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1 Ú ó

�âÔ�´��þ�lÑüN3�p�>å
�^e/¤�E,õNXÚ, §2��3ug,.
¥, ¿é·��)�!)¹�)ã��K�. du
�âNX�rÑÑ5Ú�þ!5, §äk���í
��NØÓ�5� [1]. ·��±r�â'�©f
$ÄØp�÷*©f, /�9åÆéÔ�/�©a
�Vg, �âNX¥�â�m�ål±9�âÄU
���, ��r�âNXa'©��âíN!�â
�NÚ�â�N. ùp¤¢�â�N´�d�þ�
p�>!�U3� ���$Ä��â/¤��
â8ì. �â�N´;.���5N, �3ØÓ
�AC�¹eNX¬LyÑa�-��Cy�. é
u�\�AC��â�N, (Å3Ù¥DÂ�,
ÃØ´îÅ�´pÅÙDÂ1�ÑÚ3Ù¦�
�5�5�N�1�aq. XJ�â�N±YÉ
�}�AC, }�åòÅìO�, ����¸�
��?\�«}�AåÚg��ÝÑØ2Cz
�½}�$Ä. ù«Ú}�½~6Né�q�
�5G�3èåÆ¥²~����.G�. y¢

)¹¥Nõ��<�ã����/�/³'X
ìNw·�, Ò´�«;.��â�NÉ}�
y�. Ïd3¢�¿¥éÉ}��^���âN
Xu)a�-�=CL§�ïÄäk�©��
y¢¿Â.

én��â�N, ÙSÜ�(�Cz  ´é
J*ÿ�. 8c��<�ïáÚuÐ
NõEâ
Ãã^5*ÿ���âXÚSÜ�åó(�Ú©
Ù, 'X1�¢� [2−4]!Ø^��¤�¢� [5] �,
�éu¢S�n��âXÚ�ÿþ, ù
&ÿ�{
Ø=E,[B�ØU���ß���(J. (Å
äkéÐ�Bß5, Ó�duÙ6Äé�, Ø¬Ú
å�âXÚ�SÜ(�u)UC, ��â²;�
�N�5nØ, (Å�A5q�6u0����å
Æ(�Ú5�, ¤±ïÄ(Å3�âNX¥�DÂ
A5´�«�~k�&ÿ�âXÚSÜ(��Ã
ã. �õcc, z\x�Æ� Liu Ú Nagel é(Å
3�â�N¥�DÂ?1
�X�ïÄ [6−8], ¦�
uy�Â��&Ò3��mºÝþké��Þá
Ó�&ÒéA�ªÌ��é°, ¿�éåó(��
��Cz�~¯a, ,	c[©Û�w«d�1�
m¤ÿ��(��+�ÝØ�Ó, üö����Ê
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�. ù
y�Q¦� Liu Ú Nagel @�£ã�â�
N¥(ÅDÂ´éE,qJ±)º�¯K. �5
{I Jia ��ïÄ@�ù
Ì�´¦��ÿþ&Þ
º������. ÏLæ^é�â\ð½�ØåÚ
O�ÿþ&Þ¡È��ª, Jia � [9−11] ��
��
ß½�¢�(J, (@(Å3�â�Np�DÂ
�±©�ü«Ì�$Ä�ª: �«´�ZÅÜ©,
Å���u�ââ»Úmå��ZÅÄ$ÄÓÌ
�. �ZÅDÂÜ©�^ëY0�nØ?1nØ?
n; ,�«´Ñ�ÅÜ©, Å���ââ»�'[
�Å3Øþ!��â�>:/¤�åó�mÑ�
/¤õÑ�Å. ÿþ�1�m�, ���óÀ(
Å²L�â0��, �ZÅdu´»�á, ��Ñ
y3¢��Âì&ÿ��Å/�cà, ��;�X
õÑ�&Ò, Ïd�öq¡��Å. �ZÅ��
1�Ý�+�Ý��, éÙ©Û�±���â0�
�÷*�55�, �)E,��5(Æ5�. �Å
&Ò���A:´Þá�!5Æ5�, Cc5kï
Ä|�3mÐ|^�Å&ÿÚïÄ�âåó[*
ºÝþ�¯K. �Ï±5�'ó§ïÄ�3|^�
ZÅ&ÿ�âÔ���
åÆ5� [12−14], Jia �
�ó�éd�
?�Ú�(@, Ó��©�
 Liu
Ú Nagel ¤ÿ�(Å3�âNX¥�1�m�Ý
Ú+��gñ�¦¯. �©ÿþ�ZÅ��1�m,
Ø�ÄE,��Å, Ïde¡©¥�(Åþ�u�
ZÅÜ©.

