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�åÆ!>Æ��y�, ��Xù
á�d3�A

^cµ. ~X, 3�½�ÀÂÅ\1^�e,
À

æ!ñ��¥¬/¤ÛA�»�Å [1−4], É»�«
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½>Æ��, ù
%´J±d¢�*ÿ£��¯K.

�©Xúu&¢�Ééy50�|ÀÂ5U

�K�, ÏLlÑ��{ (discrete element method,

DEM) ï�, &?
õ����Ó5y50�ÉÀ

ÂÅØ »��[*ÅnÚã�, �):1) ÀÂÅØ

 e�Ä�»��ª; 2) �Éé�úüz�r?Ú

¶-�^; 3) õ�0���ú©ÙA�.

2 lÑ��.��.

lÑ��{UÄý¢/Ly¢Sá��å

Æ5�, '�3u�.¥åÆëê�À�. 2004

c Gusev[12] ��
�«òk��ëêN��lÑ

��.¥��{, �±�A^���!n��?Û

AÛÿÀ(��lÑ��.¥, ½þ/�[þ!½

�þ!��N0�. �3Ù©Ù¥�0�
æ^¥

%å|�lÑ��., =��m�äk.�!Ø 

�^, vk�Ä}��^��z. ·�± Gusev

��{�Ä�g�í�¿ïáå
�«��/�

¹
{�!���^å�k�� - lÑ�ëêN�

�{ [13], �±ò¢Sá���5fÝÜþî�/

���lÑ��.¥��m�{�Ú�����

5Xê, l¦�.ä�½þLyy5á�åÆ5

��Uå.

�©éù�ëêÀ½�{���5�Lu�:

ë�~�>bá��5Uëê, ·�b�
�«

¼�þ 250 GPa,Ñt' 0.2, �Ý 5×103 kg/m3

� “�.á�”. d¼�þÚÑt'��Ñ}�

�þ�� 104 GPa. �½í�Ç©O� 0%, 2%,

4%, 6%, 8%Ú 10%�þ!��Ó5�¬, ÏLë

êN��{òý�� “�.á�” �5�þN�

=�����5Xê¿\\�¬¥. é�¬?1

ACþ� 0.001�O·�.�ÚØ \1, ¿P

¹ÙAå - AC�, Xã 1(a) ¤«. �±wÑ

�¢�¬�¼�þ�� 251 GPa,�ý��Ä�

��. ÏLÄ��[�±�Ñ���¬�îÅ(

�, ?���}��þ. l�¢�¬¥�Ñ�}

��þ� 105 GPa,��ý���Î. �Xí�Ç

O\, �¬�¼�þÚ}��þÑ�A/ü$.

36N·YØeñ�¥¥/�ÉéÙ�55��

K��±^eª�� [14]:

βeff = βs

(

1 +
3 (1 − νs)

2 (1 − 2νs)

η

1 − η

)

, (1)

Ù¥ βs L«�¢�¬�Ø Xê, βeff �õ��¬

�k�Ø Xê, Ø Xê´N��þ��ê, νs

��¢�¬�Ñt', η L«í�Ç. ·�^þª

5Cqýÿõ�y50�÷*þ��55�, dO

·�O�¥�Ñ�¼�þÚ (1) ª�Ñ�k�

Ø Xê�±��ÑØÓí�Ç�¬�}��þ.

ã 1(b) Ð«
ýÿ��ÏL�¬îÅ(��Ñ�

}��þ�m�
8�z���é'. üö��É

3��É���S, ùL²
�©��.äk½þ

Ly�¢Úõ�y50�åÆ5��Uå.

应
力

/
M
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a
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-250

0

250

0%
2%
4%
6%
8%
10%

G
⊳
G

0

0 0.02 0.04 0.06 0.08 0.

