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In order to ascertain the impact of the Tohoku-Oki 3.11 M9.0 earthquake on the
stability of the faults in the Tangshan seismic region, we investigated the
adjustment of the in situ stress field of the seismic region after this
earthquake based on in situ stress monitoring data. Then, according to the
Mohr-Coulomb failure criteria and Byerlee's law, we used the FSP v.1.0 software
package to calculate the fault slip potential (FSP) of the main faults in the seismic
region at each adjustment stage of the in situ stress field, and to study the risk of
fault activity. The research results show that 1) after the Tohoku-Oki
3.11 M9.0 earthquake, the tectonic environment of the Beijing Plain area
changed rapidly from nearly EW extrusion to nearly EW extension, and this
state was maintained until June 2012. After this, it began to gradually adjust to
the state present before the earthquake. As of September 2019, at the depth of
100m, the maximum horizontal principal stress value in Tangshan seismic
region was 7.61-7.81MPa, the minimum horizontal principal stress value was
5.30-5.50MPa, and the maximum horizontal principal stress orientation was
N55.1°-59.5°E. (2) Before the Tohoku-Oki 3.11 M9.0 earthquake, the stress
accumulation level of the main faults in the seismic region was relatively high
with the FSP values of 30-60%. After this earthquake, the stress accumulation
level of each fault continued to decrease, as of May 2013, the FSP values were
mainly concentrated at 10-35%. Then, the stress accumulation level of major
faults in the seismic region began to gradually increase. As of September 2019,
the FSP values were mainly concentrated at 23-37%, and the stress
accumulation level was still lower than the pre-earthquake state. 3) The fault
activity in the central and northern parts of the seismic region was the strongest,
followed by the southern part and western part, and the fault activity in the
eastern part was the weakest.
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Introduction

There are many causes for earthquakes, but most of them are
due to the long-term accumulation and strengthening of regional
stress, which eventually lead to the sudden release of the strain
energy of pre-existed faults (Li, 1973; Wang et al,, 2017). The
change of the regional in situ stress field is the main reason
affecting the fault stability (Tan et al., 2019; Fan et al,, 2021).
Therefore, carrying out in situ stress measurement and real-time
monitoring in areas with strong tectonic activity to reveal the
variation of in situ stress field, and then to analyze the stability of
faults in the region, which is of great scientific significance for
judging regional tectonic stability and ensuring regional
geological safety.

Predecessors have done a lot of work in combining the in situ
stress field to study fault stability (Huang et al.,, 2013; Wang et al.,
2014; Walsh and Zoback, 2016; Feng et al.,, 2019). Tanaka et al.
(1998) calculated the ratio of the maximum shear stress to the
average stress using the measured in situ stress data, and analyzed
the possible influence of the in situ stress on the fault slip. The
study found that the ratio continued to increase to 0.53 before the
1995 Hyogoken-Nambu earthquake, after the earthquake, the
ratio decreased to 0.2. Townend and Zoback (2004) calculated
the friction coefficient of the San Andreas Fault based on the in
situ stress measurement data, and the results showed that the
friction coefficient were about 0.6 in the shallow part of the
borehole and about 0.2 in the deep part. Tan et al. (2014) found
that the current tectonic activity in the Tangshan-Luanxian-
Changli area was abnormal through a comparative analysis of
in situ stress measurements and real-time monitoring data at
different key tectonic locations around Beijing. Feng et al. (2015)
calculated the magnitude and orientation of the principal stresses
in different periods around the Ming Tombs borehole in
Changping, Beijing, based on the in situ stress measurement
and real-time monitoring data, and discussed the activity of the
Nankou piedmont fault based on the Mohr-Coulomb failure
criterion and Byerlee’s law. Qiu et al. (2017) calculated the ratio
of the maximum shear stress to the average stress in the
southwestern section of the Longmenshan fault zone based on
the in situ stress measurement data after the Lushan
Mg7.0 earthquake on 20 April 2013, and then combined
Byerlee’s law to evaluate the stress accumulation level. The
results shown that after the Lushan earthquake, the stress
accumulation in the northern and southern subsections of the
southwestern section of the Longmenshan fault zone increased,
and there was a possibility of fault slippage, especially in the
northern subsection. According to the literature survey, it can be
seen that the current fault stability analysis using in situ stress
data is mainly based on the Mohr-Coulomb failure criterion and
Byerlee’s law to calculate the friction coefficient of the fault plane
and judge the fault stress accumulation level.

