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�âÔ�´�«E,�UþÑÑNX. �âm��ÞÚÅ¢�^�¦ÀÂÖ1Úå�Uþk�P~, �âm�
åó(�q�ò]�ÛÜÀÂÖ1?1�m*ÐÚ�mò�, ��ûÐ��À�J. �ïÄ�âÔ�éÀÂÖ1�
�À5U, �©æ^å�^e¥NÀÂÙS�âÔ��Á�XÚ, ïÄ
ÙN.Ü�^å3�âá�!�âþÝ
�Ï�K�e�Cz5Æ. Á�(JL²: �5K�âäk�\ûÐ��À5U, o�â��À5UÑpu[�â.

�âþÝ H ´K��À5U��Ï�, ¿�3���.þÝ Hc. � H < Hc �, �À5U� H �O\Or;

� H > Hc �, H é�À�J�K�Ø2wÍ. ±þïÄ´3Ó�ÀÂUþe?1�, éuØÓÀÂUþe� Hc

�I��\mÐ. ÏL�âÔ�éÀÂÖ1�À5U�Á�ïÄ, ��«�âá��Ä�ÔnåÆ1�, �Ù3�
À~�+�¥�A^Jø�â.

'�c: �âÔ�, �À5U, Uþ�Ñ, ÀÂÖ1

PACS: 47.70.−n, 45.70.Mg, 45.50.Tn

1 Ú ó

�âÔ�´d�þlÑ�N�â|¤�8Ü
N, ´�«E,��²ï��UþÑÑNX, ¿L
yÑÃõÕA�åÆA5 [1−3]. �âXÚ¥�U
þ�ÑÌ�´±�â�m���5-EÚwÄ�
Þ�Ì. 3	Ö1��^e, �âm¬u)r�@
ØÚ�Þ, ÙSÜE,�åó(�u)ä�Ú|,

?�Ñ�þUþ [4,5]; d	, ��âm�-E��
�5-E�, =�3Å¢�^Ú�5C/, d�C
/Ú�^L§´Ø�_�, ½¬u)Uþ=z [6].

éü¥�â-EL§¥�UþÑÑ¯K, ïÄuy
$¯ÑrÝ!p�5�þ!p�Ý��âá�ä
k�r�ÑU�J [7−9]. dd, ��âÔ�«ÉÀ
ÂÖ1�, ÙSÜ�âm��ÞÚ��5-E¬k
�/ÑÑÀÂÄU, ���À�J.

3�âXÚS, åó(�´k���^åDÂ

å», ¿�ò:Ö1¯�/=z�©ÙÖ1, ¿É
�â�á�5�Úü��ª�K� [10,11]. k'å
ó(��üz5Æ, <�?1
�þXÚïÄ. Ã
ØÙÎÜý��§!V��§, �´�Ô��§,

þäkò8¥Ö1�	*Ð�5Æ [12,13]. dd, §
�òÛÜÀÂÖ13�mþØä*Ð, ?ü$À
ÂrÝ. d	, �âXÚ¥�åó(�3å�DÂ
L§¥äkwÍ��m�A, l�ò]�ÀÂÖ
13�mþ?1ò´, ù�3�½§Ýþ���À
�J.

�âXÚ��À�^�uÙ3ÀÂÖ1e
��íy�, ¿ddòÀÂÄUÏL�âXÚ��
5/CU=z��âÄU, ¿3�âÔ�þ/¤ä
k�½5K�ÀÂ�. Á�ïÄuy, ÀÂ���
»9�Ý�ÀÂÔ��Ý!�þ±9�âº��
mk��'X, ¿�[Ü���¼ê [14−16]. d	,
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þ��5'X!�âº��AéÅ�5-E¥U
þÑÑ�K� [17−20]; ,	, ÏLlÑü�ê��
[�(½
¥NÀÂÚO·�\1L§¥, �âÔ
��ÄåA59Ùåó�©Ù/� [21]. ±þïÄ
��«�âÔ���À5UJø
g´.

