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Friction, deformation and fluid-flow apparatuses at Kyoto University
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Abstract : This paper introduces and describes four deformation and fluid-flow appa-

ratuses used at Kyoto University (see gravure of this issue for their photographs). (+)

A high-temperature biaxial frictional testing machine was designed to get very sensi-

tive friction data, free from O-ring friction, jacket strength and changing normal stress

that cause error in triaxial machines. It is equipped with a furnace (up to about +,***

degrees Celsius) and a gear-train loading system (*.*- mm/yr to +./ mm/s in slip rate).

Total displacement is limited to ,* mm and we are developing a torsion apparatus to

complement this machine. (,) A rotary-shear high-velocity friction apparatus is the

only apparatus even at present that allows reproducing seismic slip rates of up to a few

m/s and simultaneously measuring mechanical properties of simulated faults. This

machine is not equipped with a controlling device for pore-water pressure, and there is

a gap in slip rate between this and conventional testing machines. Thus we are now at

a final stage of modifying and adjusting a second machine, a wide slip-rate (- mm/yr to

+* m/s) hydrothermal friction apparatus that enables one to perform high-velocity

friction experiments on faults with supercritical pore-water pressure. (-) A high-

temperature high-pressure deformation and fluid-flow gas apparatus is the first gas-

medium triaxial testing machine developed in Japan that goes to pressure to ,,* MPa

(limited to this pressure by government regulations). It is a standard gas apparatus, but

equipped with a good servo-controlling system for pore pressure (either gas or liquid),

which has been used for permeability measurements with oscillation method (*.**+ to

+* Hz in oscillation period). We plan to develop a molybdenum furnace for this in the

near future to attain temperature well above +,*** degree Celcius. (.) An intra-vessel

deformation and fluid-flow apparatus was developed to make a simple, economical,

easy-to use and high-quality triaxial apparatus for deformation and fluid-flow studies

(confining medium : oil, maximum confining pressure : /** MPa, routine confining

pressure : below ,** MPa). It is installed in a temperature-controlled chamber for

safety and for achieving high accuracy with controlled temperature. Porosity can be

measured at pressures using a simple pycnometer, and permeability can be measured

with gas and water flow method very quickly and also with pulse-decay method with

di#erent proportion of upstream and downstream reservoir volumes. The machine is
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extremely simple to use and more than -/* runs were made last year with more than

/,*** permeability/porosity values collected. A gas apparatus can be developed as an

intravessel machine at a low cost in the future.

Key words : rock deformation, friction apparatus, gas-medium apparatus, frictional melt-

ing, permeability, porosity
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� +3++�� von Kárman� !",8�9�)�#
�$.��:�;
�!<�%&����=�����
>?�� +'(�)�5���7�,��6��$.�
���� )*+�@,-;� D. T. Griggs� UCLA

A.�!
�<4A=��� Griggs, J. W. Handin4
�/0)��,����� +30*�1�B2C",8
�Griggs, D345��EFC",8 �H. C. Heard, M. S.

Paterson� �9�G"�, �9H)�� :�;6 .*

��I)�JKA��,����) ,�1<4) -�
.�1�� !�"!!=�� ) +�1�7�L�
M��
�",89�N�O��89�+)�2�
"� PA��@AM:8Q;<A)<",8�9��
�G"�
�
=RA=�� Paterson� -*�S><
+�T?)�EFC@A� +*S>�8QAUBG"
�� ���VWVCXA��7�,���YZ[�\
]�V^�� )<)� C��D)�;� E�EFC"
,8�_F���A �A=`2<�
�7��a�G�����>H	�
��JI�J
I;A=b� �,����%&K�LX�����c
d4"�
� >(�32�J=�� MN��d"e�
f�g������@�\OA�PA �hijFA
M=�� f�gA�
k���Q�RS�TBG"�

�)� Ul�-���YZ[M�@&V�	
� )
<)� V()�*�W&�=���� X"�",8�
m�no�Yp� ���W&K<49�G"���A
=�� @A�&qG"�KZ�� ��rst<4u.
�� vsws�-����:�32��8��
)�
�,xy�[���)�\'<o2<�]^M_)

