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ABSTRACT 

    We monitored acoustic emission (AE) events during an in-situ direct 

shear test on a specimen composed of a slate-dominant alternation of slate 

and sandstone, measuring 0.5 m long, 0.5 m wide and 0.2 m high.  The 

test was conducted in a survey tunnel for an underground powerhouse in 

central Japan.  The AE epicenters located on a fractured plane are 

compared with the locations of joints and a loosening seam, the height 

distribution of the fractured plane, and the horizontal movement of the test 
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block prior to failure.  We conclude that an initially intact region of rock 

bounded by the joints and the seam is fractured, generating the AE.  

Considering these results in connection with asperity models of 

seismogenic faulting for a subduction-zone earthquake, the significant 

contrast of stress conditions derived from the geological inhomogeneity 

and the uneven fractured plane is analogous to that due to subducted 

seamounts and horst-graben structures on a subducted oceanic plate.  For 

an inland earthquake, the intact regions on an expected shear plane can be 

considered to be a portion of the fault asperity that causes strong ground 

motion, while the weakened portion can be considered to correspond to a 

region of aseismic creep.  Consequently, large-scale inhomogeneous rock 

fracturing experiments such as the in-situ direct shear test may provide 

useful insights as analog models of seismogenic faulting.  Furthermore, 

understanding of inhomogeneous rock-mass fracturing obtained from such 

experiments will not only contribute to a better understanding of the 

mechanism of earthquakes but also provide valuable knowledge for AE 

monitoring applications in rock engineering, such as the predictions of 

rockbursts in mines and the monitoring of fractures around large 

underground chambers. 
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1. Introduction 

 

Acoustic emission (AE) or microseismicity (MS) monitoring is a 

viable non-destructive method for detecting microfracturing prior to a 

macroscopic rock fracture.  According to reviews by Hardy (1977) and 

Koerner et al. (1981), this monitoring method was used to evaluate the 

stability of rock masses in mines in the late 1930's (Hodgson, 1943; Obert 

and Duvall, 1946), and has been applied in investigations of rockbursts in 

mines (e.g., papers in Tang, ed. 2009).  The method is currently being 

extended beyond mines to a wide variety of rock engineering problems 

including deep well fluid injection and extraction (Nicholson 1992), 

enhanced oil recovery (Jupe et al., 2000), hydraulic fracturing (Cornet, ed. 

2007; Ishida et al., 2004), underground powerhouses (Ishida et al., 1995), 

tunnels (Hirata et al., 2007) and nuclear fuel waste disposal (Major and 

McEvilly, 1985).  Among these applications, AE monitoring of slope 

stability has recently advanced for not only rock cliffs (Amitrano et al., 

2005; Senfaute et al., 2003; Ishida et al., 2001) but also mudslides 

(Amitrano et al. 2007) by using active and passive waveguides, helping to 

overcome many of the difficulties associated with such monitoring (Dixon 

et al., 1996, 2003a, 2003b).  However, AE occurrence itself strongly 

depends on geological conditions (Milev and Spottiswoode, 2002), as well 

as mining configurations (Senfaute et al., 1997, 2001).  Thus, for 

successful AE monitoring, it is necessary to determine the key types of 

geological inhomogeneities and how they govern the locations of AE 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 

 
 

4

events and the release of their seismic energy. 

In seismology, asperity models (Lay and Kanamori, 1981; Lay et al., 

1982) have been established, and many observations suggest the existence 

of an asperity or inhomogeneity of the fracturing process in not only 

subduction-zone earthquakes (Cloos, 1992; Estabrook et al., 1994; 

Cummins et al., 2002) but also inland earthquakes (Kamae and Irikura, 

1998; Ma et al., 2001a; Utkucu et al., 2003).  Accordingly, seismologists 

have accepted that geological inhomogeneity governs seismic energy 

release.  On the other hand, laboratory experiments have attempted to 

clarify inhomogeneous fracture processes by comparing located AE sources 

with microscopic images (Lei et al., 2003) and X-ray tomographs (Young 

and Thompson, 2007).  However, there are discrepancies between AE in 

laboratory experiments and real earthquakes.  Therefore, experimental 

studies using large samples (Yoshida et al., 2004) and medium-scale field 

observations (e.g., Yamada et al., 2007) are very helpful to bridge such 

discrepancies. 

As one such experiment, we monitored AE events during an in-situ 

direct shear test on a test block measuring 0.5 m long, 0.5 m wide and 0.2 

m high having inherent natural geological inhomogeneities.  The test was 

conducted in a survey tunnel for an underground powerhouse in central 

Japan and was part of a series of tests to determine the fracture criteria of 

the rock mass for the design of the underground chamber.  The rock mass 

of the site consists mainly of an alternation of slate and sandstone, which 

belongs to the Mikura Formation of the Shimanto Supergroup of late 
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Cretaceous to Paleogene in age, and the test block was a slate-dominant 

alternation of slate and sandstone.  Since the block included joints and a 

loosening seam, the fracturing process and AE clustering region were 

governed by these discontinuities.  In addition, the test block rotated on 

the AE clustering region, which was a convex region (higher than the 

expected shear plane), as it approached the final fracture.    