8c, éu�âÔ�UþÑÑ�¡�ó�, Ã
Ø´Á�ïÄ�´ê��[þ?uÐÚ�ã, éÙ
3ÀÂL§¥$Ä5Æ�@£�k�\�. �âÔ
��UÑÅn3�â{Zì¥�A^®mÐ
c
ÏïÄ, ¿Ïäk~�ª�°!N\�þ�Úá�
íd�`:, ¥yÑ2,�A^cµ [22−25]. �é
�âÔ���À5UïÄ9ó§A^mÐ���.

�©±R�ÀÂÖ1e�âÔ��ïÄé�,

Á�ïÄ
ØÓ�âá�ÚþÝK�e�ÀÂÖ
1, ��
�âXÚ�À5U���55Æ, �m
Ð�âÔ�3�À~��¡�ó§A^Jø�Æ
�â.

2 �â�À5U�Á�C�9�Y

�ÿ½�âÔ�3ÀÂÖ1e��À5U,

�O
Xã 1 ¤«�Á�C�. TC�¥�kÅ
Àæ�ÙpÝ h = 30 cm, 	» D = 20 cm, 9
þ t = 0.5 cm, ¿3g�Ù.S� 3 � CL-YD X�
Ø>ªåDaì±ÿþÀÂå. ù 3 �DaìSC
3ålÙ.¥% 6.5 cm ��±þ, �p�mY�þ
� 120◦. Á�¥ÓÚÿ� 3 �Daì�ÀÂå¿d
d��ÀÂÜå. Á�¥À^5K�Àæ�âÚ�

5Kßâ��Á��âá�, �©OÀ^ü«ØÓ
â», Ùëê�uL 1.

L 1 üa�âá��â»ëê (ü : mm)

â» ëê [âÀæ oâÀæ [ß oß

��â» Dmin 0.4 4.0 0.4 1.5

��â» Dmax 0.6 5.0 0.7 2.5

²þâ» D̄ 0.5 4.5 0.5 2.0

Á � ¥ æ ^ � � ¥ N � � À Â  Ô, Ù �
þ m = 167 g, �» d = 5 cm. Nì�»�ÀÂ¥N
�»� 4 �, ��â�»� 8 �±þ, ¿æ^1w�
kÅÀæý9, l�Ø
>.K� [26]. 3�ÙS
��ØÓþÝ�Àæ�â½ßâ, þÝ3 0—9 cm

�m, ÀÂÔd�é�âL¡ 50 cm pÝ?gde
á. ÏLSC3.Ü�åDaì3 50 kHz æ8ª
Çeÿþ�Ù.Ü�ÀÂå, ddïÄÀÂå�C
z5Æ9�âÔ���À5U.

3 �âþÝ9�âá�5�é�À5
U�K�

æ^ü«â»�Àæ�âÚßâ, 3ØÓ�
âþÝe?1ÀÂÁ�, ÏLéÙ.ÀÂå�ÿ
þ�(½�âþÝ±9�âá�5�é�À5U
�K�.

ã 1 Á�C�9�âá� (a) [âÀæ; (b) oâÀæ; (c) [ß; (d) oß
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3.1 ���âââþþþÝÝÝééé���ÀÀÀ555UUU���KKK���

Äkæ^²þâ» D̄ = 0.5 mm �Àæ�â,

��âþÝ H ©O� 1 Ú 6 cm �ÿ��Ù.À
Âå�§Xã 2(a) Ú (b) ¤«. � H = 1 cm �, Ù
.ÀÂåÑyõ�¸�, �¥5Æ5�4~ª³;

� H = 6 cm �, ÀÂå¥y��Ì¸�, �=Ñy
A���¸���ÀÂ�>åªu". ùü�;.
��§�©O�L
�À�â3��Úþ�^
�e�ÀÂåCzA�.

3±þÀÂå��§�¥, 1��¸���
�/�N
�âXÚ��À�J. ��Ð/L�
ÀÂå�Cz5Æ, òÓ«á�!ØÓþÝe��
§��1��¸�U�3Ó���� t e, ?
ÏLé1��¸��é'±©ÛØÓ�âþÝe
ÀÂå�Cz5Æ. Äk±²þâ» D̄ = 0.5 mm

�[âÀæ�~, �âþÝ©O� 0, 0.5, 1, 2, 3,

4 Ú 5 cm �, 1��¸��ÀÂåXã 3(a) ¤«.