(Å3É}�â�N¥�DÂ´8c'�É
'5�ïÄ��. lâ»º���*ºÝþw, (
ÅÏ÷�â�>:, ½åó��DÂ, (Å�DÂ
A¯au}�¦åóu)�Cz½|. ,l÷
*�Ýw, du¢�¿¥~^��(Å�ªÇ'�
� (���u}�$Ä�C/Ç), 3��ÅÄ±Ï
p}�$Ä�5�C/4�, 2\þ÷*5w(Å
�Å���u�âº�, �ö�Cz½|�U�
²þÚ!², Ïd�éu(Å�ÅÄóÉ}�â
�¬�±w¤´O·��, (Æ1�KAvkwÍ
Cz. ,	��k��¯K´, ?uð}�$Ä
e��¬ (�Ò´èåÆp¡��.���¬), Ù
$Ä/ª�}�½~6Ä��Né�q, §´Ä�
¬�vk�5��N@�Ø|±�5ÅÄ. XJØ
|±, ��¬l·��ð$ÄLÞ�, }�Å�
�ÝAT�A/~��" (q¡^z).

�ïÄ�	±þ¯K,·�^�}Ýïá
�
@� Khidas Ú Jia[15] aq�¢�C�Ú�{, ¢�
ÿþ}�L§¥�æ�â�¬�(ÅDÂ�Ý�
Cz, �)îÅÚpÅ. (Jw«(�3}�å�

¸�:c¬�}�Aå�O\×�eü, ,�eü
C�¿�ªªCu��k��½�. ��}�L
§éîÅÚpÅ�Å�Cz�K�þ�u 20%, v
k*	�?Û�5Å^z���y�. ù¿�Xò
�}�¬�ª����.�À��«�úC/�
a�â�N�\Ün. ,	, l©z [16] ¥���
���â�N�5³U�.Ñu, ^²;�5Å�
§�±�Ð/)º¤kÿþ�(�êâ. �u8
c���Ø�(Åÿþêâ´^��¡�k�0
� EMT (Effective Medium Theory) �nØúª5?
n�, ©Ùé�â�N��5nØÚ EMT ?1

éìÚ?Ø. 3Vgþ, §�Ì�3�þ�Ý��
 êùü�Cþ´Äp�Õá, Ú´Ä�3�5³
Uùü:þkØÓw{.

2 ¢�C�Ú�{

¢�C��)åÆ}�XÚ�(Å&ÿXÚ
ü�Ü©. Ù¥åÆ}�XÚd�¬³!°Äê
�!{�Øå�å|�!ACÚAåÿþ|��
¤. (Å&ÿXÚd&Òu)ì!&Ò�Éì!
&Òæ8!&Ò;�Ú?n|��¤. ¢�C�
Xã 1 ¤«. S9>� 7 cm �g���/}�Ý
Y²©¤þeü�Ü©, ��u¶«E¾�;þ.
ê�°ÄY²í\íÄeÝ�c$Ä. °Ä�Ý
� 13.3 µm/s. }�Ý�þÝÏLg�¤�p9�
ë, g�¤�§ÝXê� 5.25×105 N/M.�
¦�
âK¦þ��¢, ·�r�»� 1.76—2.00 mm �
Àæ¾��3ç��» 2.5 mm �çfþ, Àæ¾
ÏLçfþ!/üá�}�Ý¥��¤ØÓþÝ
��æ�âK. {�ØåÏLþX\1��âK,
zg}�L§¥�Øå�±ØC. �©¥·���

ã 1 |^�}¤UE�(Åu�-�ÂXÚ
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þÝ� 45.5 mm ± 0.2 mm �âK, �\�{�Øå
�� 1200 N. Ó�ü¬Z©L©OÿþþeÝ�m
�ålÚþX� £. ¢�m©�c�(��âK
v
��¢, zg¢�c�vÂ}�Ýý9��þ
XØ2u)²weü.

(ÆDaìdØ>>b¡�¤, ©O�i3þ
XÚeÝ�¥
. �©æ^ü«�Ä�ª�Ø>>
b¡�)Ø ÅÚ}�Å. Ø Åu)ìÚ�Âì
É�	>|-y���)R�u}�¡��� 
E�Ä. }�Åu)Ú�Âì��Ä��K²1
u}�¡. nØþ, }�Å�3÷í?��ÚR�
uí?���ü�©|, �¢�¥¿vkuyùü
|}�Å�²w«O, �@�ùü|}�Å´{¿
�. &Òu)ìz� 0.05 s u���ªÇ 30 kHz �
�uóÀ-y�» 46 mm �u)ì�)(Å, (Å
BL�âK���» 10 mm ��Âì�Â. ¢�L
§¥u��&ÒÚ�É�&Òd«Åì¢�P¹
¿�;u>MM�.

�Â��(ÅÅ/Xã 2 ¤«. du�¢�
¥(Å�Å� λ =

v

f
∼ 2 cm ��u�â�», �

Âì�¡È�'��, U
æ8�²(½��
ZÅ E Å&Ò (=ã 2 �Â&Ò��c¡�Å/),
�5(Å�DÂ�Ý�±@�Ò´ E Å��1�
Ý vf . �,Ø�ZÅ	, ã 2 �Â&Òp�kér
�Ñ�Å S ¤©, Ì�´Ï��Âì�¡È�´ 
�¤�. 5¿=¦Xd, �â Jia ��ó�, ù
Ñ
�Å¤©é�ZÅ E ÅØ¬E¤²w�K�, Ï
dØK�·��(�ÿþ. ·�ò�âu�&ÒÚ
�Â&Ò�c÷å© �½Â(Ålu���Â
¤^��m ttof . ��}�L§¥u)ì©ªCX
�Âì, �±@��âKþÝ=�(Å�1ål L,

(Å�Å��^ vf =
L

ttof
O�.

ã 2 (ÅÅ/±9(Å�1�m

�Æó�ö²~|^����.5ê�ëþ
5«©�â6N�G�, Ù/ª� I =

γ̇d√
P/ρ

, γ̇�

}��Ç, d��â²þâ», P Ú ρ ©O��âK
É��ØrÚ�Ý. ��@� I < 10−3 =�O·�
6N. ddO�Ñ�¢�¥.5ê=� 10−6 þ?.
,��¡=¦�ÄÑ�ÅÜ©, �Â��(Å&
Ò±Y�m�=�Î¦þ?, �Ò´`3ùã�m
S�âK�}�/C=�B¦?, Ïdl±þü
� ¡ � Ä, � ± @�� ¢ � ¥ � â K�O · �
6N.

