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Abstract

Understanding shear slip behavior on fractures is indispensable for understanding earthquake

mechanisms.  In this study, we have investigated the characteristics of AE accompanying sliding

along simulated fracture surfaces in an attempt to evaluate the dependencies of AE on sliding

velocity and stress applied on the fracture.  Our sliding experiments using pre-fractured granite

specimens were conducted at room temperature and under a confining stress between 5 MPa and

20 MPa. Sliding velocity was kept constant during the experiments in the range of 1.15 m/s to

1155 m/s.  We evaluated the characteristics of AE by determining the m-value, which shows the

statistical characteristics of AE [1].  Evaluation of parameter dependencies of the m-values re-

veals that the m-values have little dependence on stress state on the fracture and that they have

negative dependence on sliding velocity.  The small m-value indicates that AE events with larger

maximum amplitude occur. Therefore, our results imply that high sliding velocity has a tendency

to generate higher energy AE events during the sliding.  This suggests that the characteristics of

braking or slip of asperities on the fracture during the sliding were affected by sliding velocity

rather than stress on the fracture.
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1. Introduction

Earthquakes, when it happens, will bring out enormous damage.  Thus, it is important to un-

derstand the physical mechanisms and to feed back the understanding for prediction.  Consider-

ing that earthquakes would be caused by dynamic failure or slip at the crustal faults, it is signifi-

cant to clarify the physical mechanisms of the dynamic behavior on faults for understanding of

the mechanisms of earthquakes.  On the crustal faults, fault surfaces have contacted each other

under compressive stress due to a tectonic stress.  When shear displacement occurs on the fault,

micro-earthquakes would be caused by dynamic failure or slip of contact spots, which contact

actually on the faults associated with the shear displacement.  Therefore, investigation of source

distributions and source parameters such as failure area, elastic energy released with micro-

earthquakes by observing micro-earthquakes would provide the significant information of physi-

cal state on the faults, for example, contact state of the faults.  On the other hands, AE events can

be observed during shear slip on an artificially prepared fracture in sliding experiments simulat-

ing a fault movement.  We might understand the characteristics of micro-earthquakes by evalu-

ating the characteristics of the AE observed during a sliding of the fracture in laboratory experi-

ments as an analogue of micro-earthquakes on the crustal faults.

In this study, sliding experiments simulating fault movement using a granite specimen under

confining stress are conducted in order to evaluate the dependencies of AE characteristics on

stress acting on a simulated fracture and sliding velocity.
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2. Sliding Experiments Using a Rock Specimen under Confining Pressure

2.1 Preparation of a Rock Specimen Containing a Simulated Fracture

Figure 1 shows the photograph of a rock specimen used in experiment.  Rock type is Iidate

granite, of which grain size is approximately 1 mm.  The size of the cylindrical specimen is 30

mm in diameter and 92 mm in axial length.  The specimen has a precut surface split in half with

an angle of 30˚ from the axial direction.  This precut surface was roughened by hands with 16-

grit silicone-carbide abrasives, of which the mean particle size is 1 mm.  A borehole of 3 mm in

diameter was drilled along the axis in the lower half of the specimen to reach to the simulated

fracture.  The specimen was saturated with water using a vacuum pump prior to the experiment

and was used under the condition for the fracture being filled in water during the experiment.

Fig. 1  Rock specimen containing a simulated fracture and a borehole. The left figure is the upper

part, and the right is the lower part.  A borehole in the lower part is indicated.

2.2 Experimental Procedure and Condition

All experiments were conducted under a constant confining pressure at room temperature.

Figure 2(a) shows a schematic illustration of our experimental system.  Figure 2(b) shows an

overview of the apparatus during sliding experiments.  The apparatus consists of a pressure ves-

sel, a loading machine, and confining pressure generation system.  The pressure vessel has a ca-

pability of maximum confining pressure of 25 MPa.  The loading machine (Instron 8803) is a

hydraulic servo-controlled uni-axial loading machine.  The servo-control system of the loading

machine allows accurate control of a ram position.  Maximum loading capacity of the machine is

500 kN and a stiffness is 1.07 MN/mm.  The confining pressure system consists of an accumu-

lator, of which capacity is 10 l and a double-plunger pump.  The accumulator was adopted in or-

der to keep a confining pressure constant.

The specimen was jacketed with two rubber tubes and attached with upper and lower steel

end caps. It was placed on the bottom of the pressure vessel. After the fracture was filled with

distilled water, confining pressure was applied to the vessel by injecting water using a hand   
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Fig. 2  Experimental apparatus in this study; (a) Schematic illustration of experimental system

(b) Overview of the apparatus during sliding experiments.

pump. The specimen was held for 30 min to stabilize the confining pressure. After that, we made

an initial sliding by 0.5 mm on the fracture and held this condition for an hour in order to stabi-

lize the surface contact state. After the holding, we made sliding via 10 to 11 mm in axial dis-

placement until the jackets were broken by shear displacement on the fracture.

