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1 Ú ó

và�NX�|¤¤©9AÛ(�éÙÔn
5�kX�~�K�, 'X¬N��¬NÒké
õØÓ. 3�NÔn¥, kSXÚÏ~�NX?u
¬�, |¤NX�Ä�ü�äkî���m²£é
¡5; ÃSXÚ´��éun�¬N� l [1]. Ã
S�/ªkéõ«, XO .:"�!mY�f!
 �!Àæ��, Ä��/ª´¤©ÃSÚ(�Ã
S. ¤©ÃS´3±Ï5�:
 �þ�Å©ÙX
ØÓ«��f; (�ÃS�NXØ2´5K�:

(�. XJr�âÔ�w�và�NX, K·��
âNX��?u(�ÃS (=�ÅæÈ) �G�. ·
��âNX�AÛ9åÆ5�, ´�âÔ�ïÄ¥
�~Ä�Ú��¯K [2]. éuÃSæÈ��âN
X, ¿�z��>:��>åÑ�Ó, ù�±��
lå��Øþ!5w�. �éJ��/£ãØ5K
�å�, ��{ü~^��{´�Ñå©Ù p(f),

§^u£ãNX¥�>å�VÇ©Ù.

8c, IS	NõÆöé·��âNX¥�

å©Ù?1
'��\�ïÄ. ¢�þ, k<^Ø
è{éå�^eÙó.¡½ý¡�å©Ù?1
ÚO [3,4], �k<^1�5{é����NX¥
{�å9��å�©Ù?1ïÄ [5]. �«¢�L
², å3�u²þå��AÇ�ÝU�êP~, �
3�C½�u²þå�%vk���(Ø. Mueth

� [4] ¤��� p(f) ´üN~��, � Majmudar

Ú Behringer[5] ¤���{�å©Ù3�C²þå
?k��¸�. nØïÄ�¡Ì�küa�., �
´ò¢S��âæÈ{z��fXÚ, 2$^�Å
L§nØïÄ�fmå�D4, X q �. [3,6]!α

�. [7] �; �´å�XnnØ [8−10], §�ÑK�
âNX� /�m, $^ÚOÔn¥Xn�g�?
n·�æÈ¥�å�m. ù
nØ�.3�½§Ý
þéå©Ù�5Æ�Ñ
)º, �EkNõ¯KI
�)û. O�Å�[�¡�Ì�kü«a., �´
Äuþ¡ü«nØ�.� Monte Carlo �[ [6−9],

,�a´ÄåÆ�[, X©fÄåÆ [8]!�>Ä
åÆ [11]!lÑ�{ (discrete element method, {P
� DEM)[12−14]. o(c<�ó�, ®k�¢��Ä
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åÆ�[Ì��é(�ÃS�NX, �â´�Åæ
È�. �,ù��NX��Cu¢S�¥��â
Ô�, �(��ÃS5¬Ú\éõE,Ï�, ù�
å©ÙÅn�ïÄ�5
(J. XJ�âNX¥�
k¤©ÃS, vk(�ÃS, ò¬'�{ü
. �
��Ñ�´, ©z [12] ^ DEM �[ïÄ
�k:
"����âNX¥�å©Ù, du�.¥�âæ
È(�´ÃS�, ÏNX´¤©ÃS�(�ÃS
�·Ü.

�©$^ DEM �[é���âNX¥{�å
�©Ù?1ïÄ. �
Bu&?å©Ù�Ån, Ä
k|^����U8�æÈ�ª�)(�kS�
�âNX, ÏL�ÅÀ�Ù¥,
�â¿�UC§
��fÝXê5�E¤©ÃSNX, ù
�â�±
w¤´O .:"�. ,�ÏL DEM �[��·
�æÈ���, é�âm�>å�©Ù?1ÚO,

l�Ñ{�å©Ù�"�Ç�ëêCz�'X.