The test itself was conducted in March 1984, and thus the instruments 

used for the monitoring were outdated in comparison with current 

technology, although the date of the test is not important in relation to any 

other aspect of the present paper.  At that time, the Tokyo Electric Power 

Company, which was responsible for power supply in this area, needed a 

new pumped storage hydroelectric power station as a power storage system 

to adjust for differences between supply and demand over time.  The 

company completed the construction of the pumped storage hydroelectric 

power station in December 1999.  From 1970 to 1990, with growth of the 

economy, many underground powerhouses were constructed in Japan.   

For planning purposes, many data of rock-mass properties were obtained 

through various tests including in situ measurements during excavations 

(e.g., Ishida et al., 1995; Ishida and Uchita, 2000).  These data are 

invaluable for the investigation of inhomogeneous rock-mass fracturing.  

Among such data, the data from the in situ direct shear test described in the 

present paper are well preserved and arranged particularly well for analysis.  

These data also provide considerable geological information for discussion.  

Thus, we revisit the data and review relations between the located AE 
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events and geological inhomogeneity in connection with recent research 

results on rock fracturing processes and asperity models for earthquakes.  

We propose the possibility of an in-situ direct shear test as an analog model 

of seismogenic faulting in an inhomogeneous rock mass. 

 

 

2. Geological setting 
 

The test site was in a chamber that branches from a survey tunnel for 

an underground powerhouse constructed in Ohtsuki City, Yamanashi 

Prefecture, central Japan, as shown in Figure 1.  The geology of the test 

site (see Figure 2) is mainly an alternation of slate and sandstone that 

belongs to the Mikura Formation of the Shimanto Supergroup (Kiho, 1987).  

The alternation strikes N60º to 70ºW and dips 60º to 70ºNE.  The slate is 

dark gray to black in color and has well-developed schistosity.  The 

sandstone is gray to light gray in color and is massive with less-developed 

bedding planes.  Most of the fracture zones are parallel to the bedding 

plane.  To the northeast, the rocks are underlain by sedimentary 

complexes of the Late Jurassic to Late Cretaceous.  To the south, they are 

overlaid by an Eocene to Miocene sedimentary complex.  To the west, 

there are intrusions of felsic plutonic rocks of the Pliocene.    

As shown in Figure 3, the test site is located in a slate-dominant 

alternation of slate and sandstone (Sl-DA), bounded on the northeast by a 

sandstone-dominant alternation of slate and sandstone (Ss-DA).  Seven 
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faults can be identified in the area.  They are referred to as F-A to F-F in 

this paper.  The faults F-A, -F and -G have crushed zones a few meters 

thick.  Six faults are nearly parallel to one another, having similar strikes 

(N50º to 77ºW) and dips (55º to 78º N).  The direction almost corresponds 

to that of the bedding plane.  The exception is fault F-D.  In the direct 

shear test, the direction of the applied shear load was selected to be parallel 

to the strike of the bedding plane.  

 

 

3. Specimen and testing method 

 

3.1. Specimen 

 

The specimen was a slate-dominant alternation of slate and sandstone 

(Sl-DA) measuring 0.5 m long, 0.5 m wide and 0.2 m high, as shown in 

Figure 4.  The specimen for the test block was made from the rock mass 

under the ground surface of the chamber by removing surrounding rocks 

outside the specimen using a small rotational boring machine and a 

mechanical breaker.  No blasting was used, so as to avoid disturbing or 

loosening the specimen.  The test block for the direct shear test was 

constructed by encapsulating the specimen in 0.1 m thick reinforced 

concrete.  Three other test blocks were also constructed at neighboring 

positions in the chamber in the same way.    
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3.2. Testing method 

 

Photo 1 shows a view of the direct shear test under preparation.  A 

series of direct shear tests was conducted on the four specimens in order to 

obtain shear strength parameters (e.g. cohesion and internal friction angle) 

for planning the underground powerhouse.      

Different magnitudes of vertical load, V=125, 250, 500 and 750 kN, 

were applied to the four specimens via a hydraulic ram connected to a 

hydraulic pump, and the vertical load was kept constant during the test.  

The magnitudes of the vertical load corresponded to 0.5, 1, 2, and 3 MPa as 

an averaged normal stress on the expected shear plane, which was the plane 

at the base of the specimen that extended from the ground surface around 

the specimen.  In addition, a shear load, S, was applied in the direction 

parallel to the strike of the bedding plane.  Since the direction of the shear 

load had an angle 17º from the horizontal, this load induced a normal stress 

component of S•sin17º/A on the expected shear plane as well as a shear 

stress component of S•cos17º/A along the plane, where A was the area of 

the expected shear plane.  Thus, the normal stress on the expected shear 

plane was (V+S•sin17º)/A, and increased with the increasing of S in spite of 

V being held constant. 