�\`� ?���8z�a]�bc{A��
�A�
W&�d4"�M�|�@A�}"�~+A��
�
xy�)�� ?���-���e��fg�B
�A
xe"���^�� h)
@A�9���Z����

A=�����"�,��}�A�R�1+A +�,�
S>�@A�i�N��u���^�j���M ,�-

��&����klA=��
)\m� �n�� �� I� +/�ob� p� #^q�
�r$ ����s^��^�� ",8�9��t+�
 �� �r��u��v)� +323�<4 +332�.A
� 3�lA 0w� �x,��yz;� +w�",8�
R��{})�� 
!M@A�9�����[�|�
}~"� �32����� �� 1wMW&1���
<� ~�A�����@A9��o�������

� ���� -*�1��e�\����rst�!

�cd�� � #���^q���$�����rst
����j��)�#�$.�� !.b� ^q�Y�
��s����� ���^q����l)�^q�H
	A����
��7��2���o����F�.
��4<�)� :"4��,�A�J)�^q���
������K��o�u^�� 1�cd��A=
�� �'A
�!<�^q���� � ^q5�� 
����
���A� ^q5��^4"��7���
�F�
���,��m�no��G"�
�
��
�~<��� 1w�",8�� :�32�)�p&�
��ui�����^�}���A=�� �¡A��
:"4�HA3��~"� � .w�@A�!
��
¢�� ��� -w�.1�S���",8������
£¤ �Sone et al., ,**0� �¥¦G"�
��A� p~
§���G"�
�
���#l�xpA� ¨@A����©Aª+� @
A�)��i�N� ���«rj¬i[�o�Q)�
�� �¡� \'A=�� :"4�!
��� ¨@A
�¡)�������A®"�
��2� &;��
#¢�$ �)���¡A�¢)�",8����£<"
����¯F��¥¦)�*
�� �¡A�� ",8
�¤¥��¥°����A �<���A� Q¦�=
�`�:"4������)�
�1 �
�

�n��

����	
�����

SX� ¨",8�{}��§�",8�J=�!

�±¨�.�^�*�� ���xp>� ���©�"
,8��ª²�o�³´���
VW*!«¬",8�� -!���µ¶��·��

n�®�¯ °7��±²³�´	µ¶�·¸,¹�>º�\�¸¹ 
�(º»¼�»£\�

¼ 50 ¼



��������	
� ������������
O������� ��������� �	���
�
��� !"�#$� ��%���&����"'
� ()*���$)+ �,��-����"�&

�������"'� (��� �����.&/
��� ��"�	
&�/"��%0
&)+ ��
��-� �������" (���$
��
$�!"��1�#�$2 *.*- mm�&(%&'�
3"4*)+ 1��#"(/$
)�/�*��
��5+6���� %�"(/$
,-./"478
����� ���01�2	
9)+ %&'�#
-� 34:�5; <��6=> "2	
:��?��
( ��&'.�@AB�CDEF"GH6�)*
�4*) <��IJK�78$)&9":;�L>+M
N<O=�>?.@�/&��� >?��A2�BC
����� >?�PA"QD�,1�E
 &��.
RFG SH���+T)���
U. ,* mm�V�
B���� / W�IJ� �����-6�W���
�
X$� ��
U��-,1���.KL�9 
&+ ����" ()*��	)�.� Y0W��Z
�������� <MN�>+
[O=�'����-� \]J^_`ab��P
*�B��( ���QcR"Sc6�)*���$
) <�,���-TU���>+ ,d- m�s�K6�
VW���e�"Sc�9� ���Q���fg��
�'��h���� !�2�$
9)+ ��i +/

