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Abstract

Borehole strainmeters that are installed deeply into bedrock are capable of recording both
continuous stress and strain measurements, and have consequently become an important tool
for monitoring crustal deformation. A YRY-4 borehole strainmeter installed at the Guza
Station recorded anomalous changes in borehole strain data preceding the Wenchuan
earthquake on May 12, 2008 (UTC) (=8.0). We apply principal component analysis (PCA) to
analyze borehole strain data from the Guza Station. The first principal component eigenvalues
and eigenvectors are calculated. The fitted results of the cumulative number of anomalous
eigenvalues demonstrate that an acceleration occurred approximately 4 months before the
earthquake (from January 2008). The results of the combined eigenvalue and eigenvector
analyses show that the spatial distribution of eigenvectors and accelerated occurrence of
eigenvalue anomalies represents the stress evolution characteristics of the fault from a steady
state to a sub-instability state in rock experiments. We tentatively infer that this process may
also be linked to the preparation phase of a large earthquake.

Keywords: Borehole strain; the Wenchuan earthquake; principal component analysis; eigenvalue
and eigenvector; earthquake precursor.

1. Introduction

The first borehole dilatometer was invented by Sacks, of Carnegie Institution of Washington, and Evertson, of
University of Texas, in September of 1968 [Sacks and Evertson, 1971]. Since then, the multi-component borehole
strainmeters have appeared in succession, including the RZB-1 four-gauge borehole strainmeter [Ouyang,1977], the
Gladwin three-component borehole strainmeter [Gladwin, 1984], and so on. Thanks to the Plate Boundary
Observatory (PBO) project, the development of the high-resolution borehole strainmeters in China has been
accelerated [Qiu and Zhang, 2002]. The YRY-4 four-gauge borehole strainmeter, designed by Chi Shunliang, has been
developed and there are more than 40 four-gauge borehole strainmeters sites in China [Chi et al., 2009]. Earthquakes
will deform the Earth’s crust and borehole strain observation play an important role in studying this crustal
deformation and the stress field. The observations have many advantages such as high resolution, broad band, and
topographic-feature-independence, amongst others. High-resolution borehole strainmeters allow for the detection
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of subtle strain variations to study slow earthquakes [Sacks et al., 1978, 1981; Linde et al.,1996; Liu et al., 2009],
seismic strain steps [McGarr et al.,1982; Asai et al.,2005; Qiu et al., 2003, 2004, 2015; Barbour et al., 2012], and volcanic
eruptions [Voight et al., 2006; Hautmann et al., 2013; Sturkell et al., 2013]. 1High-resolution borehole records also
provide the opportunity to investigate strain changes prior to earthquakes.

The Wenchuan earthquake is the greatest earthquake disaster in China since the 1976 Tangshan earthquake, which
occurred in the Longmenshan thrust zone on May 12, 2008 [Fu et al., 2011]. Researchers have studied the precursory
phenomena of the Wenchuan earthquake. Chun-Chieh Hsiao et al., [2010] studied the ionospheric electron density
variation, and found an abnormal phenomenon around noon within 5 days prior to the Wenchuan earthquake. Liu et al.,
[2011] used the S transform method to observe that abnormal strain signals increased before the Wenchuan earthquake
and decreased after the earthquake. By means of Wavelet Decomposition and Overrun Rate Analysis, [Qiu and Chi et al.,
2011] concluded that the abnormal changes observed at the Guza Station (several months before the earthquake) could
be related to the Wenchuan earthquake and the anomalous signals do not correspond to seasonal changes.

