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Abstract

Strainmeters have been used to detect earthquake precursory anomalies in many
countries. An innovated four-component strainmeter with four sensing units set
at 45 degrees intervals, named SKZ strainmeter, was developed and used in Chi-
na. The design, with a few unique features, allows high-sensitivity monitoring of
the regime of the crustal strain field, as well as the self-consistencies of the in-
strument. One of the most difficult problems in the earthquake precursory inves-
tigation is to efficiently detect anomalies from large amount of data. Pattern rec-
ognition of waveforms is widely used, but it is time-consuming and relies more
or less investigator’s experience and decision. In this study, the consistency fac-
tors of the paired components were firstly shown to be utilized to detect anoma-
lies possibly related with imminent earthquakes. Here, rather than using the con-
sistency factors, the correlation coefficients of the two orthogonal strain data
were used to detect. SKZ strainmeters have been installed at more than ten sites
in China, exhibited high efficiency and reliability in precursory monitoring since.
Anomalous variations from a few stations during two recent earthquakes in
south China were analyzed. During normal stages, diurnal earth tides could be
clearly observed with very little urban noises. Though the consistency factors
may have near constant bias, their correlation coefficients remain near 1.0,
greater than 0.99. During the imminent preparatory stage of earthquake occur-
rence, non-planar strain may appear and the correlation coefficients drop noti-
ceably. The analysis showed that the correlation coefficient between the two or-
thogonal components is a useful parameter in post-processing of the strain data
to detect precursory anomalies. The resultant resolving power is shown to be
some one-order larger compared with previous methods.
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1. Introduction

Crustal strain monitoring using borehole strain meter has been widely con-
ducted in China, Japan, USA, and Russia to detect anomalous precursory vari-
ations. Several types of sensors were used including original Sacks-Evertson
model (Sacks et al, 1971 [1]), borehole extension sensor by Gladwin (1984
[2]), three-component volumetric strainmeter by Sakata (1981 [3], 2004 [4]),
and multi-component system by Ishii and Yamauchi (2007 [5]), Ishii and Asai
(2015 [6]).

The crustal deformation measurement related to earthquakes, volcanic erup-
tion and plate movement has been conducted by using those kinds of strainme-
ters, borehole ground tilt meters, volumetric strainmeters (Agnew, 1986 [7]),
and continuous Global Positioning System (GPS) (e.g., Rikitake, 1976 [8]; Su,
1977 [9]; Okada, 1985 [10]; Agnew, 1986 [7]; Qiu et al, 2011 [11]). For example,
slow slip events (Obara, 2010 [12]) were identified by simultaneous observations
of strain by Gladwin borehole strainmeters, GPS, and seismic tremors (Dragert
and Wang, 2011 [13]; Hawthorne and Rubin 2013 [14]).

As for the earthquake prediction, the evaluation of candidate precursory
anomalies relies on large amount of monitoring data from dozens or hundreds
of sites in any countries as China, Japan, and USA along. Anomalies have been
detected by discriminating patterns of waveforms by experienced reviewer, or
trajectory of particle motions compared with those during normal stage (e.g.,
Okada et al, 2000 [15]; Ouyang et al, 2009 [16]; Ma and Wu, 2012 [17]). Auto-
matic effective post-processing methods are greatly needed to identify candidate
precursory phenomena using huge amount of data.

In this study, we used the redundant set of data of a specially designed
four-component strainmeter to identify anomalies of the strain regime. The
consistency parameters (Su, 1977 [9]) have been used to evaluate self-checking
of the instrument for the network of the strainmeters (Roeloffs, 2010 [18]; Chen
et al., 2015 [19]; Ishii and Asai, 2017 [20]). The parameter enables users to detect
spurious variations at least due to the instrumental malfunctions. The correla-
tion coefficients, along with the consistency relation, were used to identify ano-
malous variation originated from the non-planar strain field, which reflects the

state of the crust in the preparatory process of earthquake.

2. Methodology
2.1. SKZ Strainmeter

A specially designed four-component strainmeter, named SKZ strainmeter, was
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invented in China in the 1970s (Su, 1977 [9]) and continuously improved since
(Chi et al. 2009 [21]; Qiu ef al 2013 [22]). It has four gauges set at 45 degrees in-
tervals to measure extension and contraction of the cylindrical housing in four
different azimuths (Figure 1).