$.jk$).� ���Q"'�$ .�����l
G��.01�9��-T8�����=���+
Tm�-XY� V. Prakash.Z[����	
��
�QcR"M�\*
&�.� �����]$&�
����+ no����- *.+ m�spq�^&'�
._� &)*�� `������2�'�	r�
M��C.����� 2s4:"at$)buq��
'����.�9 &��.c9 �����+ -

mm�yrd+* m�s�'�v��"�w� %
xbuq
�����.y# ,d.z�7!MN"e{W�
�(f$�|g�9�hi� 	
&�+
fF:=�1�:
}j4��-� �:fFE~
k����a.�$&n.Y��� l�G fF:=
����"�m6��98�n�
��$)+ o�
G�-� �'���p� ��3���2s:�qr
<thermal pressurization> �p��"s�6�)*
�� ��t�4�lG��"016���.uG�
�	)+ $).	
� 2s: <4T)-fF.2�y
#> "���]J_�at�9�#"v�A�
�
�B"#Y�fF:����w6��b���$
)+ l(�PD�9)w !��x�� ��uG--
)6��.�9)+ �( +��p� #-� y�"
at6�)*�� ,** Hz��z�"<O>?��)�
)�����+ @�/&MN<O=���-{~1

6�W"|6��.]$�� ������}5h��
�6���"�*���.]$&+l~�� <Sone et

al., ,**0> � Fig. 2 b�q�����CvF-� :�5
;"#$
�1�����$
2�6�)*��	
)�����+ ������ l��-q���1�
�����" Q6������+ $/$� l<O
CvF������$
�2�-�B/����+
fF:��"�1q������
}�2(IJ�
-� �'<O>?"2(��-D� &+ ���fF
��-� ������:=5;����3L��
����+
Ti���6�5;�
}j4��-� ���
$
��X��V"�@$� ~�� <��GH B��
�����>��������2&�6&��"�
�)*��m$)+ ���( ��"�����
�	
� 
}j4��"��GH��2��*)&�
&(�&"�*)+ $).	
� ����8�-�
l�G �/�D��$&#"�	)��"�
���- �� ������c� � <��X>
"��$
�	)+ T � :�5;���<O�"�
=�¡����	
� D
":�5;���'� (
��.y#� 	)+ T)� 5;"��AB)¢£�
</*�¤pq> � ?6�����	
� ~D���
��� 1�
X"��
���"KL6���.�9
�+ ¥0��$
-¡j��2s��01��"�
�v�A�)+ ���2&�6&¦§-¢¨�� £$
+$2� -/*"%����. AB� /,***"©��¡
j��2s��01ªJ_.��B)+ �B-q��
fF:����¤�K6�|g����+ ��-
«¥�2&�6����9��"��)*
P¦$
)+ ��>?�§�-5;�q�¬���c9 �.
g�)*�� &1q�$&y���"'� (��
¬��.�B�y#�.�������+ $/$� �
1��
}�-T ��¨©- &��� ��fF:
��"�®(�ª	
&�9-� 5;����«
=�¯¬AB���"'*6�+

<®l>

��������	

���� <+33,$ -°��� <±>K²bMIS-

*,---+--*,Z> -� �³F´µN"��6�}�¯°
�)�	r/�±°�QD*���rT�� 1���
��¶�
�²G�·¸J$)����lªJ_"�
���³´6���"uG�$
 ¥AB)��
���+ µ1/� +,***¹m&�1bu�'&
� �
�&'�v���'�º
3"¶�
&��� ��
���"2{ &����W��&01._���
� !.·¸���+ ,«�� ¹:q� &��/�
º��,�y�����W�	��.aVAB���

»»cl����
}�j4��3¼V� � .3d

¼ 51 ¼



����������	
� ������ ,* mm

��
�����	�������	�
������� Fig. + a��� � !�����

"� �	#�$%� &'()*+ -,�-	.�/
01�234�
5 67�89:��;�()*+��
<�()*+�=��>=�?	���@A	!