2 DEM �.

DEM ´ Cundall Ú Strack[15] JÑ�, 8c§
®uÐ¤�ïÄ�âNX·åÆÚÄåÆ1��
rkåóä. �©ïÄ�¤©ÃSNXdü« ‘^
M’ §ÝØÓ���5KæÈ¤. �d, �Ä N0

���/¤�8��æ(�, Xã 1 ¤«. z��
â��»� r0, �âm��ÞXê� µ. �¤±À
J8�æÈ, Ì�´Ï�ù«æÈ(��«É��
K1ØUC. �[¥Ø�Äå��^, �¤
k>.´1w�. ã¥� θ �¡��>�, ´�>
:?{����ç����Y�. ,	, �.¥Ì
�æ^ü¶Ø ��ª, 3ºÜ�\K1 F ; ��
yNX�(��u)��UC, K1 F ØU��.

ã 1 ¥^ X ����I i 9 Y ����I j IP
����, ±Nì�e���I�:, �â (i, j) �
�I (xi, yj) � xi = r0 + 2r0(i − 1) sin(30◦) 1 6 i 6 2N + 1, 1 6 j 6 2M + 1,

yi = r0 + 2r0(j − 1) cos(30◦) � i,j �Ûó5�Ó,
(1)

¡ (1) ª¤(½�NX� M × N �NX, �âo
ê N0 = 2MN + M + N + 1.

�©� DEM �[¥æ^�5�>�., 3�
>:�{�Ú��þÚ\
��Ú{Zì, Ó�3
��þ�½
wÄì. �[�æ^�5���, {
��>åd{�UþÚ{�fÝXê(½; ��
�>å (�Þå) d��\È £Ú��fÝXê
(½, Ó��÷v Coulomb �Þ½Æ; Ú\{Zì
´�
ÑÑKÄU, ¦NX�ª��·�. L 1 �
Ñ
�[L§¥'�;.�O�ëê. ?1�[
��ÿ, Äk|^ (1) ª�)ã 1 ¤«���8�
�æÈ, ò�â�Ð�Ý�� 0. �X±�VÇ�
�ª�ÅÀ�NX¥�eZ�â, ò§����Ú
{�fÝXêÑC��5� λ �, ¡ù
�â�"
�, ¿�¡ λ �"�rÝÏf; "��ê8d"�
Ç ε ��, ε ´"�ê8 Nd �o�âê N0 �'
�, ÷v 0 6 ε 6 0.5. ,�¦ºÜ>.±�Cz�
�Ç vtop ç��e$Ä, d�z��âÑ�±�)
 £9/C, lK1 F ÅìO\. eØ�L§¥
iÿºÜ�â�²þK1 F/(N + 1), ¦Ù��ý

k�½�� ftop; ¿��� ftop, ¦���>��
Uk���UC. �C ftop �, ÅÚ~� vtop; �
� ftop �, ¦ºÜ>.Ê�$Ä, 4NX ‘e%’ �
ã�m (du vtop ~��v
�, >.Ê��²þ
K1A�Ø2UC), ù�Ò��
��¤©ÃS
�·�æÈ��. ���Ñ��¥��>:��>
å, é{�å�©Ù?1ïÄ. �
Lã�B, ùp
r'²þå���õ�å¡�få, r'²þå�

ã 1 ���8�æÈ (2 × 3 �NX, ÒK?�â� g0)
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��õ�å¡�rå. ïÄL§¥ØéAO� (�
u 0.01 N) �å?1ÚO, Ï�ù��å3¢�¥
éJÿÑ, �±@��^å�~���â�mvk
�>. ,	, �Øé�â�>.�m��^å?1
ÚO.

L 1 DEM ¥Ì��O�ëê

o��âê N0/� 2471

�â��» r0/mm 5

�â��Ý ρ/kg·m3 2600

�~�â�{�fÝ kn/N·m−1 1×107

�~�â���fÝ kτ /N·m−1 5×106

�âm��ÞXê µ 0—1

ºÜ�â�²þK1 ftop/N 0—500

"�rÝÏf λ 0.1 ½ 10

"�Ç ε 0—0.5

3 Ì{�å�g{�å

ã 2 �Ñ
Ã�Þ�¹e 5×10 XÚ¥Ã"
�Úk"��{�å�å�. �±w�, Ã"��
��
þ!å�, k"�����å���Åæ
È [11] ��¹aq, ´�þ!�å�. UCNX5
�!�ÞXê!"�Ç!"�fÝXê!ºÜ²
þK1±9\1�Ç�ëê, E,�
�ã 2 aq
�(J. ÏL*	�þ�[(J¥�å�ã�±u
y: 1) Ã"���å�A�´þ!�, K1�~�
�ÞXêé��¬Ñy��²w��GAåØ
þ!«�; 2) ?Û"��Ú\Ñ¬��å��Øþ
!5, Øþ!§Ý�"�Ç9"�fÝXê���
'; 3) éu ‘�^’ �"� (λ < 1), råÌ�©Ù
3"�±�, éu ‘�M’ �"� (λ > 1), råÌ
�©Ù3"�þ. éu{�å�©Ù, �MÚ�^
�"�¬�)aq�(J, ¤±�©¥Ì�ÀJ�
^ (λ = 0.1) �"�?1?Ø.