Over 5 minutes, S was increased by 80 kN and then held constant for 

the following 5 minutes.  By repeating this 10-minute cycle, S increased 

until the specimen experienced a shear failure and started to slide along the 

expected shear plane.  The testing method followed the guidelines for an 
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in-situ direct shear test published by JSCE (Japanese Society for Civil 

Engineers, Third Subcommittee in Committee on Rock Mechanics, 1978) 

and was almost the same as the suggested methods of the ISRM 

(International Society for Rock Mechanics, Commission on Standardization 

of Laboratory and Field Tests, 1981) with slight differences that included 

the block size and rate of shear displacement.    
Figure 5 shows the results of a series of in-situ direct shear tests and 

the regression line.  Assuming Coulomb's failure criterion, a regression 

line was obtained for the maximum shear stress, So•cos17º/A, and the 

maximum normal stress, (V+So•sin17º)/A, in each of the four tests, where So 

is the maximum shear load.  From the obtained regression line, a cohesion 

of 3.16 MPa and an internal friction angle of 56.4º were obtained.   

 

 

4. AE monitoring and displacement measurements 

 

4.1. Outline and displacement gauges 

 

The test block for which we monitored AE events was the block that 

was subjected to V = 500 kN.  The positions of the AE sensors and 

displacement gauges are shown in Figure 4.  Displacements were 

measured at ten points in total: four points (m, n, o and p) were for the 

shear displacement; another four points (i, j, k and l) were for vertical 

displacement; and the remaining two points (q and r) were for lateral 

displacement.  Vertical and shear loads were measured by load cells set 
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between the rams and the test block. (see Photo 1). 

 

4.2. AE sensors and their setting positions  

 

A piezoelectric transducer consisting of PZT (Pb(lead) zirconium 

titanate) having a resonant frequency of 67 kHz was used as the sensor for 

AE monitoring.  The PZT element was placed at the bottom of a 

cylindrical brass case with a diameter of 40 mm and height of 34 mm.  

The cylinder was filled with silicon rubber for waterproofing (Ishida et al., 

1991).  Since the dominant frequency of the waveform actually recorded 

in the test was in the range of 15 to 40 kHz, the resonant frequency of the 

sensor including the brass case should be within this frequency band. 

As shown in Figure 4, eight AE sensors were fixed with cement paste 

in the bottom of the holes that were drilled around the test block; the holes 

had a diameter of 66 mm and depth up to 0.3 m 

 

4.3. AE monitoring system 

 

Photo 2 shows the AE-monitoring instruments.  Since the test was 

conducted in 1984, the instruments were out of date compared to current 

state-of-the-art technology.  Figure 6 is a schematic diagram of the AE 

monitoring system.  An AE signal received at each AE sensor was 

amplified by 100 dB in total: 40 dB in a pre-amplifier and 60 dB in a main 

amplifier.  The signal was then passed through a band-pass filter with a 
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frequency range from 5 to 100 kHz to eliminate noise and was recorded on 

a high-speed tape recorder.  The tape recorder was used in direct recording 

mode with a tape speed of 76.2 cm/s, covering the frequency range set by 

the filter.    

The recorded AE signals were replayed at a tape speed of 1.19 cm/s, 

which was 1/64 of the recording tape speed.  The replayed AE signals 

were converted to digital data with an amplitude resolution of 10 bit and a 

sampling time of 50 μs, which was equivalent to 0.78 μs in real time.  The 

AE event rates were determined from the wave signals reproduced from the 

recorded tape by setting a constant discrimination level of 0.6 volts. 
 
 
5. Characteristics of the fracture surface plane  
 

After the test, the upper part of the test block that separated along the 

fractured plane was removed.  Then, the height distribution of the lower 

fracture plane was measured and geological inhomogeneity was surveyed.   

Figure 7 shows the height distribution of the fracture plane.  Figure 7a 

shows a contour map that reveals the deviation from the expected shear 

plane corresponding to the ground surface around the specimen.  The 

heights were measured at grid points by covering the fracture plane with a 

1 m2 wooden frame having a 2-cm interval wire grid.  The hatched parts 

in Figure 7a show the concave regions that were lower than the ground 

surface, and the open part shows the convex region that was higher than the 

ground surface.  To verify the measured heights, the upper part of the test 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 

 
 

12

block was turned over and the heights of the opposite side fractured plane 

were also measured.  Figure 7b shows three sectional views of the fracture 

plane. 