3 ¢�(J

ã 3 ´ØÓ�ºÜ\1Øåe, �â�¬!�
}�$Ä��åÆ�A�. ÿþw«, �¬�}
�AåÄk�þeÝ}� £�O\¯�C�,
3þeÝ�m�½ £�þ,ª³C��ú��
��4�� (ù�4�èåÆ~¡�¯Ñ:) ��,
}�Aå�úeü, ÅÚª���Ø2�X}�
 £�O\u)Cz�½$ÄG�, =�.G
� (�É¢�C����, ¿�����). �.G
��}�Aåq¡�í{}�rÝ. du�¬Ð©
®²�~�C����Å�æG�, �}�å�\
����¬á=u))ä, �*	�} y�. ,
	, lã 3 ¥�±wÑ, 3}�Aå��4��, )
ä��ÝC�, 3�.G�e�¬NÈ����
½��.�Ý�. ��wÑ, �XºÜ\1�O�,
�¬�¯Ñ�Úí{}�rÝÑ¬C�, �¬�
}ÞpÝK¬Ñ�~�. ù
1��èåÆ��'
��Ä���.

ã 3(a) �}�å¸� τmax �ºÜ\1Øå N

�5Cz, Xã 4. ù�5��^�Þ½Æ�/ªL
«�: τmax = N tan θ, Ù¥ θ ¡��â�N�S�
Þ�. 5¿�¢�¥���´ZH�Àæ¾�âK,
Àæ¾�mvkÅàå, �A��Þ½Æ�vk�
Ä§. ^ù��Þ½Æ�Ñ���'Xéã 4 �ÿ
þ:[Ü���¬�S�Þ�� 29◦.

ã 5 ´�¬3}�L§¥ØÓ{�Aå\1
e�pÅ�ÝÚ{�Aå� 244 kPa �îÅ�Ý
�}� £�Cz. du´!�}�, ã¥î�I
�}� £'~��m¤'~. lã¥�±wÑ,
ÃØ´îÅ�´pÅ, (�3}�m©�þ�Xþ
eÝ�é £�C�×�eü�� 15%. 3¯
Ñ:��, ù��Ýeüm©ª���Ä��±Ø
C (�,�X £�O�Ñy
�½�Þá).
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ã 3 }��^e�}�Aå (a) Ú}ÞpÝ (b) �}� £�Cz

ã 4 ØÓºÜ\1Øåe�¯ÑrÝ (��[Ü�Ñ��¬
S�Þ�� 29◦)

ã 5 }�L§¥pÅÚîÅ�(��}� £�Cz

4 ? Ø

����â�N¥, �â�m¥�p@ØÚ�
��Þ�åÆG�. ��rN�´, ¦+�*þ�
â�N´kéõ�Y��þ!E,(�á�, Ùo
âz²þ¿Âþ��ÅÄåÆE÷v���ëY
0�Ôn, =²;�5nØ (�ÑÑÑ�K�). ù

�, (Åäk�DÂ��²1�pÅÚ�DÂ��
R��îÅü«�ª. é��Ó5��5�5N,
�5åÆ�Ñ�Å�´

vp =

√
K + 4

3µ

ρ
, vs =

√
µ

ρ
, (1)

Ù¥, vp, vs ©O´pÅÚîÅ�Å�, K Ú µ ´
�5N�N��þÚ}��þ, ρ ´0���þ�
Ý. 5¿ (1) ª�é�5�5Nk�, Ù¥��5�
þ K Ú µ ´�AåÃ'�á�~ê, ü�(� vp,
vs Ïd��AåÃ'.

�â�N��5´��5�, Ù(�¬�A
å�CzCz, ÅÄ�4z���Øo´�D
Â��R�½²1, =îÅ½pÅ. §�(Æ5�
Ïd¬��´LÚE,, ��ØU��^ (1) ª
�/ª5£ã, ´I�?�Ú�	ÙAåé�
�AC6Ä��AXê (q¡fÝXê). 5¿A
åÚACÑ´��é¡Üþ, �AXêò´o�Ü
þ Cijmn = ∂σij/∂εmn, �Ò´`��k 6×6 = 36
��AXê, ¿�Ø=´Aå�¼ê, ���Ýk
'. �Kþ�±^(ÆÚåÆ�{ÿþÑ¤k
ù 36 �¼ê, �ù�XÚ�¢�8c�����.
kØ�O� Cijmn �nØ, ùp=�u?Ø EMT
Ú²;�5nØü«. cö´lü��â�m
� Hertz-Mindlin �>å�.Ñu^ÚO²þ�{
?n�þ�âXÚù�E,�õN¯K, ,�3
�½�Cqe�� Cijmn �L�ª½ê�O�§
�¼ê�. ¤¢�k�0�nØ EMT[17−20] =
´ù«�{���~f, ¿�æ^�´²þ|C
q. du��E,, ùpò�?ØAå���Ó5
þ!Ør σij = pδij ��(J (���/��©
z [21]). ù� EMT �Ñ�(ÅÅ����¤ (1)
ª�/ª, �´Ù¥� K Ú µ Ø2´~ê, ´
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e¡�Ør p!�Ý ρ (½Ø±Àæ��Ý, =^N
È©ê φ = ρ/ρÀæ)!Ú� ê z �¼ê (ë�©
z [22]):