Three parameters to define the dynamical regime of crust under the condition
of plain strain (Ze. the maximum principal stress, the minimum principal stress,
and the direction of maximum principal stress) can be derived using any three of
the four measured strains. The fourth set of measurement can be utilized for re-
dundancy check. The consistency parameters have been used to evaluate quality
of the data and the self-checking of the instrument for the strainmeter network
(e.g., Chen et al, 2015 [19]). There is a consistency relation to characterize the
regime of the crustal stress from the point of the horizontal strain.

The SKZ strainmeter is a long cylinder for radial displacement detection. Four
sensing elements are installed in the middle of the cylinder to detect
North-South (NS), North-West (NW), West-East (WE), and South-West (SW)
alignments and deformations (Figure 1). Difference between the angles of two
adjacent sensors is 45 degrees, which are equally distributed in accordance with
the asterisk configuration.

Displacement transferring mechanism of the SKZ strainmeter was designed to
increase sensitivity and accuracy. Eight narrow ribs were set precisely in the po-
sition where sensing elements were installed (see Figure 2). Metal cylinder cas-
ing with the ribs is cut from a single-piece, thick-walled metal tube using com-
puter-controlled machines. The two polar plates of the capacitive sensors are ar-
ranged on the symmetrical fine ribs to constitute a simple non-contact mea-
surement sensor. The SKZ units are shown in Figure 3, and specifications are

summarized in Table 1.

2.2. Installations

The cylinder probe is installed into a borehole formation. The probe and formation

Figure 1. Schematic configuration.
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(a) (b)

Figure 2. Structure of SKZ strainmeter. (a) Internal structure of the instrument: 1-quarts
baseline rod; 2-zero component; 3-metal cylinder casing; 4-capacitance plate; 5-narrow
ribs; (b) Photograph of the cylinder.

Figure 3. External appearance of two sets of the
SKZ atrainmeters.

are bonded using the coupling medium. The first SKZ strainmeter was installed
in Yiliang Station, Yunnan Province in March 2007, and followed by nine sites
in several provinces in China, as shown in Table 2 and Figure 4. The depths of
the installation range from 50 meters at the Yiliang Station to 135 meters at
Dagan Station. The typical installation depth is several tens meters to reduce
meteorological noises as far as possible (Qiu et al, 2013 [22]).

Figure 5 illustrates 24-hour data record sampled at every half a minute rate at
Datong Station in the Shanxi Province. The noise level at the site is around 5 x

107%, much less than the solid earth tide influences.

2.3. Data Processing

When a strainmeter is installed close to the surface, the measured strain field can
be generally considered to be horizontal, because vertical normal stress is
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Table 1. SKZ strainmeter specifications.

Parts
Probe diameter
Probe length
Probe weight
Specific gravity of probe
Number of component
Sensitivity
Noise
Linearity
Bandwidth
Self stability

Inconsistency of sensitivity coefficient of the four elements

Calibration range

(Non-zero) adjustment range

Mechanical zero amplitude

Underground instrument power

Dimension
106 mm
900 mm

27 kg
3.5
4
4x10°/mV
0.03 mV
Approximately equal to 1%
100 Hz
1077/year
less than 1%
7 %107
*107°
1x107
02w

Table 2. SKZ strainmeter installations.

Serial Site . Depth  Probe diameter
number (city, province) Lithology (m) (mm)
1 Lianyungang, Jiangsu December, 2006 Granite 65 106
2 Yiliang, Yunnan March, 2007 Sandstone 55 106
3 Dushanzi, Xinjiang December, 2008  Limestone 60 106
4 Yudong, Yunnan May, 2010 Sandstone 56 106
5 Qingdao, Shandong December, 2010 Granite 68 106
6 Dagan, Yunnan November, 2011  Limestone 135 88
7 Weixin, Yunnan November, 2011  Limestone 70 106
8 Datong, Shanxi December, 2011 Gneiss 66 106
9 Ludian, Yunnan February, 2014 Limestone 86 106
10 Yanjin, Yunnan March, 2014 Basalt 80 106

negligible. The sensor is expected to provide independent observations on strain

variations in line with other geodetic observations such as GPS and InSAR.

