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Abstract

Recently, there have been many studies on frictional phenomena from a rheological viewpoint:

In these studies, a frictional constant sometimes exhibits power-law dependence on a shear rate.

In a experimental study, it sometimes observed that the frictional coefficient is decreasing

as increasing a sliding velocity which is called as “a velocity-weakening friction”. In this

article, we investigate such frictional behavior from a microscopic viewpoint using a molecular

dynamics simulation of two- dimensional elastic bidisperse disk systems. We find behavior of

velocity weakening in small size dispersities. In addition, velocity strengthening behavior is

also observed in large size dispersities.
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φ = c + a log(v/v∗) + b log(θ/θ∗) (1)
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x0), V (x) = 0(x > x0)
sr®�W�|LX-b&X×|e6

x
g

2K3?~´=�t?�Y�ZJ��[&\�6
x0

g
2
´R�J?W¦$§�?�] f �

aWbcd�|rO�6�^U¥�_a`
Y
TabR��I ��j�[ seaN�$s f 6c$MRª-«U¬W�?c´=� f �NatsR|~O$M+aWb�ô=Xc6L¹�d

I y afe�)�8�g=>�?A¹�h g�] M-b+ô=X�6 î ?&e�)�8g->$T	=-®�I	R3K X � 6 î ?�Y�ZJI5i5j
- k >�l�>R?m�n

[7]
T�K�³�X�bo(p g 6

2
K$?e© ] ar¦�§JTrqNK @ i&s�?e´L�UT��?*6�7*8�ILK � O k�l T�C+³å6Jd�?W¦ §���¹ è8s:FHRh-i�?�¶åhUTå���NXAb�d `(�A` ?~´L�J?ø¦R§UT

r1

6
r2 (r1 ≥ r2)

6å´R��?	t�uR¦=§tT
r0(= (r1 +r2)/2)

s
|cX�s j 6=¦ §$��¹ è

δr = (r1 − r2)/r0

s:®�W×|r6
F�H$h�i g ®�v�ü$ýJI-Ú M=O � 4 _W` a�At? ð ñ � JT

σ
6 ¡ ñ �N �T p

?�¨R6
σ/p

sw®&W8|WXcbNôRXc6wcí ¬åR´L�J?�t�x î I�Ú$³�a�c	y*S�z&{
( | 8�}c>z*{

[8])
I=¶A� a %R& ?�u�~�?

1
K�Ie6 î I��Jô ` a

´R��?W¦�§R�=¹×se?$¶ehUTe�$�3X+��? Y � a
[9]
b=d

` I y aJs:6N� a5��?=¦$§��=¹�è
(δr = rc ∼ 0.135)T�>UI | 8�}L>�z�{tI-Ú3³ a�c5y��	
$º=» YN]E[r]a3��s Y � _W` O M+acb

3
?�P=Q ·�¸ f3g d�?*�f?

�=¹ è�sW?N¶~htI-KNM�OU��������acb o�p ? ¢��L£
7ø> ¢�¤�¥�I�V+MNX ��� ÏR>L��T�%

1
I ����b

^z¥f_�`
Y 1 × 104´��U? ���

m 1´��U?5t&u$¦$§
r 1´��U?A¦ §$�=¹
δr 0 to 0.2P�Q ´��$i

N 2048

1
KN?�AU?c´��$i

Nw 32AUI��Jê+a	MN 
g 9.8 × Nwm�n ?5��®�� o
K0 5 × 10−1m�n ?*�(�&'��3>�8

τ 1� �t?L��� Ó '����5�
∆t 1 × 10−3

�
1: ���r�������*�C�G�F���	�F���� J¡£¢�¤�¥a¦§r¨*©�ª �5«

3 ¬®°¯²±At? m�o s:F=H$h�it?N¶ehJ?A¦$§���¹t? � 
�«zT³
1
I	%+��b�´-�=¹ î

δr = 0
fNg

γ ≥ 0.8
f FRH$h

i YL�E_t[r] �cONM3a+�3s YR� C�aWb y �cO-6R´=�
?W¦ §���¹ YL��_ MzsÖ6LF�H$h�i gAm$o+�L�t¼R] �a~��Mzs ] �cO M3acb�ô=XA6-¦ §$�=¹ Y��EjJ[r] a
s m o+½L�t¼R] �za~��M f �NaJs^é3ê+a&µ�¶UunbJô
XA6&��?=�=¹$è

rc ∼ 0.135
T�>tI m=o3�L� s m�o3½�+Y=� C ` O M+a y u~I B ê+acb

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.001  0.01  0.1  1  10

σ/
p

γ

δr=0
δr=0.12
δr=0.14

δr=0.2

·
1: ¸�¹»º�¼�¡¾½	¿ §�ÀGÁ5Â�Ã�Ä�Å ¸�¹Æº�¼ γ ÇÈ Ä*Å ½	¿ Á�É Ç δr

ÅFÊ	Ë*§CÌ�Í ¤�Î Â�Ï�Ð	ÑfÅÒ �rÓrÔ�Õ�Öa×�Ø"Ù�Ú Â

2



³
2
I î PaQt? m�o ���UT��3��bf´-�R¹ î

δr = 0fNg Y�Z��=Î g cNô$�AORÚ l 6 Z �=¹ î
δr = 0.2

f
g��$ít¼ I��J³-O$M+a y u~I B êNacb Z ��¹ î sF´��¹ î ?AF�HJ?c®�« ¼=] �za~��M$?���M g 6z��?	�
M Y ¶WhN��a=? fNg�] M�Czs

1
K��$ê3a+�3s Y$fJj

aAb5= - 6fi�j
- k >�l�>=? m�n�g y = 0

?�
���I�K

-1

-0.5

 0

 0.5

 1

-30 -20 -10  0  10  20  30

u(
y)

