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G H IKJKLKMKNKOKPRQTSKUKVRWTXKYRZK[T\K]K^R_T`KXKaKbKcRdKeKf
, gKhKi VWkjmlmnmompmqrQks

1700 t /t
dkumPmv

, w smxmymzm{m|m}m~r�k�mUr�kLmMmNmOmSmUVrWkom�m�r�
.
ZkMmNmOmXmamVrWk�m�m�m�rd

6 �m�m�m�m�m�m�m�r�k� , �m� RNA
�

�m�m�m� Oracle �r�k� �m[k�mzm{m|m}m~r� , �m� �kSmUmVrWk�m�m�mUm�m� , �m�k�m�XmYm m¡m¢mJm£m�m�mSmUmVrWk�m¤m m¡
. ¥ cm¦r§ : g SmUmVrWk�m�m�mo �m¨m©mª 7% «

¨m©m¬ 78.264% «® 9% « SmUm¯ 2% «®°m± 2% «®² ] 1.736% � ,
£m�m�mSmUmVrWkXmY

PrQk³
3328.7 kJ·kg−1,

JmMmNmOmXmar´kµm¶m·¹¸»ºrdk¼r½k¾m¿
.
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Emulsion Explosive Formulation Optimization Based

on Hybrid Artificial Bee Colony Algorithm

ZHANG Jianning1 , HAN Xinping1,2, WANG Zhen1

(1. School of Mining, Liaoning Technical University, Fuxin 123000, China;

2. Research Institute of Open Pit Mine, Liaoning Technical University, Fuxin 123000, China)

Abstract According to the requirement to improve the blasting effect of oil shale

by increasing the explosive heat of formula optimization, optimize emulsion explosive

composition based on hybrid artificial bee colony algorithm in the open pit mine, which

is on the premise that the cost of raw materials in explosives is not higher than 1700

yuan/t. With 6 parameters of blasting explosive components as the main influencing

factors, use RNA molecular operations and Oracle penalty function to improved artifi-

cial bee colony algorithm, establish emulsion explosive formulation optimization model,

test the emulsion explosive heat of new formula by explosion heat tester. The results

showed that: when the sodium nitrate 7% and ammonium nitrate 78.264%, water 9%,
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emulsifier 2%, paraffin wax 2%, diesel 1.736% compose the emulsion explosive formu-

lations, emulsion explosive heat of new formula increase to 3328.7 kJ·kg−1, which is a

good guiding significance for blasting in open-pit mine production.

Keywords artificial bee colony algorithm; emulsion explosive; explosion heat; for-

mula optimization

Chinese Library Classification TD235
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, $ ����%�&�'�(�)���*�+#,#- . . ����/�0�1�2�3�4�5#6�7#8#9 , :6#�#;#<#�#=#>#?#@#A#B#C#D#%#&#'#�#�#�#E#�#F#G#H#I#J
. K#L �#;#M#N#O#P#D#Q#R « Q#S#3Q#T#�#U#V#W#X#Y#Z

, []\#^#_#` 3#�#�#a#b#c#d#e#W , f#g#h Y#i#;#<#�#;#j#�#/#0#k#l#m#no#p
, q /#r#s#�#�#t#u#H#I#J . v#w#xzy]{ ;#<#�#4#|#}#~#H���=#��4#|�}#~��#A�� ,

�#=#�
� �#/#0#�#e

, � �#=z�]�#�#�#�#N#W#~#�#� ,
)#(#�#�#�#I#J#�#�

.
i \#� � «��#_ W#�#�#�#�=

,
N#�#4#/#�#�#�#k#�#� �#�#� �#�#F , L#� �#=#G#�#� _#� 0#� , �#� �#S#�#� « �#�#�#Q#�;#<

[1]. []\ �#�#~#H#4#|#} « �#S « �#T#~#�#F# ¢¡ , �#£ e#;#<#¤ _ 0z�]�#�#¥#�# #¦#X¨§©
. %#&#'#ª#«#¬#i##®#¯#�#�#�#° � �#�#±z²]³#´#¥ 4.5m×4.5m