Under this situation, the displacements (U; ~ U,) of the four sensors are de-

scribed by principal strains ¢, &, as follows (Su, 1977 [9]).
U =A(g+¢,)+B(& —&)cos2 (¥ —p)

U,=A(g +¢&,)- B(g —¢,)sin2(¥ -9)

U,=A(g +&)— B(g —¢)cos2(¥-9)

U,=A(g+¢,)+B(& —¢,)sin2(¥-9)

(1
(2)
(3)
(4)
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Figure 4. Locations of Yiliang earthquake and Ludian earthquake.
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Figure 5. Typical readings during normal stage at Datong station,

Shanxi Province.

where ¥is azimuth of the principal stress, ¢ is the direction of the first sensing
element, A and B are constants depending on parameters of the borehole (the
radial displacement of the cylinder inner) and the crustal strain. A4 is the sensi-
tivity coefficient to the areal strain, B is the sensitivity coefficient to the shear
strain. These two coefficients are related with the mechanical parameters of ce-
ment and rock, and also related the cement layer depth, the inner and outer di-
ameter of the cylinder. Normally A was significantly less than 1, and B was sig-
nificantly greater than 1.

The following equations can be derived (Su, 1977 [9]),

Uo = (Ul +U3) (Sa)
U,=(U,+U,) (5b)
U,=U,=Uc (5¢)

Because the sum of odd-numbered displacements (U,) equals to that of the
even-numbered (U,), Equation 5c actually is a self-consistent equation (Su, 1977
[9]), which provides a check relation among the four parameters.

Uc s related to surface strain (g + &,) as shown in Equation (6).
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Uc=2R(& +¢,) (6)

It is a parameter of the plane strain independent of directions ¥ and ¢. The

difference between the measured values for mutually vertical sensors Ua and Ub,
Ua=U,—U, =4R(& +&,)cos2(¥ —p) (7)
Ub=U,-U, =—4R(¢ —¢,)sin2(¥ —9) (8)

are related only to the differential stresses, (¢, — €,). ¥, the direction of the prin-
cipal stress, can be determined by the ratio of Ubto Ua (Su, 1977 [9]).

Ub/Ua = —tan2(¥ — ) 9)

Measurements of the four components can reflect the plane strain regime, if
the consistency relation (Equation (5)) is generally fulfilled. Otherwise, the in-
consistency may be a result of system malfunction and/or anomalous variations
regime of the crust which induces non-planer strain. The redundant data can be
used for self-checking providing better performance compared with other types
of borehole strainmeters (e.g., Gladwin, 1984 [2]; Sakata and Sato, 1986 [23];
Hart et al., 1996 [24]; Ishii, 2001 [25]).

The consistency relation can be used as an indicator of data quality (Chen et
al, 2015 [19]). Moreover, the relation can also be used to detect anomalous vari-
ations as a result of the breakdown of the normal state of plain strain around the

region of earthquake preparation.

2.4. Normal Stage

Figure 6 is an example of monthly data sampled at one per minute at the Da-
guan Station in the Yunnan Province between May 1 and May 31, 2012 (Table 2
and Figure 4). Two dominant variations in each component are steady with di-
urnal and semi-diurnal changes induced by solid earth tides. The trends of NS
and NW components are almost linear, but EW and NE components are super-
posed by small random disturbances lasting for several days. The trends of the
components are different from these reported by Sakata and Sato (1986) [23].
However our present object is to focus on shorter-period variations from the
viewpoint of short-term earthquake predictions.

Figure 7 shows the calculated surface strains, U, (5a) and U, (5b) at Datong
Station in Shanxi Province from June 1, 2012 to July 31, 2012. They are nearly
equal, proving the self -consistency relation except the small trends. The differ-
ence between U, and U, is about 2.0 x 1077 except for the shorter frequency
components. It proved that the instrument is very steady and the consistency has
been conserved for a very long period of a month or longer.

The rate of the satisfaction of self-consistency relation is defined by a ratio
between the difference and the mean of the U, and U, by Qiu ef al (2013) [22],

as shown below.
ZN()S (UO + UE )

C95=1- (10)
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Figure 6. Typical readings during normal stage at Datong Station, Shanxi Province. (a) Orig-
inal data; (b) Surface strain and shear strain.