Figure 8 shows a sketch of the joints and the loosing seam on the 

lower fracture surface plane.  The intact part bounded by the two joints 

J-2 and J-3, having dips of 21ºW and 52ºW, and by the loosening seam 

Sm-1, appears to correspond to the raised part around the convex region 

(height ≥ +3 cm) in the upper right of Figure 7. 

Photo 3 shows the fractured plane of the upper part of the test block 

that was removed and turned over.  This photo was printed by turning 

over the negative so that the left and right hand sides (with respect to the 

direction of the shear load) of the photo correspond with those of Figures 7 

and 8.  The features of the upper fracture plane shown in Photo 3 

correspond to the joints and loosening seam observed on the lower fracture 

plane shown in Figure 8. 

 

 

6. Results   

 

6.1. AE event rates, load and displacements  

 

The test lasted 6 hours and 40 minutes.  Figure 9 shows the shear 

load, the shear and vertical displacements, and the AE event rates at 

intervals of 20 minutes.  The AE event rates are averages of those counted 
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at sensors 4 and 2 (see Figure 4), which were selected as good examples of 

sensors located in the vicinity of the shear loading plate and on the opposite 

side from it, respectively.  AE events were not recorded for some periods, 

shown by the black bars in the upper part of Figure 9, due to replacing a 

recording tape and other reasons.  The AE event rates in the period are 

estimated from those immediately before and after the periods with no 

recorded data, and are shown using broken lines.   

Between 200 and 220 minutes, the AE event rate suddenly increased 

and then returned to the lower level again.  It gradually increased again 

from around 280 or 300 minutes, and a burst of AE events occurred after 

380 min, leading up to the final failure of the test block.    

The period around 280 or 300 minutes roughly corresponds to the time 

when the vertical average displacements at points i and j (see their 

positions in Figure 4) in the vicinity of the shear loading plate changed 

from downward to upward.  The period after 380 minutes corresponds to 

the time when the vertical average displacements at points k and l at the 

opposite side to the shear loading plate changed from downward to upward.  

Thus, the AE activity corresponded to the change in the vertical 

displacement from downward to upward, which indicates the onset of the 

final failure of the test block, as has been observed in many in-situ direct 

shear tests (Hirama et al., 1983).   

As described in the following section, AE events whose sources were 

located with a sufficient level of accuracy were recorded only in the 22 

minutes prior to failure.  Figure 10 shows AE event rates every 10 seconds 
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and the change of the shear load during these 22 minutes.  The AE event 

rates are the average of those counted at sensors 2 and 4, as shown in 

Figure 9.  Between Figures 10a and 10b, there is a gap of 3 minutes 33 

seconds, corresponding to a lack of AE measurement due to replacement of 

the recording tape.  The bars on the lateral bottom axes in the figures 

indicate the occurrence times of AE events for which sources were located.  

 

6.2. Two-dimensional source location of AE events 

 

Due to the limitation of the test configuration, we could not place an 

AE sensor just above or below the expected shear plane.  All sensors were 

located lower than the expected shear plane around the test block.  When 

performing simulations of the three-dimensional source locations for the 

sensor distribution, it was found that small errors in reading P-wave arrival 

times resulted in serious errors in determining source locations in the 

vertical direction.  However, the reading errors resulted in only small 

errors in determining source locations in the horizontal direction (Ishida, 

1999).  Fortunately, all AE events that occurred in this test are thought to 

have been generated in a thin layer, only in a few centimeters thick, parallel 

to the expected shear plane, since the heights of fractured plane range lie 

within -3 to +5cm of the expected shear plane as shown in Figure 7.  

Consequently, AE sources were located two-dimensionally under the 

assumption that they were generated on the expected shear plane.  In this 

case, since the P-wave velocity of the rock around the test block was 
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measured to be 5.0 km/s by using PZT transmitters set at both lateral sides 

of the test block, the unknown parameters for the source location are the 

two-dimensional (2D) source coordinates, x and y, and the occurrence time 

of the AE event, t.  If the arrival time of P-wave initial motion was 

detected from waveforms at more than four sensors, these three unknown 

parameters can be determined by a non-linear least squares method. 

AE sources were located with an accuracy expected to fall within 50 

mm.  This was possible because we used only AE events satisfying the 

condition that standard deviation of differences between the observed and 

back-calculated arrival times were within 10 micro-seconds.  Most AE 

events whose P-wave initial motions were detected at more than four 

sensors and that satisfied the condition of the standard deviation were 

recorded just prior to the final failure.  Consequently, the AE sources were 

located only for the period of 22 minutes before the final failure, which was 

indicated by the sudden decrease of the shear load. 

Figure 11 shows examples of recorded waveforms.  The AE event 

occurred at around 70 s prior to the failure.  The arrow on each waveform 

indicates an arrival time that was interpreted as P-wave initial motion. 