North China is located in the eastern China and is one of the
regions with frequent strong earthquakes in China (Shi et al,,
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2020). The subduction of the Pacific plate under the Eurasian
plate provides a continuous source of stress for tectonic activities
in North China, and the strength of plate subduction directly
affects the tectonic stress field in North China (Ma et al., 2003;
Wu et al, 2014; Tan et al., 2015; Zhu and Xu, 2019). The
Tangshan seismic region is located in the northeastern part of
the North China Plain and is located at the intersection of the
Zhangjiakou-Bohai fault zone and the Tangshan-Hejian-Cixian
fault zone. There are mainly two groups of NE-trending and
NW-trending faults in the area, and most faults were formed by
the late Pleistocene-Holocene tectonic activity (Ji et al., 2016;
Peng and Meng, 2017; Feng et al., 2019; Wang et al., 2020). At the
same time, the seismic region is located in the southern piedmont
of the large-area rigid basement of Yanshan Mountain. Due to
the mechanical properties of the rigid basement, such as high
strength and small deformation, the fault activity in the seismic
region is blocked in front of the Yanshan Mountain, which is easy
to cause the concentration of stress and energy in the area (Tan
et al,, 2010). Under the comprehensive influence of internal and
external dynamics, geological environment, active structure, the
Tangshan seismic region become one of the most seismically
active areas in North China, it has the tectonic background and
conditions for occurring moderate-intensity earthquakes in the
future.

Strong seismic activity can cause near-field and far-field
stress changes (Liao et al, 2003; Zhang et al, 2017). On
11 March 2011, the Tohoku-Oki 84 M9.0 earthquake
(hereinafter referred to as the 3.11 earthquake) occurred in
the eastern sea of Japan (142.86°E, 38.10°N). It caused
and far-field
Coseismic  displacement

significant near-field crustal  deformation.

measurements based on global
positioning system (GPS) monitoring revealed that the
3.11 earthquake produced a nearly EW-trending tensile effect
in eastern China, with a maximum coseismic horizontal
displacement of 35 mm (Wang et al., 2011; Yang et al., 2011;
Zhu et al,, 2018). Studies have shown that the 3.11 earthquake
had a huge impact on the tectonic environment in eastern China,
and this impact may still persist (Wang et al., 2013; Sun et al,,
2015; Hao and Zhuang, 2020), GPS monitoring also shown that
the topographic deformation of the Bohai Bay Basin and the
active characteristics of the Zhangjiakou-Bohai fault zone and the
Tanlu fault zone adjusted after the 3.11 earthquake (Zhu, 2020).
The Tangshan seismic region belongs to the East China Stress
Zone, it is located in the northern part of the Bohai Bay Basin,
and at the intersection of the Zhangjiakou-Bohai fault zone and
the Tanlu fault zone. The 3.11 earthquake inevitably had an
impact on the stress field and tectonic stability of the seismic
region. However, the existing researches on earthquake geology
in the seismic region mainly focused on the deep structure, the
seismogenic fault and aftershock sequence of the 1976 Tangshan
Ms7.8 earthquake, and the time interval of seismic activity (Zeng
et al,, 1987; Liu et al,, 2011; Zhang et al., 2020; Chen et al., 2021;
Wang et al, 2021). Scientific issues such as the dynamic
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adjustment of the in situ stress field after the 3.11 earthquake, the
current in situ stress state, and the current tectonic stability of the
main active faults in the seismic region have not been studied.
The Tangshan seismic region is close to Beijing, and Tangshan is
an important part of the Beijing-Tianjin-Hebei urban
agglomeration. The study on the stability of the main active
faults in Tangshan seismic region after 3.11 earthquake is of great
significance to ensure the geological safety of the urban
agglomeration.

Tan et al. (2020) carried out the deep-borehole in situ stress
measurements and constructed a real-time in situ stress
monitoring station in Changli, Hebei, in 2009. The Changli
piezomagnetic stress monitoring station is located in the east
of the seismic region and began to continuously record
monitoring data on 15 December 2011. It completely recorded
the dynamic adjustment process of the in situ stress field in the
seismic region after the 3.11 earthquake, providing an in situ
stress monitoring basis for seismic geology and other related
research. In order to reveal the current state of the in situ stress
field and to evaluate the tectonic stability of the main active faults
of the Tangshan seismic region. We first analyzed the dynamic
adjustment of the in situ stress field using in situ stress
measurement data before the 3.11earthquake and real-time
monitoring data after the 3.1learthquake from the Changli
monitoring station. Second, we considered the uncertainty (or
error) of the fault attribute parameters and the in situ stress field,
and used the FSP v.1.0 software package to analyze the change of
the fault stability in the seismic region before and after the
3.11 earthquake, and the possibility of fault slip under the
current in-situ stress environment. The results of this study
provide scientific support for ensuring the urban geological
security of the capital region and provide a reference for
exploring the application of real-time in situ stress monitoring
in tectonic stability evaluation.