[10°]
1200 4 - 321’ . ll:::
M A
-“*M«,%d e —— (U1+U3)-(U2+U4
800+ “"“\\\“:w -
4+ AN \‘M‘/\V\\_‘ "
o | M\,‘\_\:‘(‘\’\M,,_ :
| P = . AU k\v\:‘y\“\,} "\*:\1 3 e, —
ot M“‘v AR
1 \4\'\'\-\:‘ ‘m!\"'\v,
-400 o ™
L o \'\‘IW.
haa!
-800 = ; . :
10 20 30 40 60
[day]

Figure 7. Surface strains Uco (U, + U;) and Uce (U, + U,) at Datong Station, Shanxi Prov-
ince (June 1, 2012 to July 31, 2012).

After eliminating the 5% outliers, the remaining correlation coefficients between
U, and U, instead of the self-consistency relation itself, was used to evaluate
performances at particular sites.

The alternative parameter to quantize qualities of strain data that we use is the
Pearson’s correlation coefficient Cp, which utilizes 25 data sampled at a once-per
hour rate shifting by an hour. The selection is based on the fact that dominant
components are the diurnal and semi-diurnal lunar tidal components S, (25.82
hours) and M, (12.42 hours) solid tides. The correlation coefficient Cp is defined
from the following:

3 COV(UU,Ue)

OouU oOU
o e

Cp (11)

where Covis the covariance, and o is the standard deviation.

3. Results
3.1.Yiliang Earthquake

Yiliang earthquake (M 5.7) occurred on September 7, 2012, in the Luozehe
Town (104.0E, 27.5N), 15 km south of Yiliang County center (Figure 8).
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Figure 8. A geographic ralation concerning the Yilian Earthquake (M5.7) which occurred
in the midst of the present strain observation network. The sesimic stations are indicated
by red triangle.

3.1.1. Yiliang Station (14.5 km from Epicenter)

Yiliang Station is located north of Yiliang County (104.06E, 27.63N). The geolo-
gy at the site where SKZ strainmeter was installed has an intact pink sandstone.
Seven days before Yiliang earthquake, obvious strain anomalous variations were
recorded in all measured directions at the Yiliang Station (Figure 9(a)). At-
mospheric pressure, groundwater level, solid tides and other noises were delibe-
rately investigated to detect meaningful changes from the observational data (Su,
2003 [26]). In general, the precipitation induces changes of surface loading, con-
fined water pressure changes, and the water level changes, which caused crustal
stress variations.

Additional observations were also conducted for the water level and tempera-
ture at the site including the water level of the nearby to check effect of the pre-
cipitation, strong winds, and drought. In this report, no detailed description was
given to these effects because of very little precipitation in the observation period
with the result of negligible effects in the higher frequency band of our present
interest (Su, 2003 [26]).

Several kinds of anomalous variations were observed at the Yeliang station
before the earthquake (Figure 9(a)). Small abrupt changes of strains were clearly
recorded by NS, NW, NE, and NE components on August 4, September 1, Sep-
tember 7 (co-seismic) and September 10 respectively. These anomalous varia-

tions are clearly seen in the plotting of the correlation coefficients proving much
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Figure 9. Anomalous strain variations before Yiliang earthquake. (a) Yiliang Station; (b) Yudon Station; (c) Daguan Station.

larger resolving power, some one order larger than using waveform characteris-
tics. The correlation coefficients were close to 1.0 during normal stages, but the
correlation rapidly decreased possibly due to slight anomalies of the strain oc-
curring for nearly a whole day on August 7, a month before the earthquake. The
correlation coefficient dropped to 0.2, indicating that larger non-planar strain
changes were superposed to the normal planar strain undulations induced by the
earth tides. The very small anomalies appeared in the waveform is amlified
about one order in the case that the correlation coefficient is selected as an indi-

cator.