A total of 403 AE events were examined and the epicenters of 154 AE 

events were located as shown in Figure 12.  An AE clustering region 

appears in the upper right of the figure, corresponding to the intact part in 

Figure 8 bounded by the two joints J-2 and J-3 and the loosening seam 

Sm-1.  It also corresponds to the raised part around the convex region 

with height ≥ +3 cm in the upper right of Figure 7.  This suggests that AE 
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clustering occurred in an intact region. 

 

6.3. Horizontal locations of the test block prior to failure 

   

Figure 13 shows the horizontal location of the test block every 20 

minutes prior to failure and at 1 minute after failure, to examine the block 

movement.  The displacement of the block is enlarged in comparison with 

the block size, as shown in the scale of the figure.  The δx and δy 

displacements are averages calculated by 

2
UqUrx +

=δ     and    
4

UpUoUnUmy +++
=δ  

where Ur, Uq, Um, Un, Uo and Up are displacements measured in mm at the 

gauges r, q, m, n, o and p, as shown in Figure 4.  The block rotation angle, 

θ, is also shown with an exaggeration of approximately 17.4 times larger 

than the real angle given by  

⎟
⎠
⎞

⎜
⎝
⎛ −

××=⎟
⎠
⎞

⎜
⎝
⎛ −

××=
500

tan
2
3604.17

500
tan100.1 3 UpUnArcUpUnArc

π
θ    (θ :degree) 

This figure indicates that the large displacement and rotation were induced 

after 23 minutes prior to the failure, which roughly corresponds to the period 

after 22 minutes when the epicenters of the AE events shown in Figure 12 

were recorded.  When we compare the rotation of the test block shown in 

Figure 13 to the contour map of the fractured plane as shown in Figure 7, the 

test block seems to rotate around the convex region of +3 cm height in the 

upper right of the figure. 

,

, .
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7. Discussion  

 

7.1. Test block fracturing governed by inhomogeneity 

 

AE events were monitored during an in-situ direct shear test for a 

specimen consisting of a slate-dominant alternation of slate and sandstone 

measuring 0.5 m long, 0.5 m wide and 0.2 m high.  The 2D locations were 

determined under the assumption that they were generated on the expected 

shear plane, the level of which was equal to the ground surface around the 

specimen.  The AE clustered in the upper right of the test block corresponded 

to an intact region bounded by two joints and a loosening seam, as shown in 

Figure 8.  The region where the AE sources cluster also corresponded to the 

raised part around the convex region of height ≥ +3 cm in the upper right of 

the test block, and the test block rotated around this convexity, as shown in 

Figure 13.  These results demonstrate that the fracturing process of the test 

block and the AE clustering region were strongly governed by the inherent 

inhomogeneity of the test block. 

 

7.2. Similarity to a subduction-zone earthquake 

 

The fact that the fracturing processes of earthquakes depend strongly 

on geological inhomogeneities has become well known recently.  For 

example, Cloos (1992) proposed a model of a subduction-zone earthquake 

in which seamounts jammed against the base of the overriding plate act as 
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strong asperities that rupture by stick-slip faulting.  He suggested that 

asperities which characterize high moment release have areas of less than 

10% of the total rupture areas.  Such asperities are thought to be 

long-lived features and are confirmed to be fixed in space throughout 

seismic cycles (e.g., Yamanaka and Kikuchi, 2004).  The persistent 

geometric irregularities and material contrast produce significant contrast 

of stress condition due to subducted seamounts (Cloos, 1992) and 

horst-graben structures (Ruff, 1989) on the subducted oceanic plate. 

Estabrook et al. (1994) also pointed out that subduction of seamounts in 

the Gulf of Alaska seamount province may explain the location, moment, 

focal mechanism, and depth of five earthquakes with moment magnitudes 

6.93 to 7.03.  Cummins et al. (2002) suggested that subducted seamounts 

might have acted as a strong barrier during the 1946 Nankai earthquake but 

may rupture as an asperity in a future earthquake. 

The aspect ratio (height/width) of the contact surface between the 

ground surface and the specimen was ~0.1 (see Figure 7), whereas the ratio 

of seamount height to diameter was ~0.05 (see Figure 3A in Cloos, 1992) 

and 0.14 on average from global ship-track bathymetry data (Hiller and 

Watts, 2007).  A similar aspect ratio of ~0.07 (a 4 km high and 60 km 

wide seamount) was used for a seamount subduction model by Scholz and 

Small (1997).  Cloos (1992) also pointed out that the seamount surface 

slopes commonly range from 5° for tall ones to > 10° for short ones, which 

is roughly comparable with the surfaces shown in Figure 7(b).  Although 

large subduction earthquakes are not always associated with subducted 
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seamounts, our tests that are analogous to these subduction earthquakes are 

expected to provide insights for earthquake forecasting with respect to 

spatial and temporal evolution of seismicity prior to a large earthquake.  