（a）

（b）

1
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0.8
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1.0
离散元模拟获得
理论公式估算

应变

气孔率

气孔率

ã 1 í�Ç 0—10%�þ!��Ó5�¬� (a) .�!Ø A

å - AC'XÚ (b) nØýÿ�lÑ��.O��Ñ�}��

þ8�z��'�

ã 2 “ÀÂÅO�Å¢�” ��. (�ý�¹l; ¥Ü�õ�y

50��¬; mý��Ø “I�”. ¹l!�¬ÚI�þ�Ó«á

�, ��¬¥�k�É. þeüýæ^±Ï5>.^�)

�©æ^Xã 2 ¤«� “ÀÂÅO�Å¢�”

�.5ïÄÀÂÅØ eõ�y50���úü

zA�. ã¥�ý���±ð½�Ývp=50m/s�

m$Ä�¹l; ¹líÄ¥m�õ�0��)��

�m�DÂ�ÀÂÅ. du¹l´±ð½��Ýí
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Ä�¬$Ä, �3n��¹e�¬¥�âf�Ý=

�u¹l�Ý, dd�±��ÑÀÂ\1�Aå�

� 1.8 GPa.�
;��¬�.¡��DÕÅ�Z

6, 3mý\
��v
�� “I�”, ±�y3*

ÿ��mãSõ�0�©ª´?uØ G�. ¹

l!�¬ÚI�þ�Ó«á�, �¹lÚI���

¢0�, �¬�õ�0�. �.�þeüý¦^


±Ï5>.^�±;�>ýDÕÅ�Z6. 3e

©¥·�òÀÂÅDÂ��{¡�¶�, òR�u

ÀÂÅDÂ��{¡�î�. �¬�¥��
na

�ÉüÙ�ª:1) �¬¥�k���á�/�É; 2)

�¬¥ko��ÉUØÓAÛ �ü�¤n«k

�L5��É©Ù; 3) �¬¥�ÅüÙ
�þ�É,

í�Ç� 4%. ¤k�¬¥�É��»þ� 20µm.

3 õ�y50�Ø »��[*Ån

Úã�

�«á��u)��»�, 7,¬k²É�½

§Ý�C/. éu�{þ!�0�, ²¡ÀÂÅ×

L���¬3�Nþ?u��ACG�. XJØ�

3.�Ú}�C/, ÀÂÅXÛU3�$�ÀÂA

åeò0�»�Q?'�3u0�¥o´Ø�;�

/�k�«(�"�, �,÷*þ�CqÀ���

ACØ G�, �[*ºÝþ(�"�±�%�±

ÑyÛ��.�Ú}�C/, 0��»���´l

ù
"�«��). ·�ò©na�ÉüÙ�ª5

ÅÚ&?�Ééy50�ÀÂÅØ »��K�,

Ù¦/ª�(�"�X��«!¬.!É�1�

��3�©¥ÿ��Ä.

3.1 ÀÀÀÂÂÂÅÅÅØØØ   »»»������ÄÄÄ������ªªª

3���¹e��Ó5y5á���5��

'X�±L«�
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, (2)

Ù¥C11, C12, C66 �fÝÜþ�©þ, Ù¥�k

ü�ÕáCþ, �d¼�þEÚ}��þG(½.

�âþª�±�Ñî�.�Aå σy Ú��©)

}Aå τm,

σy = C12εx + C11εy,

τm = (C11 − C12) (εx − εy) /2. (3)

XJ´3�ÉNC, du�±�3Û��î�.

�, î�.�AC εy > 0; XJ´3�l�É�þ

!«�, E�±��ACG�, εy = 0. dd�±

½5/wÑ, XJØ�3�É, 0�¥Ø�UÑy

î�.�»�, }�»���3\1Aåpuá�

� σHEL ��âk�UÑy. �XJ�3�É, K�

ÉNC�0��±3�$u σHEL �ÀÂAåeu

).�Ú}�»�.