K =
kn

12π
(φz)2/3

(
6πp

kn

)1/3

,

µ =
kn +

3
2
kt

12π
(φz)2/3

(
6πp

kn

)1/3

(2)

Ù¥ kn Ú kt ´ Hertz-Mindlin �>å�.p�ü
�ëê, q¡�>å�{�fÝÚ��fÝ, �K
þ�lÀæ�}��þ µg ÚÑt' σg �� (µg ;
.� 29 GPa  σg ;.� 0.2) ^e¡úª��:

kn =
4µg

1 − σg
,

kt =
8µg

2 − σg
.

(3)

w,, (2) ª�¼ê'X�{ü/8(�

v ∼ z1/3φ−1/6p1/6. (4)

���Ñ�´, Ø�Ý	, EMT �@�(��� 
êk', ù´§�²;�5nØ���ØÓ�/�.
²;�5nØp�k�þ�Ý�Vg, vk� ê.
�,XJéÓ�«�âá�, NÈ©êÚ� ê�
3�½�¼ê'X, φ Ú z Ø´p�Õá�G�C
þ, Ú\� êØ¬�5Vgþ�Cz. �XJ§
�´p�Õá�Cþ, �¹ÒØÓ
. 8cé φ Ú z

´Äp�Õá�vk���w{. kÆö@�§�
�m�3 φ = z/

(
z + 2

√
3
)

�'X, X©z [23] �

ó�. XJù��{, (� (4) ªòC¤

v ∼
(

φ1/2

1 − φ

)1/3

p1/6. (5)

duÃ{*ÿ·�¢�L§¥�� êC
z, ùpò^ (5) ªéã 5 �êâ��{ü?Ø.
,	�b� (5) ª¥�Ør p �uºÜ\1�
Ñ�Øå N . Äkã 5 �(�� N ∼ p �O
�O\, ù�(JÚ (5) ª½5ÎÜ. ��	N
È©ê�K�, 3ã 6 ¥�Ñ
þ A =

vp

p1/6
Ú

þ B =
(

φ1/2

1 − φ

)1/3

�Cz� (^Ð©��
8

�z). ?1'��±wÑ, B �X}� £�O�
Åì~��ª³Ó A ´���. }��¤�üö
þeü� 15%�m, ¿� A ¥�XØr�O�(�
Czoz©'�5���A:3 B ¥�U���
N. �Ò´`, (5) ªU
½5/�NÁ�w��ù

(�Czª³. �3½þþ, A Ú B �´k²w
��O, ùé�U´ (5) ª�Ñ
}�å��� (5
¿ã 5 ��¬p©ª�3}�å).

,	�����Ñ�Cq´, é}�Ý¢�,
�¬�C/ÚAåÑØ´þ!�, AO´C/¬8
¥3þeÝ�.¡NC, /¤��� 6—8 ��â
þ�^G}�� [16,24]. ù
E,5é(Å�K�
´8�ïÄ���c÷. �©¥�´{ü/b��
¬�Aå!}�$ÄÚNÈ)ä©ª�±þ!. ù
�NÈ©ê�^ φ =

m

ρÀæhS
<Ú/��, ª¥ m

�}��S�âo�þ, S �}�Ýî�¡È, h ´
¢�ÿþ�}�ÝpÝ. Àæ��Ý� 2.441 g/cm3.