��BC��D!�E��	� &'�F��B���
	�����G	H5��I� ()*+�J��K

LMNO�PQH�RC��S���	� �R89
6T�	.�89: �U8�"VWXW
YZ[1\
]����D3� YZ[1\]�23�^�_���
`_@� ��a��� bWcdO����T�	.
�e�a���f���	� -	.�/01�U8g
	!
��G	7�89"� -** kN��	�  H��
hi-	.�U8j�����	89�f����
,** kN��	��� �?���U8��" ,** kN�
�	� �D� kl� 2m�� hn�"&'()*+
��o�p5	!
q������ &'�rj s
t��!K	2m�7�u��"K	89"U8�G
��� hi����	�#�"Rv$�$w ,* cm,

��	��� ,** kN���89�U8� xy�7
�u�" +** MPa��	� �R89� g�z{�;�
()*+�T�	.�4�?|	�"� bWcdO

}�~3�bWc�Z���p��	U8j�T��
3��%&�K	!
�q�	�R89�� }��
�������	� !��'������	�(�
xy"� 1** kN����	�  H�� hi"89
�f���� /** kN��	��C����"89
�f����
�m!
��	�
T�	.�U8�1�����_�"� �WbVW
XW���_����@A	!
�$K�� Fig. + b

��� 0����_�)����YZ[1\]��
�g	!
�� � +./ mm�s�� *.*- mm�yr 6+*�3

mm�s: �)��z E���@A	!
�G	
6_�)�"� 3�:� !�YZ[1\]�"� + : +*

�Y����^
 0*��z E���`_@��
�	%& 6gear-train: 
��������� . +�
`_�� 6������ �_��� : +�+**� ,_��
� : +�+*,***� !,_��� : +�+,***,***: �¡3q
�� }�¢�-£+�*¤�¥���¦YZ�.I%
&p��§@���	� Fig. + b��� ¨/�"�
©p� -0��,_������-£�+�*¤�
¥��1�@���	 62ª:�«��YZ"¬�1�

Fig. + (a) Schematic sketches of the high-temperature

biaxial frictional testing machine ; +, motor ; ,, gear-train

system ; -, ball-bearing screw ; ., axial force gage ; /,

displacement transducer ; 0, normal force gage ; 1, oil-

driven actuator (oil cylinder) ; 2, water-circulating cham-

ber for cooling of the pistons ; 3, specimen assembly ; +*,

motor controller. (b) Schematic diagram of the gear-train

system of the machine. Gears are divided into two parts

by the electromagnetic clutches, the upper gear-train and

the lower gear-train. All the gears of the both gear-trains

rotate if the motor is rotating. One of the four of the

rotation lines (fastest, fast, medium and slowest) is con-

nected with the use of the electromagnetic clutches to the

lower gear-train and eventually to the final rotation axis

to rotate the ball screw axis. In the diagram, the medium

speed line (+/+****) is connected to the final line. Selected

clutch connection can be changed instantaneously with

an electric circuit system without stopping the rotation of

the motor.
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Fig. , Schematic diagram (a) and its interpretation (b)

for the sti#ness of the high-temperature biaxial frictional

testing machine. Sti#ness of the series of pistons can be

measured in a loading experiment on an intact sample.

Sti#ness of the press and loading system in series can be

calculated from stick-slip experiments.

Fig. - Shear force versus displacement curve during a

sti#ness measurement on the series of pistons by loading

cycles. Note the large amount of hystereses after the first

shear load cycle.
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Fig. . Sti#ness measurement of the press and loading

system by stick-slip experiments. Each data point rep-

resents a single stick-slip event showing the stress drop

over displacement.
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Fig. / Schematic sketches of the rotary shear high-velocity frictional testing machine. +, specimen ; ,, motor ; -, torque

limiter ; ., torque gauge ; /, electromagnetic clutch ; 0, rotary encoder ; 1, rotary column ; 2, thrust ball bearing ; 3, ball bush ;