10 mm

10 mm
（a）

（b）

0

1.3T109

1.0T109

0.5T109

应力/Pa

ã 3 �á�É��[(J (a) ÀÂÅf×L�É�R�uÀ

ÂÅDÂ���Aå©Ù; (b) ��½��úüz�¹, �É

NCÑy
}�»�ÚÛ�.�»�

ã 3 Ð«
é�k�á�É�¬��[(J.

ã 3(a)�ÀÂÅf×L�É�î�Aå�©Ù�

¹. �Émý��!fÚ©.�=�ÀÂÅ
¡;

�É�ý���/fÚ«�éAXl�É>��

�£�DÕÅ; 3R�uÀÂÅØ ��þ�Éü
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ýÑy
²w�Aå8¥. ã 3(b)Ð«
��½

��0��ú�¹. du¹l´± 50 m/s��Ýí

Ä�¬, �)�¶�Aå¸��� 1.8 GPa,Øv±

¦�É��¥ . �±wÑ3�Éüý�Aå8¥

«�¥Ñy
.�»�, �ù«»��Ê33��

Û��S; d©}Aå���}�»�%�±�

�l�É�«��Ðm. ù«U
��ål*Ð�

}�»��ª3�'©z¥�¡� “}��” [15,16],

��`²�´y5á�¥�¤¢ “}��” �ò5

7á¥�3�}��kX4��«O. y5á��

}����þéAX��ä�¡üý0���é

�ÞwÄ, ò57á¥�}��Ï~Ø´ä�¡,

Ù�S�7áu)
ã��Û�AC�~��k

,§Lz, �	üý0����S�Û��C/

¢y�éwÄ.

ÏL±þ��[Ú©Û��, }�»�ÚÛ�

.�ä�´õ�y50��ü«Ä�»��ª. Û

�.�Ì�u)3R�uÀÂÅDÂ����É

>�þ, }���´3Ó�� �Ñy¿�o��

�*Ð. e©¥ò&?ùü«Ä�»��ªén«

k�L5��ÉüÙ�ª�ØÓK�.

3.2 ���ÉÉÉééé���úúúüüüzzz���rrr???ÚÚÚ¶¶¶---���^̂̂

·���
�|�� 250µm ��., 3Ù¥

\\o��É, ü��ª©O�R���!Y²

�1!± 45◦ ��ü¤ò�/. ã 4 Ð«
ü«

AÛ�.��.²ÉÀÂÅØ ���úüz

�¹. ã 4(a) �R�ü¤���o��É3ÐÏ

��ú�¹, �É±�Ñy
ÛÜ.�ä�Ú}

��. R�ü��AÛ�.wÍ/Or
�Éþ

eüý�Aå8¥, \ì
Û�.�»�. �rz

�î�.�»�¦��É�m/¤
0Ï��

ú�. ���ú�p0Ï, �ÉÒ¬éN´/¥ 

K, »��âòW÷�É¤3 �, Xã 4(b) ¤«.

ã 4(c) �± 45◦ ��ü¤ò�/�o��ÉÐÏ

��ú�¹. �±wÑ3ù«AÛ�.e}��'

Û�.�»��N´uÐ. �}��ò�É�p0

Ï���Éu)��¥ , Xã 4(d) ¤«. du3

�[¥éþe>.$^
±Ï5>.^�, �0�

��ú*Ð�Ñ
þ (½e) >.�, Ò¬le (½

þ) >.#?\�¬¿UY*Ð, ~Xã 4(d) ¥

mý�ü^}��, §�lþ>.�ÐÑ�¬, q

le>.?\.

±þü«�¹¥�É�m��ú��p0Ï,

¦��É3�é�$� 1.8 GPa̧ �AåeÒu)


��¥ , Ly
�Éé�úüz�r?�^.