Geologic setting

The Tangshan seismic region is located in the northeastern
part of the North China Craton, and is at the intersection of the
southeastern edge of the Yanshan Uplift and the North China
Plain. This region has undergone multiple stages of tectonic
evolution since the Archean (Li, 2005). During the Archean-
Early Proterozoic, this region experienced the formation period
of the crystalline basement of the North China Platform, and the
rock underwent strong metamorphism to form an ancient
crystalline basement of granitization and migmatization. The
Middle and Late Proterozoic-Paleozoic was a relatively stable
platform stage, forming sedimentary rock series dominated by
continental facies. Since the Mesozoic, the North China Craton
has begun to break up, and a large number of rifted basins and
normal faults developed (Cao, 2016). Since the Cenozoic, the
North China Craton has generally been in a tensile stress
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environment. On the basis of the tectonic activity of fault
block in the the
experienced differential lifting and lowering activities of fault

Mesozoic, Tangshan seismic region
blocks, and finally, the present tectonic pattern in which
depressions and uplifts are spaced apart from each other
along the near-NE direction was formed (Long, 2010).

As shown in Figure 1, there are two main groups of NE-
trending and NW-trending faults in the seismic region. The
NE-trending faults mainly include the Lulong fault (F1), the
Yejituo fault (F2), the Cangdong fault (F3), the Tangshan fault
belt (F4), the Changli-Ninghe fault (F5), the Xinanzhuang
fault (F6); and the NW-trending faults mainly include the
Lengkou fault (F7), the Luangxian-Laoting fault (F8), the
Baigezhuang fault (F9), and the Jiyunhe fault (F10) (Peng
and Meng, 2017; Zhou et al., 2022). The current fault activity
in the seismic region is mainly characterized by normal fault
and strike-slip movement. The NE-trending faults are mostly
cut by the NW-trending faults. Among them, the Yejituo fault,
the Changli-Ninghe fault, the Luanxian-Laoting fault and the
Jiyunhe fault bounded a rhombic block (Liu et al., 2014; Yang
et al., 2016), and the earthquakes in the seismic region were
mainly distributed in this rhombic block (Figure 1). There
have been 42 earthquakes magnitudes of >5.0 in the seismic
region since 1,400. Among them, the 1976 Tangshan
Mg7.8 earthquake was the largest earthquake in North
China after the 1,679 Sanhe-Mafang M8.0 earthquake. This
earthquake caused more than 240,000 deaths and huge
property losses. Aftershocks continued after the earthquake.
The largest aftershocks were the Luanxian Mg7.1 earthquake
on 28 July 1976 and the Ninghe Mg6.9 earthquake on
15 November 1976 (Zhong and Shi, 2012; Wang et al,
2016). The earthquake statistics since 2010 showed that
there 1,252 the The
earthquakes were mainly distributed in the rhombic block

were earthquakes in region.
and mainly distributed along the faults. Among them, there
1,227 earthquakes of 1.0-2.9,
16 earthquakes with magnitudes of 3.0-3.9, and eight
of 4.0-4.9

earthquake with magnitude of 5.0-4.9.

were with magnitudes

earthquakes with magnitudes and one

Materials and methods

Principle of piezomagnetic stress
monitoring

The core part of the piezomagnetic stress monitoring system
at Changli station is a piezomagnetic stress sensor designed based
on the principle of magnetostriction. The length and volume of
permalloy  ferromagnetic materials will change after
magnetization, which are called linear magnetostriction and
volume magnetostriction,

respectively. On the contrary,

mechanical deformation will also change the permeability of
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M7.0-7.9 @ M6.0-6.9
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® M3.0-3.9 0 M<3.0

\\. Quaternary active fault

(A)

>~ Subduction zone

4 Monitoring station

FIGURE 1

Regional structure of Tangshan seismic region and location of Changli piezomagnetic stress monitoring station (A) Regional structure diagram,
(B) The distribution of faults in the Tangshan seismic region and the location of Changli station, (C) Ground Equipment for Piezomagnetic stress
monitoring system, (D) Downhole Equipment for Piezomagnetic stress monitoring system.

ferromagnetic materials, which is called piezomagnetic effect
(Wu et al., 2016). The relative permeability change and stress
have the following relationship.

where y is the permeability, Ay is the change in the permeability,
f3 is the saturated intensity of the magnetization, A is the saturated
magnetostriction coefficient, and o is the stress that acts on the
material.