Principal component analysis (PCA) is a statistical method that is widely employed to reveal relevant information
in confusing datasets [Gomez et al., 2005]. It is a non-parametric method that does not utilize deviations from
previously described strain changes to determine data anomalies and has the potential to describe the spatial
distribution of earthquake-related strain changes. Telesca et al., [2004] discovered earthquake precursor patterns in
the daily variations of the principal components of eigenvalues by using PCA to investigate Ultra-Low Frequency (ULF)
geoelectrical data. Hattori et al., [2004] applied PCA to the ULF horizontal NS component and indicated that features
of eigenvalues and eigenvectors are likel1y to be correlated with large earthquakes. Lin, [2015] examined ionospheric
total electron content (TEC) during the time period of the Tohoku earthquake by using two-dimensional principal
component analysis, and detected two larger principal eigenvalues on March 11, 2011. In the present work, we have
applied PCA to time-series borehole strain data that were recorded at the Guza Station. We aim to detect anomalies
in borehole strain that preceded the Wenchuan earthquake and to analyse the cause of these anomalies.

2. Observations

The Guza Station is located at the southwestern extent of the Longmenshan fault zone. At the Guza station, the
deformation observation instrumentation includes a very-long-period vertical pendulum tiltmeter, YRY-4 borehole
strainmeter, DSQ water pipe inclinometer, SS-Y body piercing extensometer, and DZW digitalized gravity meter.
The YRY-4 borehole strainmeter was installed in October 2006. Continuous recordings have been collected from this
strainmeter at a sampling rate of one sample per minute since December 1, 2006. A seasonal change rule can be seen
clearly in the strain data. Therefore, borehole strain data from the Guza Station have a normal background [Qiu et al.,2011].
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Figure 1. A location map showing the Guza Station and the Wenchuan earthquake epicenter.
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At 14:28(UTC+8) on May 12, 2008, a Ms8.0 earthquake occurred in Wenchuan County, Sichuan. The epicenter was
located at 31.01° N and 103.42° E. According to the data published by the China Earthquake Networks Center of the
China Earthquake Administration, and the focal depth was approximately 14 km. The Wenchuan earthquake is
characterized mainly by thrust motion with right-lateral-strike slip [Fu et al., 2011].

The distance between the epicenter of the Wenchuan earthquake and the receiver at Guza Station is 153 km
(Figure 1). The Wenchuan earthquake had a wide range of influences, and the physical phenomena taking place
during earthquake preparation is very complicated. Consequently, we cannot exclude a-priori the possibility that
the YRY-4 borehole strainmeter installed at the Guza Station recorded the strain anomaly phenomena taking place
during earthquake preparation.

3. Methodology
3.1 Strain conversion

The YRY-4 borehole strainmeter contains four horizontally emplaced sensors to measure changes in the borehole
diameter. The theoretical model is shown in Figure 2.

Cylinder

Figure 2. Sketch of the two-ring system for measuring strain in boreholes.

Gauge i in the cylinder directly measures the change in diameter in the corresponding azimuth g; that results
from changes in strain state. Although the solutions are complex, the resulting formula of the relationship between
the measurement S; and the strain changes (g4, &,, @) is straight forward:

Si=A(e1 + &) + B(g1 — €2)cos2(B; —a) 1)

The YRY-4 borehole strainmeter contains four horizontally emplaced sensors to measure changes in the borehole
diameter. Self-consistency is crucial in FGBS design. According to the theoretical model (1), because the four gauges
are arranged at 45° intervals, the relationship can be obtained as follow:

S1=_Sp,= A(e1 + &2) + B(&1 - €2)cos2(Bi - ba)
S2=Sg,+n/a = A(€1 + &2) — B(&1 - £2)sin2(B; - @)
S3=Sp,snj2 = A(€1+ &2) = B(e1 - €2)cos2(Bi - a)
S4=5p,435/a = A(€1 + &) + B(e1 - &2)sin2 (B -a)

@)
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where S; (i = 1,2,3,4) is the measurement obtained from each of the four-gauges. With one additional measurement,
a simple relationship among the four measurements can be obtained straight forwardly using equation (2):

S1+S2+S83+ 8, 3)

which is the self-consistency equation of the YRY-4 borehole strainmeter. This equation can be employed to
estimate the credibility of the data. In plane strain problems, all the non-vanishing strains are in a plane while
all the out- of-plane components are zero identically in the problem, and borehole strainmeter can only observe
two-dimensional strain changes. Hence, there are only three independent variables under plain strain conditions
at or near the Earth’s surface [Wu et al., 2017]. We can therefore derive various strains from the Guza recordings.
The formulas used are as follows:

S13=581— 53
524=52_S4 (4)
Sa= (51+52+S3 +S4)/2

where S, represents the areal strain, and S5 and S, represent the two independent shear strains [Qiu et al., 2013].