/γ

y-coordinate

δr=0, γ=0.2
δr=0, γ=0.02

δr=0.2, γ=0.2

·
2: º�¼�¤� ÂCÃ�ÄfÅ�� ���������	������� y �

� Â È Ä*Å���� y �! �"���#!$�º�¼ u(y) ØG¸J¹ º¼ γ �&%('�)�*O��+ §OÂ +,×
Å

δr = 0
§ ¡!,"Ç

+×
Å

δr = 0.2
§ ¡&, § º�¼�¤� Â

M�O$M+aAb m o �-��?�.t?�
/� Y d `���` © ] a-?g 6&A Y I5KRIc� [ X � f �NaAb9 I î ?�P�Q��=÷�T ytl10 | [ ¾ aRX � I�6L´��?(2-354 o �6��TA�3��XLbL³
3
g ´=� ¹ î

δr = 0f ?L´3�z?726384 o ?:9 o �8�+6L³
4
g-Z �3¹ î

δr = 0.2
IRÚ3³ a	2�3�4 o �-��T&�$;J�<;~|cX+��?f � acb:=�> -�H g AtI�?/@ ] -�H 6�A�> g t�B ]-�H Icÿ$�+��acb�´R��¹ î�f�k�lnm o

γ = 0.2
?Us

 0.16

 0.08

 0

 0.08

 0.16

 0.16  0.08  0  0.08  0.16

γ=0.2,y=0.91
γ=0.2,y=0

γ=2,y=0.92

·
3: C�¤	Î�D δr = 0

§FE�G�H ¼�I�¼�¤� Â y
Å

D §�J�K Ø 0 Ç �*§��:� Ø 1 ¡!*G�&¡F, § �	� Â γÅ ¸�¹»º�¼ Â

j�g A���Î×s�Y�Z��=Î��tI�6:L$ó$·�M��=÷�T�sc�cO
M3a+�3s Y-� C+acb�ô=Xc6 k�l T	NPO a -�H IL +?½ M -�H �Na y u~I B ê+acb

γ = 2
?�A-��Î g �U³

XAü ý�s ] ��O M+acbNK�ô l 6
γ
YL�E_ M�º�» f3g'Q;�7r':R YLîS� í I�T$� _W` 6fAU? m o+Y�m\[r]

aJsCA���ÎJ?*'Q;�7r':R Y8[:kR` 6�d�?��3s Ycm o�L� ?AF�H��t?NÏLÐ=Ñ Ò$Ó s ] �cO M3atsa� êzD `aAb�= - 6 Z ��¹ î
δr = 0.2

f3g
δr = 0

?*�3IL¨� � íJ¼ I��U³LO M Y 6 � M��=÷ g Rz�LXNô$ô f �
aWb

δr = 0
?Us j�UtÞr½ M��=÷ gR]µ[ 6t� `$Y�k×lm$o�YL�E_ M�º�» f

δr = 0.2
?�s j ytl

δr = 0
?

FLH�hRi YR� M�V-W f gL] M-CzsO�=êzD ` aWb �3� 6
´=����S�T�U V�? �Ej�_ ?c�����X2�3�4 o �-�µs y[ =�Y×|~O M+acb

 0.04

 0.02

 0

 0.02

 0.04

 0.04  0.02  0  0.02  0.04

γ=0.2, y=0.91
γ=0.2, y=0

·
4: Z�¤�Î�D δr = 0.2 � §�E�G	H ¼	I�¼�¤� Â yÅ D §�J�K Ø 0 Ç �*§��7� Ø 1 ¡X*r�&¡[, § �	� Â

γ
Å ¸�¹Æº�¼ Â

4

\^] Á´��$¦$§tIW�=¹ «�T���êL6�c$MRª-«U¬WJI k8l T
C3³�X$¢J�c£t7e> ¢�¤c¥ f3gWm o3�-� s m$o+½�� ?
F=H � ,�- Y 4 ` a3�+s Y=� C��LX�b�dJ|eO�¦�§��
¹$è Y��E_ M�º=» fNgAm$o3�-��¼�] F�H 6 �Ej M�º
» f3gWm oN½-�J¼�] F�H Y�� 4 _W` acb _ D~Ic6 mo �	
�«t?�> g t&x î+f�_ y*�	
 Y�ftj ae¦ §=��¹
èJ?f��?$�R¹ è×sr=7Y×|eO$M+a y ueI�` �$` acb o
aJg ��?f��?���¹$è��=ÎtI-K$M=O yJlb0 | [ �$�Ja
c à Y �Nacb�ô=Xc6 m o+��� ?NÏ-ÐRÑ Ò�Ó g 6 î PQtI�T$� _e` a�'Q;�7r'�R Y���jU[ed �8|eO MNa=?fNg�] M�CEs�� êED ` acb

3



�������

[1] T. Hatano, M. Otsuki, and S. Sasa, J. Phys.

Soc. Jpn. 76, 023001, (2007).

[2] T. Hatano, Phys. Rev. E 75, 060301, (2007).

[3] H. Yoshino, H. Matsukawa, S. Yukawa, and H.

Kawamura, cond-mat/0709.3883.

[4] J. H. Dietrich, J. Geophys. Res. 84, 2161-2168,

(1979).

[5] A. Ruina, J. Geophys. Res. 88, 359-370,

(1983).

[6] H. Hertz, J. Reine Angew. Math. 92, 156,

(1882).

[7] Wm. G. Hoover �	� , 
�����	� , ���������
� , �	��������� ,  "!$#&%"'�(�)"* , (1999).

[8] A. J. Alder and T. E. Wainwright, Phys. Rev.

127, 2 (1962).
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