ã 6 ¢S(�CzÚUì (5) ªO��dNÈ©êÚå(�Cz�'�
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XJ�â�N´��5�5N, (�Ò�^�
5nØµe5©Û?n. �5nØ©Û(��Ñu
:´��³U¼ê w = w(ρ, uij), Ù¥ uij ´�5
ACÜþ. duù�³U¼êéAC uij �©�g
�Aå σij = −∂w/∂uij ,�©üg��o�fÝÝ

 Cij = −∂2w/∂uij∂umn, Ïd����
�â
�N³U¼ê�äNL�ª, Ò��Ñ?Û(��
�ÝÚAå�Cz: c = c (ρ, σij). ©z [25—28] �
Ñ
���{ü��â³U�.

w = B0

(
ρ − ρ1

ρc − ρ

)0.15 √
−ukk

×
[
(unn)2 + ξumnumn

]
, (6)

Ù¥� B0 Ú ξ ´á�~ê, ρc ´��Ã5æÈ�
Ý, ρ1 �^�tÃ5æÈ�Ý��. ã 7 ´^ù�
�5³UO��(�9Ù�ã 5 �ÿþ(J�'
� (äNO�L§[!�©z [29]). �±wÑù�
�5nØ�ÿþ(JÎÜ�éÐ.

ã 7 ¢�&ÿ�(Å&Ò (ÎÒ) Ú�5nØO�(J (¢�)
�é'

é'þã EMT Ú�5nØ, ØJwÑ§�3
Vgþ´k�O�. Äk´c¡J��'u� 
ê´Ä´ÕáCþ�¯K. ,���O´ EMT �

Ñ�fÝXê�AåCz�¼ê Cijmn(σlk) Ø�
½|±�3�5³U, �Ò´`, §�Ñ��©/
ª σmndumn Ú Cijmndumn Ø�½÷v��©^
�. �5nØ��l³UÑu��AåÚfÝXê
�L�ª, Ïdvkù�¯K.

5 ( Ø

�©��
ÃÅ5�âÔ� (Àæ¾) 3�~
�ú���}�L§¥, ÷XR�u}���DÂ
�p(ÅÚî(Å��ÝCz. (Jw«, �X}
�$Ä�m©, 3}�AåÅì��¯Ñ:�L§
¥(��¯�/~��� 16%, ���}�L§
¥(�CzÅìC�¿ªCu��½�. Ïd,
�ú}�e��âÔ��(�Q���ØC, �Ø
¬�./~��". �ö¿�X·�¤ÿþ��â
�¬©ª?u�5G�. ùL²�ú�}�$Ä�
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under direct shear∗

Zhang Qi1)2) Li Yin-Chang2) Liu Rui2) Jiang Yi-Min3) Hou Mei-Ying2)†

1) ( Key Laboratory Artificial Micro-and Nano-structure of Ministry of Education, School of Physics and Technology, Wuhan University,

Wuhan 430072, China )

2) ( Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China )

3) ( School of Physical Science and Technology, Central South University, Changsha 410083, China )

( Received 5 March 2012; revised manuscript received 21 June 2012 )

Abstract
Acoustic signal is used to study the mechanical properties of dense granular system under direct shear. In the process of direct

shearing, it is found that the velocity of the sound wave decreases rapidly with the increase of shear stress. After the yield point of stress,
with the increase of strain, the velocity of the propagating wave decreases gradually and attains a constant. The net reduction in velocity
is found to be less than 20%, which differs from the fact that acoustic wave (especially the transverse wave) could not propagate through
the shear band. This is because the direct shear strain rate is far smaller than the frequency of sound wave, and particles under shear
can be regarded as quasi-static elastic-plastic solid. Effective medium theory and granular dlastic theory are employed for explaining
these results.
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