ã 2(a) ¥�þ!å�, �±ÏLã 1 ¥ g0 �â
�Éå©Û?1)º. ò�â gi � g0 �m{�å
���P� fi0. �
?Ø�B, rã 1 ¥�âm�
{�å©�Ì{�å�g{�å. Ì{�å��>
�3 30◦ �m�å ('X f10, f30, f40, f60), g{�
å��>�3 90◦ �m�å ('X f20, f50). ²w,

ç��e�K1¦Ó�Y²�þ���â (X g1

� g6) �mk©m�ª³, Ï���¹eg{�
å f20, f50 ¬'Ì{�å�éõ, �±�Ñ. du
·��NX¥z��â7L÷vå²ïÚåÝ²
ï [16], Ï�±�� f10 ≈ f40, f30 ≈ f60, �¤±
���u, ´du�âm��Þ9�>��±k�
��É, ù��(J¦�Ì{�åUì��^��
D4, ��>.�u)��. Ï, XJºÜz�
�â�K1´þ!�, @où«þ!5Ò¬�eD
4, l��þ!å�. I�5¿�´, XJ\1
��ªØÓ ('XV¶Ø ), @o���¹e f20,

f50 ØU�Ñ. éuk"���ã 2(b), ��±ÏL
é g0 �â�Éå©Û?1n). kb½ã 1 ¥�
NXvk"�, \1�?uã 2(a) �þ!å�. ,

ã 2 ¤©ÃSNX¥�å� (a) Ã"���å�; (b) k
"���å�. �Ú��~�â, xÚ�"� (ftop = 500 N,

ε = 0.25, λ = 0.1)
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��Ä g0 ´NX¥���"�, Åì~�ÙfÝ
Xê. ²w, f10 � f60 ~�, ù¦ g1 � g6 �p�
 , Ï����
n�(J: 1) g1, g6 m�g{
�å f16 Or
; 2) �
�±å²ï, Ì{�å f12,

f65 �Or
; 3) g0 þ�o�Ì{�å~f
. �
,, ù
Cz¬?�ÚK��Ù¦�â, �?1n
Ø©ÛéE,, cÙ´kõ�"���ÿ. o�, "
��Ú\Ï~¬\�få�rå�ê8, lO\
å��Øþ!5. ÏLþ¡�©Û��±w�, N
X¥Ì{�å�ê8��Ø¬C, �duØÚO�
~��å, Ïg{�å�ê8��¬UC. ,	,

"��Ú\éÌ{�å�g{�å�K��ØÓ,

¤±ùpæ�
�c<ØÓ��ª, ò{�å©�
Ì{�å�g{�å©O?1ÚO.

�©�é�â�m�{�å?1ÚO, ò{
�å!Ì{�å!g{�å©OP� fn, fnp, fns.

=B´éu5KæÈ��âNX, �>:?/C
����É!�Þå�Ø(½5!\1�ª9
L§�Ï�Ñ¬���>å�Ø(½5, �±Ú
\{�å©Ù p′n(f), p′np(f), p′ns(f) ©O£ã fn,

fnp, fns �VÇ©Ù. XJùn«å�ê8©O
� Nn, Nnp, Nns, ²þå©O� f̄n, f̄np, f̄ns, @oA
Tk Nn = Nnp + Nns, Nnf̄n = Nnpf̄np + Nnsf̄ns.