�#µ#5#�#�
,
±#¶#·#¸#¹#<

,±#º
8.6m,

;#<#»#�
150 g/m3, ¼]½#¾ �#�#�#�#�#I#J . ¿#À#� F#Á#�#�#�#Â#Ã#3#F#G#Ä#Å#Æ#ÇÈ

,
° � ¦#X _ /zÉ]�#�#Ê#t#Ë#Ì#Í#Î#¦#X#Ï�X#;#<�?#Â�Ð#Q#;�< _ / ,

�#s#Ñ#Ò#r#Ó#�#�#I#J
3#Ð#Q#(#)#I#Ô#�#Õ K�Ö#× . L 1#Ø#�#Ê#t#Ë#Ì#Í#Î#Ù � D#j�Ú �#Û T�Ü#Ý «ßÞ �#à�á�/��#â ,ã /#ä#6#å#æ#3#3#ç#è#é#ê#ë#ì#í

.
¥#î#ï#ð#ñ#Á �#Û é#ê

, ò#ó ë#ô DNA
3

RNA
k#õ#ö#÷

�#ø#9
,
Ð#8#î#e#ù

DNA ú RNA û 1#Í#Î ,
´#~#ü#¦#ý w#þ ¤#î#ÿ��#Í#Î#�#¦#í [2,3]. �����È����

, h Y#i#1#Ø#� Oracle ��� ´#�#r#s , 	#: RNA
k#õ#ö#÷

,
Ð#8#î#ï#ð#ç#è#¦#X#Ï#X#;

<#?#Â#�
RNA-ABC

Í#Î
.

1 
�������������
1.1 �����������

Ê#t#Ë#Ì#Í#Î#�#Ñ#ù#Æ \�� Ë������#¥#Ð#8#�#P��#à#á#Í#Î . 2005  , ["!�#�$ Erciyes
�

%#�
Karaboga &�'�(�) Ð#8#î#Ê#t#Ë#Ì#Í�Î ��* . � Ê#t#Ë#Ì#Í#Îz� ,

Ê#t#Ë#Ì ["+�, Ë.-0/1�2 -43�5 2�6�7�8�9�:
, +�, 2�;�<�=�> ��?�@ ;�<�=�A�B . C�D�E�F ��G�H ; ��?�@�I�J FK +�, 2 -L/ 1�2�> 3�5 2�;NMNO�PNQ�RNS�T . +�, 2�U�V�W�X ?�@�Y�Z P�QN[�WNT�X ?N@ , \]�^�_�`�a

, b T�X ?�@ ;�<�=dc C�D ;�X ?�@�e , f�+�, 2 ]�g T�; I�J�h ]�i ;�X ?�@�I�J .j�k�l 2�m�:�P�Q�n
, o�p�q�r P�Q�s�;�X ?�@ `�a�t / 1�2�8�u ;

/ 1�2�v�wdx"y�z `�a
{�|�} X ?�@ ;�~�������� } _d� [�W�X ?N@�I�J

, � n ,
/ 1�2���U���� F�� P�Q�[�W�T�;�X?�@

, \�� 5 _�`�a . � ndc"����W�X ?�@ ;��N� , ����� =���;�X ?�@ . ��� W�X ?�@�� | e�N�N�N�N�NnN� k yNsN�N�
, \N�N� |N�N�N N¡ n , fN¢N£N¤ X ?N@ ,

BN¥ tN¦ WNX ?N@ AN§N¨
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; +�, 2���Á�Â�Ã 3�5 2 , Ä T�Å�Æ�T�;�X ?�@ [4]. Ç�È 2�É�Ê�Ë�Ì�Í�Î�Ï�Î 1
j�Ð

.

Ñ
1 ÒÓÔÕÖ×ØÙ ÑÚ � E�Û�Ü Ã :

min f(x), X = [x1, x2, · · · , xD ]

s.t. xi ∈ [ai, bi], i = 1, 2, · · · , DU
ABC

Ê�Ë �
, C�D X ?�@ ����Ã :

xi = xlow + rand(xup − xlow), i = 1, 2, · · · , FN (1)_d�
xi(i = 1, 2, · · · , SN) Ý Ã D Þdß = , D

Ã�à�� E�Û�Ü ;�á�<�W�< , xup

-
xlow

8�â�Ã
xi

;
ã�ä�å

.æ , 2�> / 1�2�;�X ?�@ P�Q�S�T�����Ã :

vj
i = xj

i + Φj
i (x

j
i − xj

k) (2)� �
k ∈ {1, 2, · · · , FN}

Ã F�� G�H ; Þ <�Q�ç   ; j ∈ {1, 2, · · · , D}
Ã F�� G�H ;�Q�ç   , Φj

i

Ã
[−1, 1] è�é ã�ê�G�H ;�[�W ê ~�� F���ë < ./ 1�2�� } X ?�@ ;�~�������Ã

:

pi =
fiti

∑FN
n=1 fiti

(3)

� �
, FN ì X ?�@ <�= , fiti ì�í i î X ?�@ ;�ï�¨�ð   .