Furthermore, relatively smoothed subducted seafloor seems to have even 

caused the stress inhomogeneity in the plate interface due to the variety of 

contact conditions and small scale asperities.  Recent discoveries of 

small-to-moderate repeating earthquakes along the subduction zone in 

Japan (Uchida et al., 2003) and in the longitudinal valley fault in Taiwan 

(Chen et al., 2009) suggest that there are small to moderate size asperities 

highly stressed by surrounding creeping zones on a fault plane, as reported 

for the Parkfield sections of the San Andreas fault (Nadeau and McEvilly, 

1999).  This suggests that shear stressing rates inside, at the margins of, 

and outside small asperities are extremely different and thus produce 

significant inhomogeneous stress conditions similar to our tests. 

   One point to consider is that friction and creep are at a higher 

temperature in subduction zones, whereas friction and brittle asperities 

breaking were at room temperature in the test reported here.  However, the 

brittle behavior of the earth's crust is kept until the depth of about 600°C 

unlike 300°C for quartz-rich continental plate, since the oceanic lithosphere 

consists of mafic rocks and is expected to have an olivine-rich rheology.  

The thickness of the seismogenic brittle layer is also proportional to the age 

of the oceanic plate, which then cools the overlying continental crust and 

deepens the seismogenic depth along the plate interface.  Therefore, brittle 

failures normally occur in subduction zones as deep as several tens of 
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kilometers, while another mechanism has been proposed for earthquakes 

that occur for the slabs deeper than ~100 km, as explained in detail by 

Scholz (1990). 

   Fluid plays a role as a lubricant agent along the plate interface, and 

subducted sea floor covered by water-rich sediments, in particular, is 

expected to reduce fault friction, which cannot be reproduced in this test.  

However, as mentioned above, the highly irregular contact geometry of the 

specimen instead plays a major role in causing the significant 

inhomogeneity of shear stress.  Scholz and Small (1997) speculate that 

subduction of a large seamount increases the normal stress across the 

interface and thus enhances seismic coupling.  Thus, we believe that the 

fluid effect would be minor, but large-scale inhomogeneities such as those 

in our test are the primary factor controlling earthquake rupture.  

 

7.3. Similarity to an inland earthquake 

 

As well as the analogy to a subduction earthquake, we also propose that 

the experimental slip of our specimen is similar to the occurrence of an inland 

earthquake.  Even though seamount-like strong heterogeneity is uncommon 

in an inland environment, there are many studies that have found significant 

asperities on an earthquake source fault.  Kamae and Irikura (1998) 

simulated the strong ground motion of the January 17, 1995 Mw=6.9 

Hyogo-ken Nanbu (Kobe) earthquake with a source model consisting of three 

asperities on the fault plane.  Ma et al. (2001a) successfully simulated 
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near-source strong-motion records, broadband teleseismic displacement 

waveforms, and well-distributed Global Positioning System (GPS) data of the 

September 20, 1999 Mw=7.6 Chi-Chi (Taiwan) earthquake using their 

two-segment asperity model.  Moreover, Utkucu et al. (2003) inverted the  

teleseismic P and SH waveforms of the June 6, 2000 Ms=6.1 Orta earthquake 

in central Anatolia, Turkey, using their two segment asperity model.  

Somerville et al. (1999) compiled source models of the recent inland crustal 

earthquakes and concluded that asperity area is only about 20% of the entire 

rupture plane, which is more or less similar to the relation suggested by Cloos 

(1992) for subduction zone earthquakes.  As shown in this paper, the test 

block of an in-situ direct shear test usually has both intact and weakened 

regions on an expected shear plane due to its inherent inhomogeneity.  If the 

intact region is considered to correspond to a portion of asperity that causes 

strong ground motion and the weakened region is considered to correspond to 

a region of aseismic creep, an in-situ direct shear test could be a good analog 

model for an inland earthquake fault.   

 

7.4. Possibility of an analog model of seismogenic faulting 

 

   To compare our experiment with earthquake occurrence, one may ask 

whether the magnitude of the normal stress, 0.5-3 MPa, for the tests is 

comparable with not only an inland earthquake but also a subduction-zone 

earthquake.  However, it could be thought that the magnitude of the stress 

for the tests is comparable with differential (deviatoric) stress at the 
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seismogenic depth in both subduction and shallow intraplate environments.  