Two series of sliding experiments were conducted in order to investigate effects of normal

stress and that of slip velocity on AE activity during the sliding of fracture. To investigate effects

of normal stress, confining pressure was kept constant at 5, 10, 15 and 20 MPa, respectively, and

sliding velocity was kept constant at 11.5 m/s.  The normal stresses acting on a fracture during

sliding in each experiment were calculated as 7.5, 14.5, 21 and 28 MPa from the axial load and

confining pressure during experiments, respectively. In the experiments to investigate effects of

slip velocity, constant slip velocity was varied as 1.15, 11.5, 115 and 1155 m/s under constant

confining pressure of 10 MPa, or normal stress of 14.5 MPa.  Pore pressure, which indicates a

pressure of water in the fracture aperture, was 0.1 MPa (atmospheric pressure) in all experi-

ments.

We measured the axial load, confining pressure, and axial displacement as mechanical pa-

rameters indicating sliding behavior on the fracture.  The axial load was measured with a load

cell placed on the top end of a loading piston of the vessel.  The axial displacement was meas-

ured with a pressure-proof displacement transducer (LVDT) attached to the lower end cap.

These signals from transducers were digitized and recorded with a data recorder continuously

with a sampling frequency of 200 Hz after applying a low-pass filter, with a cutoff frequency of

80 Hz.  Normal stress and shear stress acting on the fracture were calculated from the axial load

and confining pressure recorded with the data recorder after the experiments.  Sliding displace-

ment along the fracture was calculated as a component along the slip fracture of the axial dis-

placement measured by the LVDT.
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AE events accompanying sliding were detected with a broadband-type piezoelectric AE sen-

sor (Fuji-Ceramics Co., Type 1045S, frequency band of 100 kHz to 1 MHz) embedded in a cav-

ity of the upper end cap.  A 40-dB preamplifier and a main amplifier of 30 dB gain amplified the

signals from the AE sensor.  The AE signals were digitized and recorded with a sampling fre-

quency of 5 MHz after applying band-pass filter of 200 kHz to 1 MHz.  The characteristic pa-

rameters of AE events such as triggering time and peak amplitude were recorded by AE data ac-

quisition system (NF, 7600 module).  We counted AE event rates per unit slip displacement by

regarding the number of triggers as the number of AE events.  The mechanical parameters such

as axial load, axial displacement and confining pressure, and the AE event rates were recorded

with two different data acquisition systems, respectively. To synchronize the data from the two

systems, a common signal generated by a function generator was recorded by both systems dur-

ing the experiments.

3. Results of Sliding Experiments

3.1 General Observation in Sliding Behavior and AE Characteristics on a Simulated Fracture

Figure 3 shows a representative result of our sliding experiment where the confining pressure

and the sliding velocity were kept constant as 15 MPa and 11.5 m/s, respectively.  As shown in

Fig. 3(a), the normal stress and shear stress increased with an increase in slip displacement dur-

ing the initial stage of sliding over approximately 0.5 mm.  On the other hand, the normal stress

and shear stress took almost stable value of 20 MPa and 10 MPa, respectively, after the initial

stage.  In Fig. 3(b), the friction coefficient µ during sliding shows the value of 0.45 ~ 0.5. Here, 

= / n, where  is shear stress and n is normal stress applied to the fracture calculated from the

axial load and the confining pressure observed during experiment. Friction coefficient  ranged

from 0.5 to 0.6 in all experiments, indicating that our experiments were appropriate.

AE event rates in unit slip shown in Fig. 3(c) decreased as the cumulative slip displacement

increased over several mm and stabilized finally.  This phenomenon is known as the evolution

process on fracture surfaces [2].  The m-values were evaluated by using every 500 AE events.

An m-value represents the amplitude distribution of the AE events detected, indicating statistical

characteristics of AE accompanying the sliding of fracture.  Figure 3(d) shows the m-values es-

timated.  The m-values ranged from 1.5 to 2.5 and gradually increased with an increase in the

cumulative slip displacement.  The gradual increase may reflect the evolution process as men-

tioned above, implying the fracture surfaces were varying with the increase in cumulative slip

displacement.