Piezomagnetic stress gauge is mainly composed of a mandrel
made of a special permalloy ferromagnetic material (iron-nickel
alloy) and a self-inductor coil wound arount it (Tan et al., 2020).
The self-inductor coil is externally connected to a constant power
supply. When an external force acts on the permalloy
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ferromagnetic material, the deformation of the mandrel will
cause the coil impedance value to change, resulting in a
change in the coil voltage value. By monitoring the changes of
the coil voltage value in real time, and according to the
calibration curve of the indoor confining pressure and voltage,
the stress change acting on the measuring element in the
monitoring probe can be obtained.

Least-squares solution algorithm for
principal stress magnitude and orientation

Taking the due east direction as the X axis and the due north
direction as the Y axis, a Cartesian coordinate system XOY is
established at the horizontal section of the monitoring depth of
the Changli borehole, and the angles between the component
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probes (P1-P4) are mutually 45°. Assume that the angle between
P2 and the X-axis is w, and the angle between the maximum
horizontal principal stress and the X-axis is 6.

We assume that the normal stress changes of the four monitoring
directions (P1~P4) at a certain time are respectively recorded as: Aoy,
Ao,, Aoz, Aoy, and the resulting changes in the plane stress
components in the XOY coordinate system are recorded as Acyy,
Adyy, ATy According to the two-dimensional plane stress tensor
transformation formula (Li et al., 2016), We can list the four equalities
about Agy, Ady, Ads, and Agy by Aoy, Aoyy, Aty and obtain the least
squares solutions of Acy,, Ao, and At,,. According to the two-
dimensional plane stress tensor formula, the plane stress components
003, Tryof the initial maximum and minimum principal stress in the
XOY rectangular coordinate system can be obtained. The three initial
value components are superimposed with Ad,,, Agy, and Az, and
then we can obtain the maximum and minimum horizontal principal
stress and the maximum horizontal principal stressat orientation at
this moment by the two-dimensional plane stress tensor conversion
formula. The calculation formulas are as follows.

(oh, +Ady) + (o), + Acyy) \/(agx +40,,) — (0}, + Aay,) +4(, + A‘r)‘y)2
+
2 2

=

5, (oF, + Do) + (oh, + Ady,) B \/(rrfx +A0.) - (0F, + Aay,) +4(ch, + Arxy)Z
' 2 2
2(7h, + Aty

(o8, +A0y) - (05), + Ao},y)

)

tan 20 =

Fault sliding instability criterion

Fault slip is a mechanical process in which the shear stress
on the fault plane gradually accumulated and exceeded the
anti-slip resistance under the action of the in situ stress field
(Zoback and Gorelick, 2012; Ellsworth, 2013). Numerous
studies have shown that this mechanical process follows the
Mohr-Coulomb failure criterion (Healy et al., 1968; Raleigh
et al., 1976; Zoback, 2007).

2u(0, - Po), (3)

where 7 is the shear stress of the fault plane, u is the friction
coefficient of the fault plane, o, is the normal stress of the fault
plane, and P, is the pore water pressure. Studies have shown that
in low-permeability rocks on the shallow surface of the crust, the
pore pressure is roughly equal to the hydrostatic pressure, so in
this paper, the pore pressure was assumed to be approximately
equal to the hydrostatic pressure (Zoback et al., 2002).

Byerlee (1978) summed up the results of numerous rock
mechanics experiments and considered that y of crustal rocks is
0.6-1.0, except for a few rocks. In situ stress measurements
conducted by the researchers proved that y measured in the
laboratory is suitable for the crust (Jamison and Cook, 1980;
Norman, 1999; Townend and Zoback, 2000). Generally, the
empirical friction coefficient of 0.6 is used as the critical value
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for judging fault instability (Walsh and Zoback, 2016; Snee and
Zoback, 2018).