��±��

p′n(f) =
Nnp

Nn
p′np(f) +

Nns

Nn
p′ns(f). (2)

éuã 1 ¥ M × N �NX, XJ¤k�>:�å
ÑØ´AO�, K��� Nns = 2MN + N − M ,

Nnp = 4MN . Ï d � M,N À 1 �, � � ¬
k Nnp > 2Nns. �
ïÄ�B, I�Ú\5�
z � { � å © Ù pn(w), pnp(w), pns(w), § � ©
O´5�z{�å wn = fn/f̄n, wnp = fnp/f̄np,

wns = fns/f̄ns �AÇ�Ý¼ê. �âVÇnØ
k p(w) = f̄ · p′(f̄w), d§9 (2) ª�±�Ñ

pn(w) =
f̄n

f̄np

Nnp

Nn
pnp

(
f̄n

f̄np
w

)
+

f̄n

f̄ns

Nns

Nn
pns

(
f̄n

f̄ns
w

)
, (3)

ùp½Â kn =
Nns

Nnp
, kf =

f̄ns

f̄np
, d§��½Â9 (3)

ª�k

pn(w) =
1 + kfkn

(1 + kn)2

[
pnp

(
1 + kfkn

1 + kn
w

)
+

kn

kf
pns

(
1 + kfkn

kf(1 + kn)
w

)]
. (4)

ÏLþ¡�?Ø�±w�, ���Ñ kn, kf , pnp(w),

pns(w) ±9 f̄n, f̄np, f̄ns ¥�?¿��²þå, Ò�
±(½Ù¦¤k�å©Ù, Ï�¡��[¥Ì�
éÌ{�å9g{�å�©Ù?1?Ø.

4 å©Ù��[(J

4.1 ÌÌÌ{{{���ååå���ggg{{{���ååå���©©©ÙÙÙ

éu M × N �NX, ÏL�þ�ê��[�
±uy, å©Ù�(J� M Ú N �ê�k'; �
� M,N > 20 �, å©ÙA�Ø�NX5�C.

©z [5] ¥æ^ 2500 ��â?11�5¢�, �

Bu?1é', ·�ÀJ 30 × 40 �NX (� 2471

��â) ?1?Ø, �[�æ^L 1 ¥�ëê. Ï
LUC"�Ç, ïÄ pnp(w), pns(w) �Cz5Æ. é
uÌ{�å�©Ù, 3vk"���±��ã 3 ¥
�©Ùã9�A���VÇã. dã 3(a) �wÑ,

Ì{�å©Ù pnp(w) 3²þå (w = 1) ?k��
¸�, ,�� w �Cz:ìeü, �Ü©Ì{�å
8¥u²þåNC����«m 0.97—1.03 þ, ù
«©Ùaqu��©Ù. �
u�ã 3(a) ���
5, 3ã 3(b) ¥�Ñ
���A���VÇã. X
J pnp(w) é�C��©Ù, Kã 3(b) ¥�êâ:
AT'�;�/�73ã¥çÚJ�±�, �±w
� pnp(w) 3 l²þå������©Ùk��
 �. UCNX5�!²þK1!�ÞXê�ë
ê�±uy, pnp(w) �©ÙØ�½�ã 3 ¤«��
Ó, k�¬ÑyV¸, k�'�,Ï, ��Ü©Ì{
�åE,8¥3²þåNC����«mþ, Ï
Ã"���å�A�´þ!�. k"��, ��ã 4

¤«Ì{�å�©Ùã, ã¥�Ñ
Ì{�å�©
Ù�X"�Ç�O\Cz�L§. �
Bu*
	, ò��L§©�ã 4(a) Úã 4(b) ùüÜ©. d
ã 4 ��, fÚ\"���ÿ pnp(w) 3� 1/4 �²
þå±9²þå?�)
ü�¸, ò§�©O¡�
Ì¸Úg¸, d�Ì¸�$ug¸, 0.5 �²þåN
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C´�.; �X"�Ç�O\, g¸pÝ¯�~�,

Ì¸pÝ�úO\¿��ú/�rå��£Ä;

ε = 0.15 �Ì¸�g¸pÝCq��, ε = 0.3 �g
¸��, �� pnp(w) C�ü¸�©Ù; "�Çd 0.3

C� 0.5 �L§¥, pnp(w) �¸��kO���r
å��k�½£Ä, ��¸�Ê3� 0.7 �²þå
?. 3(�ÃSNX¥, Ï~¬��aquã 4(b)

�å©Ù [12−14], 8c��*	�/Xã 4(a) �å
©Ù. ù��(J`²ÃS§Ý�p�¤©ÃS�
(�ÃSkaq�åÆ1�, "�Ç���¤©
ÃSNX�(�ÃSNXk����É.