3.1.2. Yudon Station (45 km from Epicenter)

Approximately seven days before the Yiliang earthquake, a small sharp increase
in NE and EW components were recorded and correlation coefficients dropped
to 0.6 (Figure 9(b)). The co-seismic changes were significant in the NS and
EW components, and minor in the NW component. Except the two periods
during the imminent stage and co-seismic time, the correlation coefficient be-
tween U, and U, were near 1.0, indicating the plain strain regime was preserved.
These phenomena were more obvious on September 25, suggesting existence of
a large-scale non-planar strain. The anomalous phenomena at the Yudon station

is much small compared with those at the Yelian station possibly because of
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large difference of epicentral distance. However the smaller anomaly can be de-

tected by means of the correlation coefficient same as at the Yeliang station.

3.1.3. Daguan Station (29 km from Epicenter)

The Daguan Station, 29 kilometers away from epicenter, did not show signifi-
cant anomalous variations at around time when clear anomaries were detected
at Yudon and Yeliang sites. The correlation coefficients were stable in general,
with exception of a small drop to approximate 0.97 ten days before the earth-
quake. The Daguan site shows very different changes compared with other two
sites. There are no large decrease of the correlation coefficients not larger than
0.04. However there appeared clear minimum appeared several days before
compared with those of other two sites. These phenomena suggest that the
earthquake preparatory process is not uniformly distributed both in space and
in time. The absence of significant changes could be explained by the spatial
location of the Daguan station, which is situated perpendicular to the geographic

direction of sites Yudong and Yiliang in reference to the epicenter.

3.2. Ludian Earthquake

The Ludian M6.5 earthquake occurred on August 3, 2014 and the epicenter was
located in Ludian County in Yunnan Province (Figure 10). Figures 11(a)-(d)
show the strain changes and the correlation coefficient at Ludian, Yudon, Yi-

liang, and Daguan stations during Ludian earthquake, respectively.

3.2.1. Ludian Station (31 km from Epicenter)

The Ludian station is located in Ludian City (103.56E, 27.20N). The rocks near
the strainmeter are limestones and intact bedrocks. Urban noises at the Ludian
station is very low, except a slight shift due to the consolidation of the portland
cement used in the installation (Su et al, 2003 [26]). The correlation coeffi-
cient is generally high except a small decrease to 0.85, two weeks before the
earthquake, followed by a more significant drop three days before the earth-
quake.

3.2.2. Yudon Station (39 km from Epicenter)

There appear almost none anomalies in the waveform of the strain data (NS,
NW, EW, NE) and two consistent factors (NS + EW, NW + NE). A slight de-
crease of the correlation coefficients (as low as 0.90) at Yudong station was seen
just before the earthquake though with considerable ambiguity. There appeared
no other noticeable anomalous variations change at the Yudon station before the
Lucian earthquake. The correlation coefficents evolves characteristically just
before the earthquake suggesting that there are some anormal regime of crustal
strain field. Other anomalies occurred from some 10, August to 25, August can-

not explained at this time.

3.2.3.Yiliang Station (91 km from Epicenter)

Correlation coefficient variations at Yiliang Station did not decreased significantly
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Figure 10. A geographic ralation concerning the Ludian Earthquake (M5.5) which oc-
curred southwest of the present strain observation network. The sesimic stations are in-
dicated by red triangle. The nearest site is the Ludian site.

compared with these at the Ludian station. However, a steady decrease of corre-
lation coefficients (as low as 0.70) was recorded just before the earthquake.
The correlation coefficents evolves characteristically just before the earth-
quake suggesting that there are some anormal regime of crustal strain field.
Other anomalies occurred from some 10, August to 25, August cannot explain

at this time.

3.2.4. Daguan Station (90 km from Epicenter)

Anomalous strain variations at the Daguan station were not significant, nor the
decrease of the correlation coefficient. Strain measurements slightly changed
three days before the Ludian earthquake without any systematical evolution ex-

cept sporadic decrease of the correlation coefficient.

3.3. Summary of Precursory Anomalies

It is shown that the anomalous strain decreased as distances from earthquake
epicenter increased. The changes of the correlation coefficients (Equation (11))
between the two components of consistency relation U, and U, are proved to
characterize the preparatory stage of the earthquake (Table 3). Correlation coef-
ficients during normal stages were typically between 0.8 and 0.98, substantially
decreased during the imminent stage of the earthquake, and return to 0.98 or

higher after the earthquake.
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Figure 11. Anomalous variations at Ludian Station before Ludian Earthquake (July 19 to September 29, 2014). (a) Ludian; (b)
Yudon; (c) Yiliang; (d) Daguan.