1.2 RNA ñ�ò�ó�ô
õ D ; ABC

Ê�Ë �
,
X ?�@ ;�ö�Q�>�÷�ø�ù ì�úNûNë <Nü�ýNþ�ÿN; , � ø�����T�;�� ú üý�� ����� s

RNA
8�	�
�� �

. RNA � ;����� ú AGCU � ¡�� Ð Ã�� É � ; V�W�W�� ,
ü ý

� é � Ð Ã E = {A, G, C, U}L,
_d�

L
� Ð

RNA � � ú���� ð .
B�¥�� ú E1 = {A, G, C, U}L;�ü�ý���� ����� Ã E2 = {0, 1, 2, 3}L

;�<���ü�ý����
.
ø��

E2

;���þ � <��
00
§�¨�� ú C,
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01
§�¨�� ú U, 10

§�¨�� ú A, 11
§�¨�� ú G, ��% I Ã 0

¥ � Ð�&�' � ú ,
R ��% I Ã 1

¥
� Ð�(�) � ú .

¦ ���ü�ý������ ��*�+ � ú ;-,�.-/�0 , 1 ,�.�; C
>

G
� ú §�¨�;�ü�ý 0>

1 ��2 ,�.�/�0 , U
>

A
� ú §�¨�;�ü�ý 2

>
3 ��2 ,�.�/�0 , CUAG/0123

ü�ý�� ì�3 �;�ü�ý����
.��4

RNA
Á I Ê�	 - � I Ê�	 - J � Ê�	�6���
�����Ã�5�6�;N8�	�
��-��� . q 10%

;�W
����Ã�7�8 ��� ,

_�9 ; j�k W���:�;�ï�¨�ð�<�<�=�>�n�8�Ã���7�8
, � n RNA-ABC

Ê�Ë�?�ÿ
@�A

. B"û U�C�D�7�8 ��E W�� � � U�KNS e ;N��F ú�G ,
J � 
���U ��E W���� é ?�ÿ ,

T�W
� ������H W�� ¡ ��2 ��É�I�J�;�M�Â E .

U�n�D�7�8�M�K"W���É � ø���Á I > � I 
�� ¡ ��2�NÉ e-L E
.
ÊNË � 6-�

RNA

-�-?NÿN~N�N8NâNÃ

:
J � 
-�N~N� ê û 1, � I 
-�N~N� ê û

0.5,
§�M�?�ÿ � I 
���;�W���ø���Á I 
�� ��� .

Y

N

RNA

RNA RNA

RNA limit

Ñ
2 RNA M�N�O�PØÙ Ñ

1.3 Q�R�S�T
Ã +�U�V�W k�X�Y�Z�[ ;�� E�Û�Ü , � 6�\�]�]�ï�; X�Y�^�_ ��Ë ,

_d��` <�< ì [���a��; X-Y-^-_ �NË
.
Ïcb ïN¨-d-J-e-f-g ` <N< ê

[5], � ¡-h §-i-jN; ÛNÜ-k-l áN< , m R-n-o
3 � V ;NPNQ-pN� ,

�-q ì M � 6Nç-�-r e áN< , s q ì r-t-uNy-v-wN; E-x . Oracle
` <N<

Ë f k pN; V-y-+ ã-z ÛNÜ [6], ¤ �NË Ú j + [NW �-k áN< Ω,
§ û i-{N; X-Y-Z-[ ÛNÜ , |}N�-jNÃ 3 � � ÿ V ; ê-~c��� <N<   , \Nq ��� <N< min f(~x)
Á E ÃN[NW ê � X-Y g0(~x) =

f(~x) − Ω =0,

min f(~x)

s.t. hj(~x) = 0, j = 1, 2, · · · , me

gj(~x) ≥ 0, j = me + 1, · · · , m

(4)