ã 5 Ð«
o��ÉY²ü¤�����úÚ¶

�Aå©Ù�¹. �ÀÂÅ
¡×L�¬�, o�

�Éþ?3Ø G�, �éSý�ü��Éó,

Ù�müýÑÉ�Ù¦�É�Aå¶-; é	ý

�ü��É, �müý¥k�ýÉÙ¦�É�Aå

¶-, ,�ýK�«É�¢0��Ø . ¤±3Ð

Ï��úüz¥	ýü��ÉNCò¬Ñy�é

�î��ú. ��X�ú�ÅÚüz, 	ý�É

NCuÐÑ��î�î�.�Ú}�»�ò�

���$Aå«�/¤ (ã 5 ¥ÜfÚ«�), l

éSý�Éå���²w��ú¶-�^.

nÜ±þ?Ø��, XJ�É�m/¤
0Ï

��ú�, Kõ�0�¥��úüzò¬É�r?;

,��¡, �É9ÙNC��ú«��±�)Aå

¶-��A, ¦��½��S0���úüzÉ�

³�.

20 mm 20 mm 20 mm

20 mm（a） （b） （c） （d）

ã 4 ü«AÛ�.e�¬��úüz (a) Ú (b) ©O��ÉR�ü¤����¬ÐÏÚ�Ï��ú�¹; (c) Ú (d) ©O��

É± 45◦ �ü¤ò�/��¬ÐÏÚ�Ï��ú�¹. �ú�0Ïr?
�É�¥ 
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100 mm

0

2T109

1T109

应力/Pa

ã 5 �ÉY²ü¤�1��¬��ú�¹. 	ýü��ÉNC

Ñy��ú/¤
��$Aå«, éSý�Éå�
�ú¶-

�^

3.3 õõõ���000���������úúú©©©ÙÙÙ

XJ�.¥�É�üÙ´���Å�, ØÓ«

���ÉmAÛü�'XÒ�U¬aquþãn

«{ü�¹¥��«. ù«�¹e�Éé�úüz

�r?Ú¶-�^ò¬��ÛA��ú©ÙA�.

ã 6(a)Ð«
���� 500µm, í�Ç� 4%��

¬3ÀÂÅØ e��ú©Ù�¹. �±wÑ�Ü

©«�¥Ñy
0Ï��ú�, �S��É�3¥

 . �3éõ���ú�0Ï��É±��Ñy


�����ú. �É¥ �L§Ó��´��SA

åº��L§, 3���É���Ø¢�c, ÙN

C»��0��âo�±ÏL��É¥�{��

m£Ä5òAåº�K. ¥ �ÉNC�Aåº�

±9}��üý0��éwÄ���Aåtµ, ¦

��ú�NC�½��S�õ�0�U
6�/

?u�.»�Aå�e. ���ú�¥��É��

¥ , ù�«��#Ø¢, Aåâ¬£,. �^�

ú�¤U¶-Ñ�$Aå«��´k��, 3ù�

���	q¬Ñy,�«���Ém�ú0Ï!

�ú�S�É¥ Ú�ú�NCAå¶-. �ú�

r?Ú¶-3�mþ©ÙuØÓ«�, 3Ü6þ´

ÏJ'X, 3�mþK´k�Ñy.

ã 6(b) ¥ Ð « 
 � � � � 4 mm, í � Ç

� 4%��¬¥��ú©Ù�¹. p�I��ú

Ý, ½Â��.���«�¥»�����[cT

«�o�ê�'�. 3�[�c�É´þ!�Å/

©Ù3���¬¥, �3ÀÂÅØ ����ú�

ëÏ��É¥ , ��ëÏ��ÉÄ��Ð, u´

/¤
�«p�ú«�$�ú«m�üÙ�ÛA

»�/ª. �k�ÀÂÅØ �±��mv
��,

õ�y50�¥��Éâ¬�Ü¥ .