We used the FSP v.1.0 software package to calculate the fault
slip potential of the main faults in the Tangshan seismic region,
and used the analysis result to measure the level of fault stress
accumulation. The software first randomly samples each key
parameter within the error range according to the Monte Carlo
simulation method and redetermined the probability distribution
characteristics of each expected value. Secondly, the software
calculated the ratio and probability distribution of shear stress to
effective normal stress on each segmented fault plane according
to the Mohr-Coulomb criterion. Finally, by comparing with the
critical friction coefficient (probability distribution) of the fault,
the fault slip potential can be obtained. It should be noted that the
ESP software package does not predict earthquakes. It can be
used to evaluate the cumulative conditional probability of slip
occurring on known faults, rather than quantify the seismic
hazard for a given fault (Walsh et al., 2017).

In situ stress field in the Tangshan
seismic region before the
3.11 earthquake

The in situ stress measurement work carried out before the
3.11 earthquake in the Tangshan seismic region was mainly
carried out shortly after the Tangshan Ms7.8 earthquake in
1976 (Ding and Liang, 1984), which was far away from the
3.11 earthquake. Tan et al. (2020) carried out deep-hole in situ
stress measurement in the northern part of Changli County in
2009. This is the only pre-earthquake in situ stress
measurement data in the seismic region, which is close to
the time of the 3.11 earthquake. After the measurement work,
Tan et al. installed piezomagnetic in situ stress monitoring
instrument in the borehole and built an in situ stress
monitoring station. The Changli piezomagnetic stress
monitoring station (CL) (119.15°E, 39.74°N) is located in
the large Yanshanian granite body on the north side of the
intersection of the Tan-Lu fault zone and the Zhangjiakou-
Bohai fault zone. It is one of the most ideally located in situ
stress monitoring stations in North China (Figure 1). The
monitoring drilling depth is 500.46 m. The lithology of the
stratum within the drilling depth range is mainly medium and
coarse-grained granite. The in situ stress measurements were
collected using the hydraulic fracturing method, which is one
of the two major in situ stress estimation methods suggested
by the International Society for Rock Mechanics (ISRM)
(Zoback and Healy, 1992; Haimson and Cornet, 2003; Feng
et al.,, 2013). We analyzes the characteristics of the in situ
stress field in the shallow crustal of the Tangshan seismic
region before the 3.11 earthquake based on the measured data
of the Changli borehole. The measured results of the Changli
borehole are shown in Table 1.
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TABLE 1 Measurement results of hydraulic fracturing in situ stress in Changli borehole.

Number Depth (m) Su (MPa)
1 67.50 6.40
2 79.50 5.76
3 94.50 8.65
4 119.50 4.04
5 137.50 456
6 206.50 7.63
7 248.10 7.68
8 255.50 7.41
9 290.50 8.02
10 335.50 1153
11 365.50 9.23
12 390.20 9.65
13 393.50 13.95
14 418.50 8.27
15 461.50 9.19
16 476.30 11.03
17 485.50 13.49

The in situ stress measurement results in the measurement
depth range of the Changli borehole showed that the
(Sw)
4.04-13.49 MPa, and the minimum horizontal principal
stress (S,) was 3.75-10.62 MPa. In the depth of about
0-210 m, the principal stress relationship was Sy>S,>Sy,

maximum  horizontal  principal = stress was

which was a “thrust-type” stress state. In the depth range
of nearly 250-335 m, the principal stress relationship was
Se>Sy>Sy, which was a “strike-slip” stress state, and the
principal stress relationship at depths below about 390 m
was Sy>Sp>Sy, which was a “normal breaking” stress state.
The Sy and S), gradients were 0.0164 MPa/m and 0.0135 MPa/
m, which were slightly lower than the average level in North
China (Huang et al., 2013).

The measurement results of the maximum horizontal
principal stress orientation (Sy orientation) in the Changli
borehole showed that the Sy orientation within the borehole
depth was N 55°-84° E. Li and Wang (2008) used the digital
seismic data from 2002 to 2006 in the Tangshan seismic region
to analyze the spatial distribution characteristics of small and
medium earthquakes. The results all showed that the
maximum principal compressive stress direction of the
tectonic stress field in the seismic region before the
3.11 earthquake was NEE-EW. Yang et al. (2016) analyzed
the focal mechanism solution of the M;>2.5 earthquakes in
the Tangshan seismic region from 2002 to 2015 and found that
the direction of the maximum principal stress in the seismic
region was the nearly EW. Based on the combined in situ
stress measurement results and the focal mechanism analysis
results, the dominant orientation of the maximum horizontal
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Sh (MPa) Sy (MPa) Sy Orientation
457 1.79

463 211 N60°E
5.62 2.50

3.75 3.17

4.14 3.64

520 547 NS4E
556 657

5.17 6.77

6.18 7.70

7.75 8.89

7.34 9.69 N79°E
7.13 10.34

9.18 10.43

6.66 11.09

7.62 12.23

9.87 12.62

10.62 12.87 N55°E

principal stress in the shallow crust in the Tangshan seismic
region should be the NEE direction (N 79°-84°E).