�±uy, �X�âW¿þÝ�ØäO\, �A�
ÀÂå¸�Åìeü, �§��N/GªuA
². ù`²3ÀÂL§¥D4�.��ÀÂåÅ
ì~�, �âXÚÑÑ�UþÅìOõ. ,�, À

^²þâ» D̄ = 0.5 mm �[ß?1Á�, Ù(
JXã 3(b) ¤«. �±wÑ, ÀÂå¸���â
þÝ�Cz�cö�q, =�X�âþÝ�O\,

ÀÂå¸�Åìeü. �Ù�ã 3(a) �', �
��NÅÄ5��, 5Æ5�f. ùÌ�´du
[ß�â/��Ø5K5, ¦��âm��ÞÑ
U�\wÍ, ?ÚåÀÂåCz��Å5�\
²w.

ã 3 ¤«ÀÂå�§�¥�K�L²3À
ÂL§¥�âXÚ¬Ñy��y�. T��¬�
�C�.��)�½��Ä, ¿éSC3Ù.Ü
�åDaì�)�½�.å. �X�âþÝ�O
\, .�É���âÀÂå�Ò��, Ù��ÌÝ
�Ò��, léDaì�.å�Ò�Ø²w. �
Ò´`, ÀÂå�§¥�K�3�½§Ýþ��
NÑ�âXÚ��À�J. ÀÂå¥�K���,

K����, �À�J�Ò�wÍ. lã 3(a) �±
w�, Àæ�â�þÝ3 0—1.0 cm �, K��õ,

3 2.0—5.0 cm �K��ÑyK�; 3[ß�â�
ã 3(b) ¥, KK�é�. ù`²äk5K�â/�
�Àæ�âá�����éì�, äk�5K�â
/��[ß�âá�äk�Ð��À�J.
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ã 2 ;.��â�À��ÀÂå�§ (a) �âþÝ H = 1 cm; (b) �âþÝ H = 6 cm

ã 3 ØÓþÝ�âe�ÀÂå�§� (a) [âÀæ; (b) [ß
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3.2 ���âââááá���555���ééé���ÀÀÀ555UUU���KKK���

À�ØÓ�âá�3Ó��âþÝe?1À
ÂåÿÁ, dd©Ûá�5�é�â�À5U�K
�. ��âW¿þÝ H = 0.5 cm, æ^ØÓâ»�
Àæ�â�ßâ���ÀÂå�§Xã 4 ¤«. Ã
Ø´Àæ�â�´ßâ, Ù�â»�ÀÂåþÑ$
u�â»�ÀÂå; d	, ßâ�Àe�ÀÂå�
²w$uÀæ�â, LyÑûÐ��ÀÑU5U.

E±þÁ�� 3 g, òØÓ�âá��Àe�À
Âå²þ¸� F̄0.5 �uL 2 ¥, Ó��ÄÃ�â�
À^�e�¸� F̄0 = 2239.05 N, ��±þ�âá
�3W¿þÝ� 0.5 cm ���À�J. �±uy,

[âÚoâÀæ�À��ÀÂå©O�Ã�â�
À� F̄0 � 66%Ú 61%, [ßÚoß�À��ÀÂ
å©O� F̄0 � 18%Ú 17%. Ïd, �«�âá�þ
kwÍ��À�J, �â»�â'�â»�â��
À�JÑp, ßâ��À5U�²w`uÀæ�â.
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F
/
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ã 4 ØÓ�âá��Àe�ÀÂå�§�

L 2 �âþÝ� 0.5 cm �ØÓÀÂ¸�åþ�'�

�âá� ¸�åþ� F̄0.5/N F̄0.5/F̄0

�â»Àæ 1473.47 0.66

�â»Àæ 1366.04 0.61

[ß 398.66 0.18

oß 382.86 0.17

��¡/©Û�âÔ���À5U, ©O3Ø
Ó�âþÝ H eE?1
ngÀÂåÿÁ, Ù
¸�:þ���âþÝ�'XXã 5 ¤«. �±u
y, �X H �O\, ÀÂåÅì~�. éuÀæÚ
ßâ, Ñ�3���.þÝ�, Ù©O� Hc = 5 cm