_d�
me
Ã ê � X�Y ;�W�<

, m
Ã j�k�X�Y ;�W�<

.
{�|

Ω
; ã�z Á E n ,

T�; ��� <�< ��� �
Ã

f̃(~x) = f(~x) − Ω ≡ 0,
��� <�<�Â�Ã e 9

,
ê ��; X�Y W�<�Â�Ã

me + 1
W

.���
p(~x)

��Ã
Oracle

` <�<�T�;�ï�¨�ð�<�<  
,
B�¥���4���<

l∞ � j���� 9 <�< res(~x),_ ����Ï ä
:

l∞ : res(~x) = max{|gi(~x)|i=1,··· ,me , |min{0, g(~x)}i=me+1,··· ,m|} (5)
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Ë�<�<  
p(~x)

;���Ê�����Ã
:

p(~x) =

{

α · |f(~x) − Ω| + (1 − α) · res(~x), if f(~x) > Ω or res(~x) > 0

− |f(~x) − Ω| , if f(~x) 6 Ω and res(~x) < 0
(6)

bLï�¨�0�<
α
;�8���<�<���Ê�����Ã

[7]:

α=







































|f(x)−Ω|·(6
√

3−2)/6
√

3−res(~x)
|f(x)−Ω|−res(~x) , if f(~x) > Ω and res(~x) < |f(~x)−Ω|

3

1 − 1

2

√

√

√

√

|f(~x) − Ω|

res(~x)

, if f(~x) > Ω and |f(~x)−Ω|
3 ≤ res(~x) ≤ |f(~x) − Ω|

1
2

√

|f(~x)−Ω|
res(~x) , if f(~x) > Ω and res(~x) > |f(~x) − Ω|

0, if f(~x) ≤ Ω

(7)

U k e � X�Y�Z�[ ;���� ä
, � ÿ V ; 3 ���   Ω

ù ì t ¡ ��j�; , G���� 6 k [���T�; Oracleá�<�S�T�I f � k�l Ω
 

,
Ú [�W

i
 �� Ã�Ê�Ë�������������Q�ç

, f _ I f ����Ã :

Ωi =

{

f i−1, if f i−1 < Ωi−1 and resi−1 = 0

Ωi−1, else
(8)

B"û bLï�¨�á�< α
>�S�T�I f ; Ú�J , � Oracle

` <�<���Ë ��2 K"� E�x ;NB�¥ , � k [�W�á<
Ω, � § Ω

  ; Ú�J M����
.U�Å���¥

,
§ û � (7)

� ; X�Y ê �
hj(~x) = 0,

[�����ø�� ê � X�Y
|hj(~x) − ε| ≤ 0 � þ�ÿ^�_

. b Â�= � � U n
W�����Â�=

, S = {s1, s2, · · · , sn}, f�� ¡�{�| [�W�����Â�= x ∈ [1, n]
4

l ;�����u�y l < ä��   i,
����Ï ä

i = round(x), x ∈ [1, n] (9)

2 �¡ ¡¢¡£¡¤¡¥§¦©¨©ª§«©¬©§®©¯©°§±©²©³

2.1 ´�µ�¶�·
��¸�¹�º Ã + ����»�¼�½�¾�¿�À�p�Á , � ��þ�Â k�Ã E�Ä�Å�Æ � ¡ n�o Ä�Å ¿�Ç   .

»�¼�½
¾�È�É�Ê  

36∼47MN·m−2·s−1,
§�¨�;�Ë Æ ¿�Ç   3000 kJ·kg−1∼3500 kJ·kg−1.

U ��Ì�Ä�Å õÍ�Î�:�Ï�M�o û 1700 Ð /t
;�C�n ä

,
§ ��¸�¹�º Ã E�Ä�Å :�8 Æ c"þ�ÿ�� E .