3.2 Effects of Confining Pressure on m-value

Figure 4(a) shows a relationship between the m-values estimated with every 500 AE events

and confining pressure.  Figure 4(b) shows the frequency distributions of the m-value.  These

results imply that the confining pressure, and in turn, stresses acting on the fracture surfaces have

little effect on the m-value.  This independency of m-values on the stress condition on the frac-

ture suggests that the AE characteristics are little affected by the normal stress acting on the

fracture surfaces in the stress range used in this study.
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Fig. 3  Representative results of sliding experiment shown as a function of slip displacement; (a)

Normal stress and shear stress on a fracture calculated from axial load and confining pressure,

(b) Friction coefficient, (c) AE event rates, (d) m-values estimated with every 500 AE events.

3.3 Effects of Sliding Velocity on m-value

Figure 5(a) shows the m-values shown as a function of sliding velocity. The m-values have

distributions on sliding velocity because the sliding velocities were calculated as an instantane-

ous velocity from sliding displacement.  Figure 5(b) shows the frequency distributions of the m-

value.  These figures suggest that the m-value decreases as the sliding velocity increases even
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though a limited number of m-values could be estimated in the experiments indicated "D" and

"E", in which the sliding velocity was 1155 m/s.  This negative dependency of m-value on

sliding velocity implies that the contact state of fracture surfaces inferred from AE characteristics

changes with the sliding velocity.

Fig. 4  Confining pressure dependency of m-value; (a) Relationship between the m-values and

confining pressure, (b) Frequency distributions of m-values in each experiments.  Alphabets

from A to F indicate frequency distributions of each experiment indicated with alphabets in (a).

4. Discussion

Our experiments showed that stresses on the fracture had almost no effect on the m-value in a

series of experiments where the normal stress were changed from 7.5 MPa to 28 MPa.  It is rea-

sonable that characteristics of AE accompanying sliding would reflect the contact state of the
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Fig. 5  Sliding velocity dependency of m-value; (a) relationship between the m-values and slid-

ing velocity. (b) Frequency distributions of m-values in each experiment.  Alphabets from A to F

indicate frequency distributions of each experiment indicated with alphabets in (a).

fracture surfaces because AE would be generated with slip or break of asperities on the surfaces,

on which two rough surfaces contact and coalesce each other [3].  Dieterich and Kilgore [4] con-

ducted direct observation of contact state on roughened surface, revealing that the distribution of

the real contact area did not significantly change with an increase in a static normal stress applied

on a fracture, although the real contact area itself increased with an increase in normal stress,

through the detailed experiments using quartz plates roughened with abrasive.  The m-value in-

dicates the amplitude distribution of AE events.  The amplitude of AE events may depend on

contact state on the fracture surface during a sliding because AE would be generated by slip or

break of asperities contacting each other.  Therefore, we could interpret the m-value as an
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indicator for the contact state of fracture.  Based to this interpretation of the relationship between

the m-value and the fracture contact state, the insensitivity of the m-values to stresses acting on

the fracture observed in our experiments suggests that no significant changes in the distribution

of contact area occurred in the range of 7.5 MPa to 28 MPa in normal stress and fracture sur-

faces, which we have prepared.

On the other hands, the negative dependency of m-value on sliding velocity indicates that the

number of AE events with large amplitude increased with the increase in sliding velocity, im-

plying sliding velocity has large effect on AE characteristics.  Considering that AE events would

occur as consequence of slips or breaks of small asperities, we could interpret the increase in

amplitude of AE with the increase in sliding velocity as an increase in elastic energy released by

slip or break of asperities.

In the experimental seismology, the investigation for the effect of sliding velocity on AE ac-

tivity was carried out using a dry granite specimen under bi-axial compression condition at room

temperature in order to reveal mechanisms of earthquakes occurring on the plate boundary in a

subduction zone [5].  The results have also suggested the negative effect of sliding velocity on

the m-value, and the possibility of micromechanics on the asperity contacts.  However, mecha-

nisms of the negative effect on the m-value still remain as an open question.

5. Conclusion

The results of sliding experiments using a rock specimen containing an artificially prepared

fracture under confining pressure condition ranging from 5 MPa to 20 MPa showed the insensi-

tivity of m-value, which represents the characteristics of AE accompanying the sliding of a frac-

ture, on normal stress acting on the fracture and also showed the negative dependency on sliding

velocity in the range of 1.15 m/s to 1155 m/s.

The mechanism of the insensitivity of normal stress on the m-value was interpreted as an in-

sensitivity of the distribution of surface contact area on the normal stress shown by Dieterich and

Kilgore (1996).  The mechanism of the negative dependency of sliding velocity was interpreted

as a consequence of an increase in elastic energy released by slip or break of asperities associated

with the increase in sliding velocity.  Therefore, it has been revealed that sliding velocity affects

the AE characteristics that may reflect contact state of fracture surfaces.
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