Ú Hc = 2 cm. ��âþÝ�u�.� Hc �, ÀÂ

åªu½, �À�Jª³u��. ùL²â»!
�â/G�Ï�é�â�À5U�K�~f, �
âþÝ¤�K��À�J���Ï�, �Ø2�þ
Ý�O\u)Cz. d	, ��âþÝ�u Hc

�, ßâ��À�J�²w`uÀæ�â. ùÌ�
´duü«á��/�Úå�. /G�éØ5K�
ßâ, ÙL¡o÷, �ÞXê��, äk�Ð��À
ÑU�J.
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ã 5 �âá�3ØÓ�âþÝ H e�ÀÂå¸� F C
z5Æ

4 ÀÂåP~L§©Û

3ÀÂÔÀÂÙS�âÔ��, Ù.ÜÀÂå
3ØÓ�âþÝe¥yü«;.��§CzA�,

=þ©¥ã 2 ¤«. AO´��âþÝ���, À
Âå¥yÑk5Æ5�P~L§; =B�âþÝ�
��, ÀÂå¸��¥ÅìP~ª³. e¡±Àæ
�â�~, ÏLéÀÂå¸��Cz5Æ©Û�(
½�âÔ�éÀÂå�P~A�.

4.1 ÀÀÀÂÂÂååå¸̧̧������PPP~~~AAA555

ùp©O±²þâ» D̄ = 0.5 mm Ú D̄ =

4.5 mm �Àæ�â�~, 3ØÓ�âþÝeÀÂå
�§�¥À��¸�, (JXã 6(a) Ú (b) ¤«.

l¥�±wÑ, ü«â»�Àæ�âþLyÑéÐ
��ÀA5, �ÀÂå¸��éê��¸�gê¥
²w��5P~L§. T�5�Ç��âþÝ�O
\O�, L²ÀÂå�P~§Ý��âþÝ�O
\Or. ���âþÝO\�Ù�.� Hc (ù
p Hc = 5 cm) �, �5�Ç�N�Ó, =d��â
þÝé�À5U�K�Ø2²w.
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4.2 ÀÀÀÂÂÂååå¸̧̧���mmm������CCCzzz555ÆÆÆ

lÀÂå�§��±uy, 3ÀÂå¸� F

P~L§¥, �¸�m��mm� ∆t �ØäC�.

ùpéÀæ�â3ØÓþÝeÀÂå¸�m�?
1
(½, Xã 7 ¤«. �±uy, ��âþÝ�u
Ù�.�, = H < Hc �, ¸�m� ∆t �¸�Ñy

gê n �O\Øä~�, � ∆t �éê� n �N
¥�5'X; �X�âþÝ�O\, ∆t �P~Ø2
wÍ, Ä��±ØC. ù`²�âÔ�3É�ÀÂ
�, ÙSÜ¬k��±Ï5���y�. ��âþ
Ý���, T��y�²w, ���±Ï�XXÚ
Uþ�ü$¥4~ª³; ��âþÝ���, T
��Ï�âXÚéÀÂUþ�¯�ÑÑØwÍ.

ã 6 ØÓ�âþÝ H eÀÂå¸� F �¸�gê n �P~L§ (a) [âÀæ; (b) oâÀæ

ã 7 ØÓ�âþÝ H eÀÂå¸�m� ∆t �Cz5Æ (a) [âÀæ; (b) oâÀæ

òØÓ�âþÝeÀÂå�§¥�cüg¸
�m��mm� ∆t ?1(½, én|Á�� ∆t �
þ����Ù�W¿þÝ H �'XXã 8 ¤«.

ùpéoßÚ[ß�ÿÁ(J�?1
(½. �±
wÑ, � H < Hc �, ∆t þ� H �O\¥4~ª
³; � H > Hc �, ∆t Ø2É H �K�. ù`²�
âXÚ3ÀÂ����±Ï¬��âþÝ�O\
~�, ¿�þÝ��Ù�.� Hc �, ù«��y
�Ï�âXÚéÀÂUþ�¯�ÑÑªu��.

d	, ßâ� ∆t �²w$uÀæ�â, �`²ßâ
�ÑU�J�`uÀæ�â.