ã 3 Ã"��Ì{�å�©Ù (ftop = 250 N, µ = 0.5,

ε = 0) (a) VÇ©Ùã; (b) ��VÇã

g{�å�Ì{�å�©ÙéØ�Ó. ã 5

¥�Ñ
n«"�Çeg{�å�©Ùã, 3Ù
¦"�Ç����aq�©Ù. �±w�, g{
�å©Ù pns(w) �X w �O�üN~�, Ã"
��eü�'�¯, k"��eü��ú
, 
���ØÓ"�Çe�©Ù�ÉØ��. ÏLé
ã 5 ¥�p¶�éê�I�±��Cqu��©
Ù, �Ò´` pns(w) � w ´U�êP~�, �±
^ pns(w) = Anse−αw ?1[Ü.

ã 4 Ì { � å � © Ù � " � Ç � ' X (ftop = 250 N,

µ = 0.5, λ = 0.1) (a) "�Ç� 0.05, 0.15, 0.25; (b) "�Ç
� 0.3, 0.4, 0.5

3�½^�e, ÏL q �. [3,6] ±9å�X
nnØ [8−10] �±��/Xã 4(b) Úã 5 ¤«�
å©Ù. å�XnnØ¥, ���å�m'éØ´
ér, NX¥¤É�å{ü�, �±��ã 5 ¥
�ê.�©Ù, §aquÚOÔn¥� Boltzmann

©Ù; ���å�mkér�'é, ¦�NX
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¥�åE,�, Ò¬��ã 4(b) ¥�©Ù. ã 4(b)

¥�©Ù��´õ�ª��ê¼ê�¦È, �±
^ pnp(w) = AnpQ(w)e−βw ?1[Ü, Ù¥ Q(w)

´õ�ª. ,	, ©z [13] ¥���
/Xã 4(b)

¥�©Ù, �§´éå�^e(�ÃS�NX?
1�[����. nþ¤ã, Ì!g{�å�©Ù
�¤±ØÓ´Ï�ùü«å3å�¥kØÓ�/
 . dã 2(b) �å��w�, råóÌ�©Ù3Ì
{�åþ, �
¦�NX²ï, �C�Ì{�åm
�3�r�'é. g{�åÏ~´duÓ��
â�o�Ì{å�mk���Ø²ïÚå�, Ï
dg{�å¥få'�õ, �g{�å�m�'
é�Ør. ,	, Ì!g{�å�ØÓ�`²
©
¥¤?Ø�¤©ÃSNX3åÆ5�þ´��É
5�, �Ï´T¤©ÃSNX3AÛ(�þ´5K
�¬�ü�. I�5¿�´, �,g{�å�êþ
'���A�Ñ´få, �§3�±NXåó(
��½5þk���^. ÏL�[�w�, X
JNXØ´8�æÈ´o�æÈ, K3ºÜK1
���NXÒ¬�¥, �Ï´o�æÈ¥vkg
{�å.

ã 5 g { � å � © Ù � " � Ç � ' X (ftop = 250 N,

µ = 0.5, λ = 0.1)

4.2 {{{���ååå©©©ÙÙÙ

Ï~�¢�ÚO�Å�[¥��é{�å!
��å?1ÚO, ÏdI�d pnp(w), pns(w) (½
{�å©Ù pn(w). d (4) ª, ��2�Ñ kn, kf , Ò
�±O�Ñ{�å©Ù pn(w). d kn, kf ½Â��,

I��Ù Nnp � Nns, f̄np � f̄ns �'X. ÏL�þ

��[uy, ù
ëþ���NX5�!ºÜK
1!�ÞXê!"�Ç�ëêÑk'X, Ïùp
ÀJ��äN�NX?1?Ø. �ÄºÜ²þK1
� 250 N, �ÞXê� 0 ½ 0.5, 5�� 30 × 40 �
NX. ÏLUC�ÞXêÚ"�Ç��±e(Ø:

1) Ì{�å�ê8 Nnp ≈ 4800, §A�Ø¬Cz;