3.2 Principal component analysis

PCA is a widely used technique in data analysis. It is computationally inexpensive, it can be applied to ordered
and unordered attributes, and it can handle both sparse data and skew data. PCA is a non-parametric method that
is capable of extracting relevant information from complex data sets [Gomez et al., 2005], and it often reveals
relationships that were not previously suspected, thereby allowing for an otherwise unordinary interpretation.

Mathematically, the data are presented in a matrix ¥ of m rows and n columns:

X110 Xin

Xm1 t Xmn

where m is the number of samples, and n is the dimension of the sample.

First, we calculate the co-variance matrix Cy(mxm) of the dataset Y(mxn), and the element y,, in the co-variance
matrix Cy(mxm) can be calculated using the following formula:

Ypq=[1/(N-1)] 21\1!:1(’512_ Xp)(xé_ Xq) (6)

where x; and x{ are the pth and gth columns of the ith row of data, respectively, and X, and X, are the averages of
the pth and gth columns of data, respectively. Here N is the number of samples.
We apply the eigenvalue decomposition to the co-variance matrix:

Cy_vVAav™ (7

where A is the eigenvalue matrix with 14, 4, ... ,,(A; > A,> ... >1,,) and V is the eigenvector matrix whose columns
are vy, vy, ..., V. The first principal component eigenvalue and eigenvector are 1, and v4, respectively, which represent
the principal characteristics of the signals, and other eigenvalues represent information about influencing factors and
noise. In this paper, the variations in the eigenvalue and eigenvector of the first principal component are investigated.

We applied PCA to borehole strain data after the strain conversion (S13, S»4, S,), and the co-variance matrix Cy is
three dimensions, the obtained eigenvector has three dimensions in the vector space, and it is a unit vector. To
present the changes in the eigenvector more intuitively, we transform the eigenvectors to the unit spherical
coordinate system, as shown in Figure 3. The eigenvector can be represented by 6 and ¢ exclusively.
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Figure 3. The unit spherical coordinate system of eigenvectors.

3.3 Data processing

PCA is applied to extract the anomalies of strain changes associated with the earthquake. We analyze the
borehole strain data from the Guza Station that were collected from May 01, 2007, to December 31, 2009. Figure 4
shows the four-component series of borehole strain data that were recorded at the Guza Station. At 19:10 on
September 12, 2007, a Ms7.9 earthquake occurred in Indonesia. The co-seismic strain changes of the Indonesia
earthquake are also recorded by the borehole strainmeter at the Guza station.
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Figure 4. The four-component time series of borehole strain data recorded at the Guza Station, China, from May 01, 2007,
to December 31, 2009.

First, the borehole strain data from the Guza Station are checked using the self-consistency equation, after which
the four-component borehole strain data are transformed into three components, namely, S;3, S,4, and S,, through
a strain conversion. A time-series plot of the borehole strain data after the strain conversion is shown in Figure 5.
The next step is data preprocessing, in which we remove the influences of solid tide (for which the periods are 24,
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12, 8, and 6 hours) and the trend reflecting seasonal variation (for which the period is one year) by using a harmoni
analysis. The strain changes that reflect the movements of the crust that are associated with the earthquake are
regarded as the short period high frequency oscillation signal. A time-series plot of the borehole strain data after
data preprocessing are shown in Figure 6. The information regarding the strain change that is related to crustal
activity is the most dominant signal in the daily variation data.