ã 8 ÀÂå¸��mm� ∆t �ÀÂþÝ H �éA'X

òÀÂå�§¥1�g¸�Ñy��m�
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� 0, 3ØÓW¿þÝe�ÀÂå¸� F �Ù¤Ñ
y�m t �'X±uã 9 ¥. �±uy, � H < Hc

�, ÀÂå¸� F ��âþÝ H �O\eü,

��ÀÂ¸�Ñy��m t �� F �~�ü$;

� H > Hc �, �âþÝé F �K�ØwÍ. ù2
�gy²
�âþÝé�À5U�K�.

ã 9 ØÓ�âþÝeÀÂå¸� F �¤Ñy�m t �éA'X (a) [âÀæ; (b) oâÀæ

5 ( Ø

�âÔ�´�«;.�UþÑÑNX, ÙéÀ
ÂÖ1äkûÐ��À5U. ±R�ÀÂÖ1e�
ÙS��âÔ��ïÄé�, éÀæ�âÚßâü
«;.�âÔ���À5U?1
Á�ïÄ. (J
L², �â�â»!�â/�!á�5�ÚW¿þ
Ýé�âÔ��À5UþkK�. dußâäkØ
Ó��â/�, L¡�ÞXê�, Ù�À5U²w
`uäk5K/��Àæ�â, ��â»�â��
À5U�`u�â»�â.

ÃØ´Àæ�â�´ßâ, �âþÝ´K��
À5U�'XÏ�, ¿�3���.þÝ Hc. éu
Àæ�âk Hc = 5 cm, éußâk Hc = 2 cm. �
�âþÝ$u Hc �, �À5U��âþÝ�O\

Or; ��âþÝpu Hc �, �À5Ué�âþ
ÝØ2¯a. 3ÀÂÖ1e, �âXÚ¥y�½�
��y�, ¿3�âþÝ$u�.þÝ�LyÑw
Í�5Æ5. ÏLéÀÂå¸�Ú�mm�éA'
X�©Û, uy�âþÝ��, ÀÂå¸�P~�
�¯, =�À5U�r.

ÏLéØÓa.�âÔ��À5U�Á�ï
Ä, �«
â»!/�Ú�âþÝ�Ï�é�À5
U�K�. é�âXÚ�À5U�S3ÅnïÄ,

ÿI3ØÓ�âá�!ØÓÀÂUþ�^�e?
�ÚmÐXÚ�ïÄ. d	, æ^lÑ��{�é
�âXÚ¥åó(�!XÚÑU�Ï�?1�¡
©Û, kÏué�âÔ��À5UlØÓ�Ý?1
�\n).
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Abstract

Granular matter is a complex energy dissipation system. The friction and the viscous contacts among particles can dissipate

effectively the system energy caused by external impact load. The force chain structure in granular system can extend the local impact

in spatial dimension and expand the instantaneous impact in temporal dimension, thus to obtain the effective shock-absorbing effect.

To investigate the absorbing capacity of granular matter under an impact load, in the present study, we develop an experimental system,

in which a rock ball impacts granular matter in a cylinder under gravity, and the impact force on the cylinder bottom is measured

with three load cells. The influences of particle size, material propery, thickness of granular matter on shock-absorbing capacity are

discussed. The results show that irregular particles have more shock absorbing capacity, while the large-size particles have a slightly

higher shock absorbing capability than the small-size particles. The thickness of granular matter, H , is a key parameter to affect the

shock-absorbing. Critical thickness, Hc, is obtained in the experiments. The shock-absorbing capacity of granular matter is enhanced

with H increasing when H < Hc, while H has little influence on shock-absorbing when H > Hc. The resutls above are obtained with

constant impact energy. Critical thickness Hc should be a function of impact energy and will be determined in the next study. With

the experiments on shock-absorbing capacity of granular matter, it can reveal basic mechanical behaviors of granular materials and be

applied in mechanical vibration absorptions.
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