Allmann and Shearer (2009) investigated the global variation of earthquake 

stress drops and showed that the stress drop estimates for individual 

earthquakes range from 0.3 to 50 MPa and the median is about 4 MPa 

independent from magnitude.  Intriguingly, they found that the stress drop 

for the subduction zone earthquakes is a factor of 2 smaller than those for 

inland earthquakes.  The earthquake stress drop could possibly be a 

fraction of the regional differential stress.  However, there are many 

reports that clearly show stress tensor rotations due to mainshock faulting 

near the source fault.  For example, Hardebeck and Hauksson (2001) 

analyzed aftershock focal mechanisms of the 1992 Mw=7.4 Landers, 

California earthquake and demonstrated remarkable rotation of principal 

stress axes near the mainshock source faults.  Such evident stress 

disturbance implies that the mainshock's stress drop should be comparable 

with the regional differential stress to have significant stress perturbation 

associated with coseismic deformation (King et al., 1994).  If the stress 

drop were significantly small relative to the regional deviatoric stress, 

stress perturbation and stress tensor rotations would not have occurred 

along the rupture zone. 

   It is interesting to note that the movement of the test block in Figure 13 

exhibited a phase in which the precursory slip accelerated to the final 

failure, which is similar to the nucleation process in the rate- and 

state-dependent friction law derived from laboratory experiments with 

smoothed contact of rock samples (Dieterich, 1972, 1994).  With the 
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above discussion on analogy to the stress magnitude of the earthquakes, it 

seems to be really important to note that the kinematics with highly 

irregular fault surface follows the rate- and state- friction pervasive in 

seismology.  It would shed a light on the possibility to detect the 

precursory deformation for not only a subduction-zone earthquake but also 

an inland earthquake. 

   Foreshock activity prior to a main shock has often been reported and 

might be associated with the slip acceleration phase in the earthquake 

nucleation process (Dieterich, 1994).  Recent studies on earthquake 

triggering and large earthquake doublets (e.g., Stein, 1999), as well as the 

proposed seismicity patterns in a rupture cycle (Scholz, 1988), suggest that 

a large earthquake is normally initiated from a high seismicity area, which 

is influenced by previous shocks or possibly precursory activity due to a 

nucleation slip, and then propagates to the strongly locked areas (asperities) 

where lower seismicity is observed.  Considering such scenarios that have 

been observed in many earthquakes, the observed AE sources in our test are 

indeed analogous to foreshock activity and appear to be located on the 

margin of the loosening seam that corresponds to a creeping zone of a 

seismogenic fault planes (see Figure 12, cf. Figure 8).  In particular on an 

inland earthquake, the observed AE sources of the test appear to be on the 

margin of the lower (concave) part of the fractured plane that might cause a 

large slip at the final failure corresponding to the mainshock of an 

earthquake (see Figure 12, cf. Figure 7).  This analogy would be useful for 

predicting a mainshock from foreshock activity.   
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We believe that large-scale inhomogeneous rock fracturing experiments 

like the present in-situ direct shear test have the possibility to provide useful 

insights from new aspects as analog models of seismogenic faulting, in 

addition to the models proposed by Mogi (2007), Scholz (1990) and others 

based on tests of small homogeneous core samples.  Moreover, recent 

advances in monitoring methods (Young and Thompson, 2007; Nishizawa et 

al., 1997) and in simulation and analysis methods for seismograms (Estabrook 

et al., 1994; Kamae and Irikura, 1998; Ma et al., 2001a; Utkucu et al., 2003) 

and AE waveforms (Linzer, 2005; Ma et al., 2001b) enhance the utility of 

large-scale inhomogeneous rock fracturing experiments.  Understanding rock 

fracturing through such efforts would also provide invaluable information for 

successful AE monitoring applications in rock engineering, such as the 

prediction of rockbursts in mines and the monitoring of fractures around large 

underground chambers. 

 

 

8. Concluding remarks 

 

We monitored AE events during an in-situ direct shear test conducted 

in a survey tunnel for an underground powerhouse.  AE epicenters located 

on the fractured plane were compared with the location of joints and a 

loosening seam, the distribution of heights of the fractured plane, and the 

horizontal movement of the test block.  Furthermore, we discussed the 

results in connection with asperity models for seismogenic faulting.  The 
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following results were obtained. 

(1) The AE count rate increase corresponded to the change in the 

vertical displacement from downward to upward, which indicated the onset 

of the final failure of a test block, as has been observed in many in-situ 

direct shear tests.  

(2) The AE clustering region corresponded to the region of intact rock 

surrounded by the joints and the loosening seam.  The AE clustering region 

also corresponded to a convex region (higher than the expected shear plane).  

The measurement of horizontal displacement indicated that the test block 

rotated around this convex region in the final fracturing stage.  

    (3) These experimental results were discussed in relation to recently 

advanced asperity models for an earthquake.  For a subduction-zone 

earthquake, the significant contrast of stress condition derived from 

geological inhomogeneity and the uneven fractured plane is analogous to 

that due to subducted seamounts and horst-graben structures on the 

subducted oceanic plate.  Thus, the analogy is expected to provide insights 

into earthquake forecasting with respect to the spatial and temporal 

evolution of seismicity prior to a large earthquake.  