The environment surrounding the station is one of the factors affecting borehole strain data. Most of these
factors have a cycle of one day. To avoid time-domain aliasing, and to distinguish the anomalous days more easily,
we chose to perform PCA on daily data. Let us consider that the three-component data (i.e., 1 day is equal to1440
points) are arranged in the form of time series data vectors.
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Figure 5. A time series plot of borehole strain data after the strain conversion. Sz and S, represent the two independent
shear strains, and S, represents the areal strain.
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Figure 6. A time series plot of data after data preprocessing. P1, P2 and P3 represent the data after data preprocessing of
S13, So4 and S,, respectively.
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Then, we applied PCA to P1, P2 and P3. In the PCA approach, the eigenvector v, is chosen to maximize the
variance in the data. We consider that the eigenvector v, is the most intense signal subspace [Hattori et al., 2004)]
Since we previously transformed the data into three components, it is possible to perform an orthogonal expansion
of the signal space into v, and vz which are the second and third principal components, respectively.

4. Results and discussion

We apply PCA to the data after pretreatment, and calculate the first principal component eigenvalue and
eigenvector. Figure 7 shows the daily variation in the first principal component eigenvalue 1. The black arrows
denote the days of the earthquake occurrence. We calculate the average and the standard deviation ¢ using all
of the values to recognize anomalous A values. Those anomalous values are then defined as values that exceed
the average by more than 1o.
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Figure 7. The results of the daily variations in the first principal component eigenvalue. The average value is delimited by
a red horizontal dashed line, and the average of more than the standard deviation ¢ is delimited by a red
horizontal dotted line. The Indonesian earthquake occurred on September 12, 2007. The Wenchuan earthquake
occurred on May 12, 2008.

The variations in A that are shown in Figure 7 illustrate that there are few anomalous values before January 2008,
and the anomalous value on September 12, 2007 was caused by the Indonesia earthquake. After January 2008, the
number of anomalous eigenvalues began to increase, and this growth continued until a few months after the
occurrence of earthquake.

In order to express the variation characteristics of the number of anomalous eigenvalues more intuitively, we
calculate the cumulative number of anomaly eigenvalue and fit it by the sigmoidal function. Figure 8 illustrates
the temporal behavior of N(t), denoted here as N (eigenvalue anomalies). It shows that a sigmoidal temporal
behavior before the earthquake with a lower concavity and a subsequent sigmoidal behavior after, with an
opposite concavity. We indeed notice an acceleration that occurs approximately 4 months before the earthquake
(from January 2008), and a short period of earthquake quiescence that occurs before the earthquake. This process
can be linked to the preparation phase of a large earthquake [Kei.,2011]. After such a large-magnitude earthquake,
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rearrangement of stresses in the crust commonly leads to subsequent occurrences of a large number of anomaly
events [McCloskey et al.,2005; Parsons et al.,2002]. As is shown in Figure 8, there was a steep rise in the number
of anomalous eigenvalues after the earthquake.
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Figure 8. Cumulative number of anomalous eigenvalue calculated by the results of the daily variations in the first principal
component eigenvalue. The earthquake day is represented as a vertical dotted line. The red and blue curves are
the sigmoidal fits before and after the occurrence of the earthquake.

We consider that the eigenvalue and eigenvector are both obtained from the decomposition of the co-variance
matrix of the data and that both contain parts of information of the data. We perform a combined eigenvalue and
eigenvector analysis. The x-axis and y-axis respectively represent the 6 and ¢ angles, and the color indicates the
changes in eigenvalue, as is shown in Figure 9.

A boxplot is used to express the change of eigenvector before Wenchuan earthquake, as is shown in Figure 10,
Figure 10(a) shows that the range of ¢ is less than 240° (scope of black dotted lines), and it is mainly concentrated
from 60° to 120°. Between May 2007 and June 2007(scope of blue box), it shows a stable trend. Beginning in July 2007,
the range of ¢ is almost 0° to 360°, and this phenomenon makes eigenvectors present a trend of vertical diffusion
in Figure 9. The boxplot of 6 is shown in Figure 10(b), it also shows a stable trend between May 2007 and June 2007.
Beginning in July 2007, the magnitude of the 6 centralization range gradually increased, and this phenomenon
makes eigenvectors present the trend of steady transverse diffusion shown in Figure 9.

