHQWHG�LQ�)LJXUH���

Table 9

No.

EES composition, % Density

3

Matrix + 5% DHMB Aluminium powder

1 100 0 1.05

2 90 10 1.12

3 �� 20 1.20

4 70 30 1.32

 

'DWD��)LJ�����VKRZV�FOHDUO\�WKDW�DGGLWLRQ�RI�DOXPLQLXP�SRZGHU�XQGHU�
FRQGLWLRQV�RI� FRQGXFWHG�H[SHULPHQWV�FDXVHV�GHFUHDVH� LQ�GHWRQDWLRQ�
UDWH�RI�((6��([SHULPHQW�UHVXOWV�FRUUHVSRQG�WR�UHVXOWV�RI�FDOFXODWLRQV�
REWDLQHG�IRU�DVVXPSWLRQ�RI������LQHUWQHVV�RI�DOXPLQLXP�SRZGHU�
7KH�SDSHU�>��@�LQFOXGHV�DOVR�GHWHUPLQDWLRQ�RI�GHWRQDWLRQ�SUHVVXUH�

SURğOHV�IRU�IRXU�FRPSRVLWLRQV�RI�YDULRXV�DOXPLQLXP�SRZGHU�FRQWHQW��
)LUVWO\��PHDVXUHPHQWV�ZHUH�FRQGXFWHG�XVLQJ�PDQJDQLQ�VHQVRU�SODFHG�
RQ�WKH�HQG�RI�FKDUJH�EHWZHHQ�WZR�7HĠRQ�OD\HUV�RI�����PP�WKLFNQHVV��RQ�
H[SORVLYH�VLGH��DQG����PP��7KHQ�SURğOH�SUHVVXUHV�ZHUH�GHWHUPLQHG�
XVLQJ�*RUDQVVRQĳV�HTXDWLRQ�����

� ���

ZKHUH��
'�ļ�GHWRQDWLRQ�UDWH�
3WHI�ļ�SUHVVXUH�LQ�7HĠRQ�SDUWLWLRQ�
R�ļ�HPXOVLRQ�H[SORVLYH�GHQVLW\�

U
s
�ļ�VKRFN�ZDYH�YHORFLW\�LQ�7HĠRQ�
5HVXOWV�RI�FDOFXODWLRQV�SHUIRUPHG�EDVHG�RQ�H[SHULPHQWDO�GDWD�DUH�

SUHVHQWHG�LQ�)LJXUH���

5HVXOWV� �)LJ�� ��� VKRZ� WKDW�PD[LPXP� YDOXH� RI� RYHUSUHVVXUH�ZDV�
REWDLQHG� IRU� ���� DOXPLQLXP� SRZGHU� FRQWHQW� GHVSLWH� WKH� IDFW� WKDW�
SUHYLRXVO\� GHWRQDWLRQ� UDWH� ZDV� IRXQG� WR� GHFUHDVH� ZLWK� LQFUHDVH� RI�
PHWDOOLF�DGGLWLYH�FRQWHQW��,W�PXVW�EH�DOVR�QRWHG�WKDW�DV�WKH�FRQWHQW�RI�
DOXPLQLXP�SRZGHU� LQ�H[SORVLYH�PL[WXUH� LQFUHDVHV�� WKH�RYHUSUHVVXUH�
SHDN�ZLGHQHVV��ZKLFK�LQGLFDWHV�WKH�DOXPLQLXP�DIWHU�EXUQV�RXWVLGH�RI�
FKHPLFDO�UHDFWLRQ�]RQH�RI�GHWRQDWLRQ�ZDYH�
7KH� SDSHU� >��@� VWXGLHV� ������ PL[WXUHV� RI� ((6� PDWUL[�

�FRPSRVLWLRQ�� DPPRQLXP� QLWUDWH�9�� ļ� ������� VRGLXP� QLWUDWH�9��
ļ� ����� RUJDQLF� IXHO� DQG� HPXOVLğHU� ļ� ������ ZDWHU� ļ� ������� ZLWK�
WULQLWURWROXHQH��717��RI�YDU\LQJ�GHJUHH�RI�ğQHQHVV��'HWRQDWLRQ�UDWH�
YHORFLW\�PHDVXUHPHQWV�ZHUH�FRQGXFWHG�LQ�WKLQ�ZDOOHG�SODVWLF�SLSHV�
RI����PP�GLDPHWHU��Ĵ)RUFH�RI�WKH�H[SORVLRQĵ�ZDV�DOVR�GHWHUPLQHG�
E\�PHDQV�RI�EDOOLVWLF�SHQGXOXP�LQ�FRPSDULVRQ�ZLWK�EODVWLQJ�JHODWLQH�
�%*�� FRQWDLQLQJ� ������� RI� QLWURHVWHUV�� ([SHULPHQW� UHVXOWV� DUH�
VXPPDUL]HG�LQ�7DEOH����
7KH�QH[W�DUWLFOH� >��@� VKRZV�GHWHUPLQDWLRQ�RI�GHWRQDWLR� UDWH� IRU�

PL[WXUHV� RI� ((6� PDWUL[� ZLWK� FRPSRVLWLRQ� %� �FRPSRQHQW� FRQWHQW��
717�ļ��������KH[RJHQ�ļ��������RUJDQLF�DGGLWLYHV�ļ��������RI�JUDLQ�
VL]H������EHORZ���PP�DQG�����EHORZ���PP��0DWUL[�FRPSRVLWLRQ�
ZDV�LGHQWLFDO�DV�LQ�WKH�SUHYLRXVO\�UHIHUUHG�SDSHU�>��@��'HWRQDWLRQ�UDWH�
PHDVXUHPHQW�LQ�SRO\HWK\OHQH�SLSH�RI����PP�GLDPHWHU�DQG�ĴVWUHQJWK�
RI�H[SORVLRQĵ�GHWHUPLQDWLRQ�DV�LQ�SDSHU�>��@�DUH�VXPPDUL]HG�LQ�7DEOH�
���DQG�)LJXUH���



Table 10

µm

EES density
3

Detonation rate

m/s

Force of explosion in 

%

<200 1.45 ���� ����

200–400 1.42 ���� ����

���ļ��� 1.39 5727 -

���ļ���� 1.43 5697 ����

1600–4000 1.40 5452 ����

>4000 1.40 5549 ����

Table 11

Composition, % Measured and calculated parameters

Matrix Composition B D, m/s 3 0D2, GPa FE, %

100 0 5160 1130 30.0 ����

70 30 5559 1450 ���� ����

65 35 5932 1460 51.4 90.9

60 40 ���� 1470 56.3 90.6

55 45 6449 ���� 61.6 92.5

50 50 6749 1490 67.9 91.9

 

7KH� SDSHU� >��@� SUHVHQWV� VWXG\� RI� ((� ZRUNLQJ� FDSDELOLW\�
SHUIRUPHG� XVLQJ� +HOG� PHWKRG� DQG� GHWHUPLQDWLRQ� RI� LQWHQVLW\�
RI� DLU� EXUVW� ZDYH�� ((V� ZHUH� VHQVLWL]HG� ZLWK� ����� DGGLWLRQ� RI�
PLFUREDOORRQV����'(7��G���RU����'(7��G���DQG�FRQWDLQHG������
����� ���� DQG� ���� RI� VRGLXP� FKORULGH�� 7KH�PDWUL[� FRQWDLQLQJ��
R[LGLVHUV�ļ��������RUJDQLF�SKDVH�ļ������ZDWHU�������FRPSOHPHQWHG�
FRPSRVLWLRQ� WR� ������ 7KH� FKDUJHV� ZHUH� RI� ���� J� ZHLJKW�� RI�
����PP�OHQJWK�������J�FP��GHQVLW\�DQG�ZHUH�SODFHG�LQ�������PP�
KDUG� 3&9� �WUDGHQDPH�� ZLQLGXU�� SLSHV�� 7KH� WHVW� V\VWHP� LQFOXGHG�
WZR�3&%�SUHVVXUH� VHQVRUV� DW�GLVWDQFHV�RI�����P�DQG�����P� IURP�
H[SORVLYH�FKDUJH��7KH�FKDUJHV�ZHUH�DFWLYDWHG�XVLQJ�HOHFWULFDO�IXVH�
RI�(5*�W\SH��0HDVXUHPHQW�UHVXOWV�RI�GHWRQDWLRQ�UDWH�DQG�DLU�EXUVW�
ZDYH�LQWHQVLW\�DUH�SUHVHQWHG�LQ�7DEOH����DQG����

Table 12

Composition
Explosive

MWE-MB-0 MWE-MB-10 MWE-MB-20 MWE-MB-30

0DWUL[ 99.2 ���� 79.2 69.2

Microballoons 

���'(7��G��
��� ��� ��� ���

6RGLXP�FKORULGH - 10.0 20.0 30.0

2.0 m 93.77 ����� 71.51 �����

2.5 m 60.37 51.96 45.67 46.72

2.0 m 39.30 35.52 32.37 26.59

2.5 m 31.24 ����� 25.21 22.05

'HQVLW\��J�FP3 1.04 1.05 ���� ����

'HWRQDWLRQ�UDWH��P�V 5090 ���� ���� ����

Table 13

Composition, %
Explosive

MWE-MB-0 MWE-MB-10 MWE-MB-20 MWE-MB-30

0DWUL[ 99.2 ���� 79.2 69.2

Microballoons 

���'(7��G��
��� ��� ��� ���

6RGLXP�FKORULGH - 10.0 20.0 30.0

2.0 m ����� ����� 63.25 65.53

2.5 m 56.17 ����� 44.63 43.55

2.0 m ����� 35.17 31.11 26.79

2.5 m 31.16 ����� ����� 22.44

'HQVLW\��J�FP3 0.97 0.95 1.04 1.05

'HWRQDWLRQ�UDWH��P�V 4770 4540 4270 3900

7KH� UHVXOWV� RI� WKH� FRQGXFWHG� H[SHULPHQWV� VKRZ� WKDW� ZRUNLQJ�
FDSDELOLW\� DQG� GHWRQDWLRQ� UDWH� RI� H[SORVLYHV� GHSHQG� RQ� FRQWHQW� RI�
DFWLYH�LQJUHGLHQWV�WKDW�GHWHUPLQHG�DPRXQW�RI�HQHUJ\�UHOHDVHG�GXULQJ�
KLJK�HQHUJ\�UHDFWLRQV�EHWZHHQ�R[LGLVHUV�DQG�FRPEXVWLEOH�LQJUHGLHQWV��
$GGLWLRQ� RI� VRGLXP� FKORULGH� DV� D� FRROLQJ� �LQHUW�� DJHQW� GHFUHDVHG�
H[SORVLRQ�KHDW�DV�WKLV�FRPSRXQG�WRRN�QR�SDUW�LQ�H[RWKHUPLF�FKHPLFDO�
UHDFWLRQV��$W�WKH�VDPH�WLPH�VRGLXP�FKORULGH�SDUWLFOHV�LQ�WKH�FKHPLFDO�
UHDFWLRQ� ]RQH�� WDNH� WKH� KHDW� IURP� H[SORVLRQ� SURGXFWV� REWDLQLQJ�
WKHUPDO�HTXLOLEULXP��7KLV�FDXVHG�VLJQLğFDQW�GURS�LQ�H[SORVLRQ�SURGXFW�
WHPSHUDWXUH�DQG�LQ�SUHVVXUH�DQG��WKHUHIRUH��DOVR�GHFUHDVH�LQ�PHDVXUHG�
GHWRQDWLRQ�SDUDPHWHUV�

+LJK�GHWRQDWLRQ�SHUIRUPDQFH�RI�((V�LV�D�UHVXOW�RI�WKHLU�VWUXFWXUH�
LQYROYLQJ� PD[LPXP� KRPRJHQLVDWLRQ� RI� R[LGLVHUV� DQG� FRPEXVWLEOH�
LQJUHGLHQWV�WKDW�SURYLGHV�WKHLU�PD[LPXP�FRQYHUVLRQ�UDWH�LQ�FKHPLFDO�



UHDFWLRQ�]RQH�RI�GHWRQDWLRQ�ZDYH�DQG�JDV�ğOOLQJ� DGGLWLYHV� WKDW� IRUP�
ĴKRW� VSRWVĵ��ZKHUH� KLJK�HQHUJ\� FRQYHUVLRQV� DUH� LQLWLDWHG�� LQ� D� QRQ�
H[SORVLYH�PDWUL[�� 6KRFN�ZDYH� SHQHWUDWLRQ� LQWR� WKH� ((� WKDW�ZLOO� QRW�
LQLWLDWH� GHWRQDWLRQ� LQ� WKH� ORDGHG� PDWHULDO� PD\� FDXVH� LWV� SDUWLDO� RU�
FRPSOHWH� GHVHQVLWL]DWLRQ� GXH� WR� HPXOVLRQ� LQYHUVLRQ� �FU\VWDOOLVDWLRQ�
RI� R[LGLVHUV� >��@�� RU� GHIRUPDWLRQ� RI� KRWVSRWV�<�)��&KHQJ�  have 

VWXGLHG�HIIHFWV�RI�ORDGLQJ�RI�H[SORVLRQ�ZDYHV�RI�YDU\LQJ�LQWHQVLW\�RI�((�
FKDUJHV�VHQVLWL]HG�ZLWK�JODVV�PLFURVSKHUHV��FRQWHQW�ļ�����JUDLQ�VL]H�ļ�
���ŝP��EXON�GHQVLW\�ļ������J�FP3��DQG�+

2
0J��FRQWHQW�ļ�����JUDLQ�VL]H�

ļ���ŝP��EXON�GHQVLW\�ļ������J�FP3���((�VDPSOHV�RI����J�ZHLJKW�SODFHG�
LQ�FRQWDLQHU�ZLWK�ZDWHU�DW�YDULRXV�GLVWDQFHV�IURP�KH[RJHQ�GHWRQDWRU�
�KH[RJHQ�ZD[��������GHQVLW\�ļ������J�FP3��RI����J�ZHLJKW��)LJ����D���
7KHQ�ORDGHG�VDPSOHV�ZHUH�LQLWLDWHG�ZLWK�IXVH�DQG�RYHUSUHVVXUH�SURğOH�
ZDV�GHWHUPLQHG�E\�PHDQV�RI�XQGHUZDWHU�WHVWV��PHDVXUHPHQW�V\VWHP�
GLDJUDP� LV� SUHVHQWHG� LQ� )LJXUH� ��E�� ZKLOH� PHDVXUHG� RYHUSUHVVXUH�
SURğOHV�LQ�)LJXUH����

 
 

2

%DVHG�RQ�WKH�UHVXOWV�REWDLQHG�LW�PD\�EH�FRQFOXGHG�WKDW�PD[LPXP�
YDOXHV�RI�RYHUSUHVVXUH�SHDNV�IRU�((V�VHQVLWL]HG�ZLWK�+

2
Mg are much 

KLJKHU�WKDQ�IRU�((V�VHQVLWL]HG�ZLWK�*+0%��7DE������

Table 14

2

EE+H
2

25 ���� 14.77

40 7.63 17.66

50 ���� �����

60 9.16 �����

75 10.36 �����

%DVHG�RQ�PD[LPXP�YDOXHV�RI�RYHUSUHVVXUH��WKH�DXWKRUV�RI�SDSHU�
>��@�HVWLPDWHG�GHVHQVLWL]DWLRQ�GHJUHH��6G���7DE������RI�ORDGHG�((V�XVLQJ�
WKH�IRUPXOD�����

6
d
� ��3

0
�ļ�3

1
��3

0
�ļ�3

d
�� ���

ZKHUH��
3

0
�ļ�RYHUSUHVVXUH�SHDN�RI�QRW�ORDGHG�((�

3
1
�ļ�RYHUSUHVVXUH�SHDN�RI�ORDGHG�((�

3
d
�ļ�RYHUSUHVVXUH�SHDN�RI�IXVH�

Table 15

EE+H
2

25 100 �����

40 ����� �����

50 ����� 12.11

60 73.67 10.45

75 63.64 11.76

'DWD��7DE������FOHDUO\�VKRZV�WKDW�HPXOVLRQ�H[SORVLYHV�VHQVLWL]HG�
ZLWK� DGGLWLRQ� RI� PDJQHVLXP� K\GULGH� DUH� PXFK� PRUH� UHVLVWDQW�
WR� GHVHQVLWL]LQJ� VKRFN� ZDYH�� $XWKRUV� RI� SDSHU� >��@� LQWHUSUHW� WKH�
REWDLQHG� UHVXOWV� LQ� WKH� IROORZLQJ� PDQQHU�� XQGHU� HIIHFW� RI� VKRFN�
ZDYH�VRPH�JODVV�PLFURVSKHUHV�FUXPEOHV�DQG�ORVVHV�WKHLU�VHQVLWL]LQJ�
SURSHUWLHV�� ZKLOH� IRU� PDJQHVLXP� K\GULGH�� K\GURJHQ� EXEEOHV� DUH�
ĠH[LEOH�DQG�DIWHU�EHLQJ�VTXDVKHG�FDQ�UHWXUQ�WR�RULJLQDO� IRUP��7KH\�
DOVR� EHOLHYH� WKDW� RQO\� SDUW� RI� PDJQHVLXP� K\GULGH� UHDFWV� DIWHU� LWV�
DGGLWLRQ�WR�WKH�PDWUL[��7KH�UHPDLQLQJ�PDJQHVLXP�K\GULGH�FDQ�UHDFW�
DV�D�UHVXOW�RI�VKRFN�ZDYH��LQFUHDVH�RI�WHPSHUDWXUH��DQG�WKHQ�VR�FDOOHG�
dynamic sensitization occurs.

Summary

'HVSLWH� ODFN� RI� VLJQLğFDQW� HYROXWLRQ� LQ� WKH� ğHOG� RI� PLQLQJ�
H[SORVLYHV�� WKH� UHFHQW� \HDUV� EURXJKW� QXPEHU� RI� VWXGLHV� RQ� WKH�
PRVW� RIWHQ� XVHG� EODVWLQJ� DJHQWV�� VDOHWUROV� �$1)2V�� DQG� HPXOVLRQ�
H[SORVLYHV�� 7KHUH� ZDV� SDUWLFXODUO\� KLJK� QXPEHU� RI� SDSHUV� RQ�
SDUDPHWHUV� RI� HPXOVLRQ� H[SORVLYHV�� 7KLV� LV� GXH� WR� WKH� IDFW� WKDW�
IRU� H[DPSOH� LQ� FRPSDULVRQ� ZLWK� $1)2V� WKDW� DW� PRVW� DUH� WKUHH�
FRPSRQHQW� PL[WXUHV� RI� VLPSOH� VWUXFWXUHV�� WKH� ((V� FRQWDLQ� PDQ\�
FRPSRQHQWV� WKDW� IRUP� YHU\� VXEWOH�PHWDVWDEOH� VWUXFWXUH� SURYLGLQJ�
JRRG� GHWRQDWLRQ� SDUDPHWHUV�� 0XOWLFRPSRQHQW� FKDUDFWHU� RI� WKH�
((V� FDXVHV� WKDW� WKHLU� GHWRQDWLRQ� SDUDPHWHUV� DQG� GHWRQDWLRQ�
SHUIRUPDQFH� LV� DIIHFWHG�E\� QXPHURXV� IDFWRUV��ZKLFK� LGHQWLğFDWLRQ�
LV� D�PDLQ� IRFXV� RI� FRQGXFWHG� H[SHULPHQWDO� VWXGLHV� WKDW�ZLOO� DOORZ�
WR�XQGHUVWDQG�EHWWHU�GHWRQDWLRQ�PHFKDQLVP�RI�WKH�((V�
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