100 mm

(a)

(b)

长度/m

损
伤
度

0 0.002 0.004
0

0.2

0.4

0.6

0.8

1.0

ã 6 (a) �� 500µm �õ�y50�¥��ú©Ù, �Ü©

�É��ú�0Ï¿¥ , �Ü©�É�É���ú; (b) �

� 4 mm��Éþ!�Å©Ù�y50�¥Ñy
p�ú«�

$�ú«�m�©Ù

4 ? Ø

2009 c"�û� [17] ^©fÄåÆ�[ï

Ä
ÀÂÅ.��^eü¬Ô¥V�Ém�0

ÏL§, uy3�Ó�ÀÂ\1rÝe,θ = 0◦

Ú θ = 30◦ ��É�mvk�p0Ï; 3 θ = 60◦

Ú θ = 90◦ ��É�m*	�
0Ïy�. ù`²

ØØ´3[*�´�*ºÝþ, �É�AÛüÙÑ

wÍ/K�X0���ú§ÝÚ�úA�.

2007c Belytschko[18] ^*Ð�k���{ï

Ä
O·�.�\1¥y50�S�þ�Å©Ù

���«é�^÷*Ì�«Aå©Ù�K�. �^

��«�â�Ì�«�ålÚY��ØÓ, �±é

Ì�«kà�AårÝÏfå�¶-½���^.

�Ì�«kàAå|É��K�v
r�, Ì�«

�*Ð��Òk�Uu)UC. ��, ��«Ú�

É��«[*(�"�ÑÊH/éy50���

úüzåXr?½¶-�^.

á�3÷*ºÝþ�5�´d[*ºÝÄ�

�5�ÚÄ�|Ü¤�[*(��Óû½�, �É

éy5á�÷*åÆ5��âÑK�=´[*(

�û½÷*5��;.~y. ��Ééy50�|

ÀÂUå�K�q¿�´�á�É�z��5U

\, ´��Ém�AÛüÙ���'. 0Ï��

ú�3r?�S�É¥ Ú¶-�	0��úü

�¡Ñå�
'���^. Ïd·�@�, é�á
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�É�nØï�, ±9÷*ºÝ�ëY0�åÆO

��UÑØv±k�/LyÑõ�y50���

úüzA�. [*ºÝ�O�Å�[ò´ïÄy5

á�ÀÂÅØ »���«J±O���{.

5 ( Ø

�©æ^�«äkûÐ½þ5��lÑ�

�.é�k�É���Ó5y50�?1
 “À

ÂÅO�Å¢�”, ��
ÀÂÅØ eõ�y

50��ú»��[*ÅnÚã�: 1) 3��

ACØ G�e, �ÉNC�Û�.�»�Ú�

�ål*Ð�}�»�´õ�y50�¥�Ä

�»��ª; 2) �É�m�0Ï�ú�¬r?

�É3�$Aåe¥ ; ��É¥ Ú}��

üý0���éwÄ�µþL§�±3�½�

�S�)$Aå«, ?³�T«�S��úü

z; 3) õ�y50�3�$Aå�ÀÂÅØ 

e¬/¤�«p�ú«�$�ú«m�üÙ�

ÛA»�/ª, ¿Ø´¤k�ÉÑ¬��¥ .

�©�ïÄ(J��Yó�¥éõ�>bÀÂÅ

Ø »���\ïÄJø
ÐÚ�Ôn@£.
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Abstract

Void is one of the most common type of structure flaws existingin brittle materials, which dramatically affects the shockloading

response of brittle materials. A quantitative discrete element method is employed in this work to study the fracture characteristics

of porous isotropic brittle material under shock wave compression. Scenarios of isolated void, three types of simple distribution and

random distribution of voids are computed, from which we findthat shear fracture and local tensile fracture are two type of basic fracture

modes for brittle material under shock wave compression. Coalescence of damage bands between voids can induce the collapse of voids

at relatively low pressure, while stress relaxation causedby damage can shield fracture evolution in a certain zone. The combination

of amplification and shielding effects of damage results in aunique pattern of alternate distribution of severe and milddamage zones.

These simulation results present a basic physics picture for the understanding of evolution process and mechanism of fracture in porous

brittle material under shock wave compression.
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