MA Jin et al., [2014] performed a modeling study of instability on a planar strike-slip fault in the laboratory. They
indicated that the occurrence of earthquakes is related to the synergism process of a fault, and the synergism
process of a fault includes three stages. The first stage occurs when the stress curve deviates from linearity. In the
second stage, the isolated areas of strain release increase and extend steadily. The third stage is the sections of
strain release on the fault accelerate to expand and strain levels of strain-accumulation areas accelerate to rise.
Wang et al., [2018] used the method of Cataclastic Analysis based on multiple focal mechanisms to study stress
tensor evolution before the Wenchuan earthquake. The results show that the apparent stress change occurred in
June 2007, and the stress increment distribution over the two periods before and after June 2007 indicates that the
stress level is significantly weakened after June 2007.

The spatial distribution of eigenvectors and abnormal variation of eigenvalues clearly shows a consistent
result. In this paper, the dimension of our principal component analysis is three, so the eigenvectors
obtained have the same dimension in the vector space, and the tip of the vector moves on a sphere.
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Figure 9. The result of the spatial distribution of eigenvectors and abnormal variation of eigenvalues. The x-axis and
y-axis respectively represent the 8 and ¢ angles, and the color indicates the changes in eigenvalue. The red
arrow denotes the day of the Wenchuan earthquake. The first stage is from May 2007 to June 2007. The second
stage is from July 2007 to December 2007. The third stage from January 2008 to the occurrence of the earthquake.
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Figure 10. The result of the boxplot display for eigenvector angle per month from May 2007 to May 2008. (a) is a boxplot
display of ¢; (b) is a boxplot display of 6.

The 6 and ¢ angles can uniquely represent an eigenvector, and they vary with eigenvectors. As it is shown in Figure
9 and Figure 10, between May 2007 and June 2007, the variations of 8 and ¢ are very stable, showing a trend of
vertical diffusion. This suggests that the spatial distribution of eigenvectors presents the steady state, and the
beginning of divergence of strain variations of different portions indicates the first stage. The second stage begins
in July 2007, when the 6 and ¢ angles suggest steady transverse diffusion. Due to the strain, the isolated areas of
strain release extend steadily, and the spatial distribution of eigenvectors suggests steady diffusion. When the strain
levels of the strain-accumulation areas accelerate to rise, the number of anomaly eigenvalues begins to increase
(from January 2008 onward), which signs the beginning of the third stage.

Based upon the results from the combined eigenvalue and eigenvector analysis, the spatial distribution of
eigenvectors and accelerated occurrence of eigenvalue anomalies represent the stress evolution characteristics of
the fault from the steady state to the sub-instability state in rock experiments [M.A. Jin et al., 2014]. We infer that
this process may also be linked to the preparation phase of a large earthquake.

5. Conclusions

We have utilized the PCA technique to study the anomaly characteristics of borehole strain data that preceded the
Wenchuan earthquake. The eigenvalues and eigenvectors of the first principal component of time series borehole
strain data are used to analyze the characteristics of strain variation before the Wenchuan earthquake. The results
of the analysis indicate that the borehole strainmeter of Guza station recorded the preparation phase of the
Wenchuan earthquake, and PCA is capable of effectively extracting the features of crustal strain changes. The
principle of crustal movement is complex. In the application of PCA to investigate strain earthquake precursors, it
is difficult to determine the physical meaning of eigenvalues and eigenvectors. In future work, we aim to confirm
the physical meaning of eigenvalues and eigenvectors. By applying PCA to describe the strain behavior, we may be
able to ensure that the PCA technique has great potential in the study of earthquake precursors.
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