Table 3. Correlation coefficients of surface strain during Ludian earthquake. During normal stages it is typically between 0.8 and
0.98, slightly decreased during the imminent stage, and return to near 1.0 after the earthquake.

Date July/22-July/31 July/31-August/3 August/3-/11 August/1-August/30
Correlation
. 0.98 0.83 1 0.98
coefficients
Anomality Normal Precursor Post-quake Post-quake stability

4. Discussions

The correlation coefficient has been used as an index parameter to characterize
the preparatory stage instead of the consistency relation itself. The correlation
coefficient was calculated using 25-hour data because the dominant components
were M, and diurnal periods of O,. The correlation coefficient between U, and
U, as thought to reflect the rate of the deviation of the strain from the normal
planar regime of the crust. Because of the dominance of earth tides, our ap-
proach to use the correlation is consistent with previous approaches on borehole
strainmeter calibration using earth tides (e.g., Hart et al, 1996 [24]; Chen ef al,
2015 [19]).

The decreased correlation coefficients prior to major earthquakes could be
due to occurrence of considerable amount of non-planer strain associated with

precursory deformation of the crust. It is known that the deviation of the ob-
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served earth tides at the normal state are also related to instrument responses,
surface loading, and local crustal structures. The instrumental responses in-
cluded the coupling mechanism between the instrument and the crust (e.g.,
Beaumont and Berger, 1975 [27]; Kohl and Levine, 1995 [28]; Chen et a/, 2015
[19]). The possibility of instrumental malfunction and noise could be decreased
by referring the solid earth tide by the solid tide evolution during normal stage,
but cares should be taken to consider the possibility of malfunctions and noise
with anomalies of strains. Multiple measurements using four-component bore-
hole strainmeters, electromagnetic wave meters (Fujinawa et al, 2013 [29], Fuji-
nawa and Noda, 2016 [30]), and water level sensors (e.g., Lai et al, 2010 [31])
can provide further evidences to infer if the anomalies were related to the pre-
paratory process as well as to explore the mechanism of abnormal stain changes.

In associations with the pre-slip occurrence or local fluid movement around
the preparatory region near the epicenter before the earthquake, a small change
of crustal strain would have been induced near epicenter. The physical mechan-
ism may be the dilatancy effects (Berger, 1974), occurrence of microcracks (Fu-
jinawa et al, 2013 [29], Fujinawa and Noda 2016 [30]), or movement of the con-
fined fluid (Lai et aZ, 2010 [31]).

Replacing the internal capacitive displacement sensor unit to a piezoelectric
ceramic piece could simplify the mechanical structure and electronic circuit by
force-electric conversion of the piezoelectric element. We can expect the cost to

decrease by about one third and the sensitivity to increase up to an order of 107"".

5. Conclusions

The special four-component strainmeter SKZ-1 can provide a simple indicator
(consistency factor) to reflect the regime of the crust, which is dominated by
plain strain under normal conditions. This can be further utilized to identify
candidates of anomalous variation with smaller ambiguities. Specially designed
SKZ strainmeter has been installed at more than 10 sites in several provinces in
China, with more than 10 years of observations. Reliable performances with high
stability and high resolution for detecting local and regional anomalous varia-
tions were exhibited. During the normal stage, the variations were consisted of
steady diurnal variations due to earth tides. Urban noises around are low and the
consistency factor calculated using 25-hours average is fairly close to 1.0.

A new detecting method of anomalous variations was introduced by studying
the correlation coefficient of two independent plain strain components in this
paper. Observations during two major earthquakes in southern China (Yiliang
earthquake and Ludian earthquake) were discussed. During the imminent stage,
obvious strain anomalies were recorded simultaneously by the four components
at sites close to the epicenters. The correlation coefficients between orthogonal
components U, and U, dropped below 0.2, compared to near 1.0 during normal
stage. The correlation coefficient can be used to objectively detect anomalies

during the successive stages of an earthquake’s occurrence from normal to re-
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laxation stages. Results indicated that the correlation coefficient provides useful

means to identify preparatory stage from large amount of data with the help of

SKZ strainmeter designs.
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