    (4) For an inland earthquake, the intact regions of an expected shear 

plane could be considered to be a portion of the fault asperity that causes 

strong ground motion, while the weakened portion could be considered to 

correspond to a region of aseismic creep.  Thus, the in-situ direct shear 

test is possibly a good analog model for an inland earthquake fault.   

    (5) The acceleration phase of the precursory slip to the final failure 
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observed in the movement of the test block was similar to the nucleation 

process in regard to the rate- and state-dependent friction law derived from 

laboratory experiments with smoothed contact of rock samples.  The  

foreshock activity prior to a main shock that has often been reported might 

be associated with a slip acceleration phase in the earthquake nucleation 

process.  Thus, the analogy between the AE sources observed in our test 

and the foreshock activity could allow the prediction of mainshocks from 

foreshock activity.  

    (6) Large-scale inhomogeneous rock fracturing experiments such as 

the in-situ direct shear test have the possibility to provide useful insights as 

analog models of seismogenic faulting.  Furthermore, understanding 

inhomogeneous rock-mass fracturing obtained through such efforts would 

provide not only better understanding of the mechanism of earthquakes but 

also invaluable knowledge for AE monitoring applications in rock 

engineering, such as the prediction of rockbursts in mines and the 

monitoring of fractures around large underground chambers. 
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Figure 1   Map of Japanese islands and location of the site of investigation. 
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Figure 2  Geological map of a 35 × 35 km area around the test site. 
Source: Seamless Digital Geological Map of Japan, scale: 1:200,000 
(modified).  (Geological Survey of Japan, AIST, (ed.), 2007) 
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Figure 4  (a) Plane view and (b) vertical view of the test block for the 
in-situ direct shear test.   Setting positions of the AE sensors (numbers 1 
to 8) and displacement gauges (letters i to r) are also shown.  Two large 
open arrows show the directions of vertical load, V, and shear load, S, 
which were applied to the test block.  
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Figure 6  Schematic diagram of the AE measuring system. 
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τ ＝3.16＋σ ・tan（56.4º）V/A＝0.5
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1

2

Figure 5  Results of the series of in-situ direct shear tests with 
the regression line showing a cohesion of 3.16 MPa and an 
internal friction angle of 56.4º.  Four parallel thin solid lines 
indicate stress paths of respective tests, in which V is constant 
vertical load and A is area of the expected shear plane.  
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Figure 7  (a) Contour map of the fractured plane.  Numerals indicate 
height in centimeters from the expected shear plane.  Zero level is the 
ground surface around the specimen.  Hatched area indicates concave 
regions lower than the expected shear plane.  Large open arrow is the 
direction of the shear load.  (b) Three sectional views along the lines A-A', 
B-B' and C-C' shown in (a).  
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Figure 8  Sketch of the fractured surface plane.  Solid lines indicate 
traces of joints J-1, J-2, J-3 and J-4 with arrows showing the directions of 
their dip angle.  Hatched area indicates the loosening seam Sm-1. 
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Figure 9  AE event rates, shear load, and shear and vertical displacements 
during the test run. 
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Figure 10  AE count rates and shear load for approximately 22 minutes 
prior to failure.  Bars along the bottom lateral axes indicate occurrence 
of AE events for which epicenters are shown in Figure 12.  (a) From 22 
minutes 7 seconds to 9 minutes 37 seconds prior to the failure.  (b) 
From 6 minutes prior to the failure to 4 minutes following the failure.  
Arrow at around 70 seconds prior to the failure indicates the occurrence 
time of the AE event for which waveforms are shown in Figure 11. 
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Figure 11  Example of recorded waveforms.  Arrow on each 
waveform indicates arrival time that we interpret as the P-wave initial 
motion. 
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Figure 12  Distribution of all 154 AE epicenters located (open circles).  
Comparing this figure with Figure 8, the AE clustering region corresponds 
to the intact region bounded by the two joints J-2 and J-3, and the loosening 
seam Sm-1.  Large open arrow indicates the direction of the applied shear 
load. 
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Figure 13  Plane view of the test block with time prior to the failure.  
Front of the test block is indicated by a solid line.  Displacement is 
enlarged in comparison with the block size, as shown in the scale.  The 
block rotation angle, θ, is also shown with an exaggeration of approximately 
17.4 times larger than the real angle.  
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Photo 2  View of the AE-monitoring instruments.  Since the test was 
conducted in 1984, the instruments are out of date.  (1) Main amplifier.  
(2) Band-pass filter.  (3) Data recorder.  (4) Oscilloscope.  (5) 
Oscillograph.  (6) Amplifier for displacement gauges.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Photo 1  View of the direct shear test under preparation. 
(1) Test block.  (2) Hydraulic ram for shear load S.   
(3) Hydraulic ram for vertical load V. 
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Photo 3  Fractured plane of the test block.  This photo was 
printed by turning over the negative so that the right and the 
left hand sides along the direction of the shear load appear in 
the same position as in the other figures.   
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