Ã E�Ä�Å ;�5�6:�8�Ã
C Ñ H Ñ O Ñ N Ñ Na Ð�Ò ,

U�Ó�Ô�;�Õ�Ö�×�Ø Z�[ ä Ã E�Ä�Å CaHbOcNdNae

;�¿ Ä�Ù ¨��Í���Ã
[8]:

CaHbOcNdNae →
e

2
Na2O +

b

2
H2O +

d

2
N2 +

(

c −
e

2
−

d

2
− a

)

CO2 +

(

2a− c − +
b

2
+

e

2

)

CO� �
a Ñ b Ñ c Ñ d Ñ e

Ã�V���Ú Ã E�Ä�Å � C Ñ H Ñ O Ñ N Ñ Na Û�Ð�Ò õ 	�;�Ü�Ý�< , f k
a =

n
∑

i=1

10ai

mi
xi b =

n
∑

i=1

10bi

mi
xi c =

n
∑

i=1

10ci

mi
xi d =

n
∑

i=1

10di

mi
xi e =

n
∑

i=1

10ei

mi
xi

Þ�ß j�à
: Ä�Å ;�;�¿�Ç Q2,3 =Q1,3 − Q1,2� �
, Q1,3 á ¿ Ä G�? ; H :�Ç���> , Q1,2

Ã Ä�Å ; H :�Ç , Q2,3

Ã�¿�Ç
. b i

9�;�j�â H
:�Ç�Ã

Qf(i), i = 1, 2, · · · , n, f
Qmax =

e

2
· Qf(Na2O) +

b

2
QF (H2O) +

d

2
· Qf(N2) +

(

c −
b + e

2
− a

)

· Qf(CO2)
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+

(

2a − c +
b + e

2

)

· Qf(CO) −

n
∑

i=1

10

mi
· Qf(i)

3�ã ¿�Ç   Qmax = F (x1, x2, · · · , xn).

2.2 ·�ä�å�æ
Ã E-Ä-Å ; Æ � Ú �N; X-Y-Z-[-ç-èNk Ö-×-Ø Ñ ÂN=N> Ñ õ Í-ÎN:�ÏN> 6

�N:N8N;NÂN= ã
ä�é

[9].
Ú j � } ;

i
� ? � ;�Ö�×�Ø�Ã oi, i = 1, 2, · · · , n,

Ö�×�Ø�; X�Y�Z�[ Ã
:

∑

oixi ≤ 0 (10)Â�=�;�>�¨�v�ê
:

∑

xi = 100 (11)

Ú j � } ;
i
� ? � ;�:�Ï�Ã costi, i = 1, 2, · · · , n, f Ã E�Ä�Å õ Í�Î�;�:�Ï�����Ã :

∑

costixi =
cost

10
(12)� �

, cost
Ã Ã E�Ä�Å V�ë õ Í�Î�;�:�Ï .V�W õ Í�Î�Â�=�; ��� ��ì B ��í   ��j :

si ≤ xi ≤ ti, (i = 1, 2, · · · , n)Ã E�Ä�Å�B�î�ï�ðñÑòî�ï�óñÑõôñÑ Ã E�ö÷Ñòø�ù÷Ñòú »N9N: ,
Ú V���:�8�; � =�û�8-ü�=N8Nâ�Ã

x1, x2, x3, x4, x5, q�|�p�ý � a Ñ b Ñ c Ñ d Ñ e, f k :

a = 0.561x4 + 0.709x5 + 0.706x6

b = 0.500x2 + 1.111x3 + 1.028x4 + 1.496x5 + 1.529x6

c = 0.353x1 + 0.375x2 + 0.556x3 + 0.140x4

d = 0.118x1 + 0.250x2

e = 0.059x1

q a Ñ b Ñ c Ñ d Ñ e ý ��¿�Ç ��� <�< Qmax

> X�Y�Z�[
, q�Ä�Å õ Í�Î�:�Ï�þ � U 1700/ Ð ·t−1,y�s Ã E�Ä�Å T Æ ��;�¿�Ç ��� <�< ��� ��Ã :

Qmax = 52.79x1 + 51.08x2 + −23.07x3 − 97.77x4 − 173.05x5 − 167.62x6P�Q�� é X�Y�Z�[ :