2) Ì{�²þå f̄np 3Ã�Þ��� 148 N, k
�Þ��� 125 N, �X"�Ç�UC�ÌÝ/
Ã5K��; 3) g{�å�ê8 Nns 3Ã�Þ�
�k 2000 �, �X"�Ç�O\¯�~�, ��
� 1700 ��A�Ø2UC; k�Þ� Nns �k 400

�, �X"�Ç�O\:ìO\, �� 1600 ��
A�Ø2UC; 4) g{�å�²þ� f̄ns 3Ã"
���~� (�� 2 N), �"�Ç�O\O\,

3 ε ≈ 0.3 ±�CzØ�; Ã�Þ� f̄ns �²��
� 50 N, k�Þ�²��� 34 N.

ã 6 n«{�å©Ù (ftop = 250 N, µ = 0.5, ε = 0.5,

λ = 0.1)

�
�¢�9Ù¦�[(J�'�, ùp?Ø
k�Þ�"�Ç���NX (� µ = 0.5, ε = 0.5).

dþ¡�?Ø, �±�Ñ kn ≈ 1/3, kf ≈ 1/4, |
^ (4) ª±9 pnp(w), pns(w), Ò�±O�Ñ{�å
�©Ù pn(w). ã 6 ¥�Ñ
 pn(w), pnp(w), pns(w)

��[(J±9 pn(w) �O�(J. �±w�,

pn(w) ��[(J�O�(JÎÜ��Ð. d (4) ª
9 kn, kf �����, 3 w ���, {�å©ÙÌ
�û½uÌ{�å�©Ù;  w ���, {�å©
ÙÌ�û½ug{�å�©Ù. éu"�Ç ε > 0.3

�{�å�©Ù, ���
þãaq�(Ø. ,	,

ã 6 ¥�{�å©Ù�1�5¢� [5] 9Ù¦ DEM

�[ [12] �(Jéaq, ¤ØÓ�´¢�¥¿vk
*	� w ≈ 0.3 ��4��, ù�U´duc<¤
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?n�NX´(�ÃSNX, �©?n�´¤©
ÃSNX.

5 o (

$^ DEM �[ïÄ¤©ÃSNX¥{�å�
AÇ©Ù. ©¥éÃ"�Úk"���å�?1

?Ø¿��Ñ
½5/)º. JÑ
Ì{�å9g
{�å�Vg, lnØþ�Ñ
{�å©Ù�ùü
«å©Ù�'X, ¿�^ DEM �[�Ñ
Ì{�
åÚg{�å©Ù�"�Ç ε Cz�5Æ. ��,

?Ø"�Ç���¤©ÃSNX¥{�å©Ù�
/ª. �[(JL², "��Ú\¦�NX¥�å

�dþ!C�Øþ!, ù«Øþ!5�·�NX¥
"�Ú�~�â�ÉåG�ØÓ���'. Ì{�
å�g{�å�©Ù�ÌØÓ�5Æ, �X"�Ç
�O\, Ì{�å²{
'�E,�CzL§, 
g{�åo´�ê.©Ù. o(�[(J�±w�,

"�Ç���, ¤©ÃSNX�(�ÃSNX¥�
{�å©ÙéØ�Ó; "�Ç���, ü«NX
kXaq�©Ù5Æ. �©�(ØkÏu?�Ú&
¢å©Ù�Ån, �kÏun)å��Øþ!5�
NXÃS5�'X. ,	, ©¥Ì�é{�å©Ù
�"�Ç�'X?1
?Ø, �u{�å©Ù�"
�fÝXê�'X±9��å©Ù�5Æ, k�?
�ÚïÄ.
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Abstract

Point defects are implanted in an ordered granular system by randomly selecting granules and changing their stiffness coefficients.

The discrete element method is used to research the normal force probability distribution. Simulation result shows that force network

is almost homogeneous without defects whereas force network will become inhomogeneous with defects. The concepts of primary

normal force and secondary normal force are proposed and their statistics are analyzed separately. As the rate of defects increases,

the changing process of primary normal force distribution is complex, whereas the secondary normal force distribution is always

exponential distribution. Our simulation shows that normal force distributions are different between randomly packing system and

compositional disordered system of low defect rate. But when defect rate is large, the distributions are similar. These results are

beneficial to the understanding of the relationship between inhomogeneous force network and disordered system.
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