+*, torque-axial force gauge ; ++, ball spline ; +,, axial force gauge ; +-, displacement transducer ; +., air actuator ; +/, water

reservoir ; +0, three directional valve ; +1 regulator ; +2, air compressor and +3. air bottle.
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Fig. 0 (a) Axial shortening and axial load versus time curves form a frictional melting experiment of gabbro performed at

a slip rate of *.2/ m/s and at an averaged normal stress of +.. MPa (Run number : HVR*+,). (b) Axial displacement versus

axial load curve of the run HVR*+,. Arrows indicate the passage of time. Axial load initially increased firstly with a

dilation of the sample, and then it decreased with the initiation of the shortening of the sample. (c) Axial displacement

versus axial load curves from a loading test of a dummy sample (a jack), of which length can be change by hand (Run

number HVR10+). Spike-like noises of the records are artificial noises associated during the handling of the jack.
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Fig. 1 Plot of axial load versus output of the torque

sensor currently used in the high-velocity frictional test-

ing machine from a loading-unloading cycle test. In-

teraction between the torque and axial load is serious if

the amount of the axial load change is large.
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Fig. 2 Current specimen configurations used in high-

velocity experiments. (a) solid specimen, (b) hollow spec-

imen, (c, d) solid specimen with a metal ring, and (e) solid

specimen with Teflon ring for gouge experiments. Dia-

meter of specimen is either ,/ mm or .* mm, and length is

about ,/ mm.
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Fig. 3 Schematic diagram of the gas-medium high temperature high pressure tri-axial deformation fluid-flow apparatus : +

Pressure vessel ; , axial load actuator ; -, gas bottle ; . pressure generator ; / intensifier ; 0 pore pressure controller ; 1

vacuum pump ; 2 water tank ; 3 pore pressure generation system ; +* temperature controlled chamber ² safety shield ; ++

gas flow meters ; +, gas bottle ; +- extra pore pressure downstream reservoir.
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Fig. ++ Pressurization steps for confining pressure. Gas pressure of a commercially available gas bottle, about +, MPa at

the maximum, is used as an initial pressure for the pressurizing process. The pressure generator is used for the steps up to

about +** MPa and then the intensifier is used to raise the pressure up to ,** MPa.
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Fig. +, (a) Schematic diagram and (b) its interpretation

for the sti#ness of the gas apparatus. Measured dis-

placement is the sum of the deformation of a sample and

the loading frame Kloading frame, which includes the press,

pistons and some metal parts of the oil-cylinder.
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Fig. +- Measured axial load as a function of measured

axial displacement during loading cycles in a sti#ness

measurement. Stainless-steel was used as a sample in the

test and the deformation of the sample has been sub-

tracted from the measured displacement records for the

plot.
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Fig. +/ Schematic diagram showing procedures in a

volume measurement by gas pycnometer method. Stand-

ard process for the measurement is as follows ; Firstly,

open all of the valve and vents of the system to de-

pressurize both reservoirs so that the gage-pressure inside

the reservoirs become zero. Input sample to the sample

room and close the valve between the reservoirs and

pressurize the gas reservoir. Next open the valve to

equilibrate the pressure of the system. Since the initial

volume of the reservoirs are known, volume of the

sample can be calculated from the pressure record. In

this system, three volume-calibrated spacers are used to

adjust the internal volume of the pycnometer, so that the

maximum resolution is obtained for each measurement.
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Fig. +0 (a) Comparing resolutions of grain volume measurements with di#erent sample room volume (internal volume of

pycnometer). (b) Comparing resolutions of pore volume measurements with di#erent gas-reservoir room volume. Curves

show the relationship between final pressure and sample grain/pore volume. Each curve represents the relation when (a)

the sample room volume, in ml, is equivalent to the adjacent italic numbers, (b) the gas reservoir room volume, in ml, is

equivalent to the adjacent italic numbers. The slopes of the curves represent the volume sensitivity of the final pressure, so

the resolution of each volume measurements is higher when the slope is steeper. Values expected for sample grain and pore

volumes fall in between ,-,* ml and *.*+-/ ml, respectively. Thus the optimum sample room volume and gas reservoir room

volume for these situations become approximately +*-,* ml and +-/ ml, respectively.
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Fig. +1 Schematic diagram of an intra-vessel deforma-

tion and fluid flow apparatus. The design is almost the

same as the intra-vessel deformation fluid-flow apparatus

in Fig. +.. In this apparatus, actuator is connected to the

vessel at the bottom with a screw. Cross sectional area of

the plate inside the actuator is designed larger than that

of the actuator shown in Fig. +. to create a higher axial

loading ability for this apparatus.
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