47x1 + 20x2 + −239x4 − 380x5 − 380x6 ≤ K

x1 + x2 + x3 + x4 + x5 + x6 = 100

2.1x1 + 1.4x2 + 10x4 + 6.5x5 + 7.3x6 ≤ cost/10 = 150

5 ≤ x1 ≤ 10 70 ≤ x2 ≤ 82 8 ≤ x3 ≤ 13 1 ≤ x4 ≤ 3 2 ≤ x5 ≤ 4 1 ≤ x6 ≤ 3

2.3 ÿ���������ñ��
� � RNA-ABC

Ê�Ë�§ Ã�� Ä�Å�����Æ c"� � ÛNÜ � � U-V .
��Ê � ø���	�Ê�Ë�á�
 Ú�J

Ã
:
��É�X�����W�


Sn = 100,
7�8 ��*� Ã 10%, Cycmax = 2000, limit = 200, p1 = 1.0, p2 =

0.5.
Ã�� Ä-Å-Æ � Ú ��	 ��� <�
�	NPNQ-� é Ã 6 Þ , W k 3

W é E d�� é E 	�	NM ê � X
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Y
.
ÏNÎ

3
jNÐ

,
U-C

30
e � �

, RNA-ABC
ÊNËNU

Oracle
ÊNË�	��Nç ä

,
MNO�	NPNQ � ÿ

è Z , � n�Æ�s +�� ÿ è Z \ M�ONSNT�� J , � é���� ×�� ä���� 50
��������� û�3�ã ¿-Ç  

3328.309kJ·kg−1.

1000

3800

Cycle

3600

3400

3200

3000

2800
20 40 60 80

Q
m
ax

Ñ
3 RNA-ABC Ö×��� �!�"�#�$�%�&Ï �

1
j�Ð

,
§dc

RNA-ABC
Ê�Ë

, Deb '�( Ê�Ë [10,11] q þ � ��
 Ú�) Ã 4000, � � '
( ÊNË-uNy�	 3 � V Ã 3247.452,

\-Á�*�+ ã , ����, �N��- , . k 25%. � � HGA
ÊNË

[12]

��, �-n-oNs 50%, � j y 3 � V Ã 3244.821,
�-a�/N� x z 3 � V . 0Nì HGA

	 V x∗ =

(7, 78.253, 9, 2, 2, 1.747)
} ý � s � Ï X�Y <1
 ¥12�ð�	 � | + � ��  ,

Ã
1700.073 > 1700. RNA-

ABC
Ê�Ë�����s 3 � V ��� x∗ = (7, 78.264, 9, 2, 2, 1.736),

j y 3 � V Ã 3326.997,
c

HGA
	

\�Á��
, ��3 � V�3 j�k�X�Y <�
 ��� ��ì�4 , G�� � û Deb '�( Ê�Ë�5 HGA

Ê�Ë�	 V .6
1 7�8Ö×�9�:�;�<�=�>

Deb ?�@¸¹ HGA ¸¹ RNA-ABC ¸¹
A�B�C�D E�F�G H�I�J�KD�L�M A�B�C�D E�F�G N�O�H

I�K D
E�F�G P�Q�R

Qmax 25 3247.452 5000 50 3324.591 332 3326.997 1.57e-8S�T 	�U�V�W�X�Y�Z�[�\�W�X�]�
�^`_�a�b�c
2 d�e .6

2 f�g�h�i�j�k�l�m�n�o�l�p�q�r�s�t
u�v w�xy�z�{

×100

y�z�|
×100

}
×100

~ I��
×100

���
×100

���
×100

� N��
×100

�������
/kJ·kg−1

�������
�

/ � ·t−1

1 7.00 78.264 9.00 2.00 2.00 1.736 0 3326.997 1699.424

2 7.00 76.98 10.00 2.00 2.00 2.02 0 3190.736 1702.18����W�X
1 ����������� , � ������������������ �W�X�¡�� ��¢�£ , ¤�¥ ��W�X�¡�� ��¢

£`¦�§�¨�©  �W�X ,
� ��¢�£ b�c 3 d�e .
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3 f�g�h�i�j�o�l�m�n�o�l�µ�h�¶�·�s�t
u�v ¸�¹ � ¸�º�»¼ M����

/kJ·kg−1
��½

/m·s−1 ¾�¿ /mm À ��Á�Â /cm Ã B » /ml

1 3328.7 4100m·s−1
∼4700m·s−1 17mm∼19mm 8cm∼10cm 300ml∼320ml

2 3189.6 4000m·s−1∼4600m·s−1 16mm∼19mm 7cm∼9cm 300ml∼310ml
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