Dynamic change in the in situ stress
field after the 3.11 earthquake

In situ stress monitoring curve

The Changli piezomagnetic stress monitoring station used a
new type of four-component piezomagnetic stress monitoring
system. The monitoring instrument was placed at a depth of
100.0 m. The monitoring directions of the four probes were N
336° W (P1), N 66° E (P2), N 291° W (P3), and N 21° E (P4). The
in situ stress data from 15 December 2011 to 8 September
2019 were showed in Figure 2. The stress curve of each probe
recorded the relative change of the normal stress in the
monitoring direction, and the fluctuations of the curve
reflected the dynamic adjustment of the regional in situ stress
field.

The reliability of the in situ stress monitoring data directly
affects the analysis of the in situ stress field and fault stability. For
Changli monitoring station, assuming that the wall of the
borehole is an ideal elastic body, according to the influence of
the partial stress tensor on the deformation of the circular hole,
the sum of the changes in the monitoring values in the two
measurement directions can be equal to conduct self-verification
of the monitoring data (Shi et al., 2021), that is, (P1 + P2) = (P3 +
P4). However, in reality, crustal rocks have extensive vertical and
lateral heterogeneity and are filled with fractures and pore fluids,
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FIGURE 2

Relative changes of in situ stress in Changli piezomagnetic stress monitoring station from December 2011 to September 2019.

which makes it difficult to ensure that the cross-section of the
borehole is a regular circle. Factors such as changes in the
geomagnetic field and the error of the instrument would have
an impact on the monitoring results. Therefore, when analyzing
piezomagnetic geostress monitoring data, it is difficult to verify
the reliability of the monitoring data according to the ideal
conditions, and the reliability of the data is usually judged
from the trend of the two groups of data (P1 + P2) and (P3 +
P4) (Feng et al., 2014; Wu et al,, 2016). Figure 3 shows the self-
verification results of the monitoring curve for the Changli
piezomagnetic stress monitoring station from August to
October 2013. The change curves of the two groups of data
(P1 + P2) and (P3 + P4) have similar shapes. Although they are
not equal, the difference is small. Therefore, the positive stress
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FIGURE 3
Self checking curves of stress monitoring data at Changli
piezomagnetic stress monitoring station.
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changes monitored at the Changli monitoring station are
relatively reliable.

Analysis of in situ stress monitoring results

According to the change trend of the in situ stress monitoring
curves, the dynamic adjustment process of in situ stress field after
the 3.11 earthquake in the Tangshan seismic region can be
divided into four stages: stage 1 (November 2011 to June
2012), stage 2 (June 2012 to May 2013), stage 3 (May 2013 to
December 2015), and stage 4 (December 2015 to September
2019).

The initial value of the Sy and S, at the monitoring depth of
100 m at Changli Station was based on the measured data at the
depth of 94 m. It is determined that the initial value of Sy was
8.65MPa, and the initial value of S, was 5.62 MPa. The Sy
orientation was N 79°-84° E. The relative changes of normal
stress at the end of the four stages were extracted respectively, and
the Si, Sy, and Sy orientation of the Tangshan seismic region at
each time node were calculated according to Eq. 2. The
calculation results were shown in Table 2.

In stage 1 (11 March 2011-6 June 2012), the variation
characteristics of the stress curves in each monitoring
direction were as follows. The stress values in the P1 (N 336°
W) direction and P2 (N 66° E) direction continued to decrease
after a short period of rapid growth, the stress value in the P3 (N
291° W) direction decreases rapidly, and the stress value in the P4
(N 21° E) direction increased rapidly and was in a high-value
state. The calculated magnitude and orientation of the principal
stress at the end of stage 1 revealed that the values of Sy were
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TABLE 2 Dynamic adjustment of in situ stress field in Tangshan seismic region after the Tohoku-Oki 3.11 M9.0 earthquake.

Time Monitoring data changes (MPa)
AO'] AO'Z AG3
2011/03/11 0 0 0
2012/06/06 (00:00) -0.627 -1.229 -2.465
2013/05/04 (05:00) -1317 -1.761 -2.408
2015/09/25 (07:00) -1.635 -1.793 -1471
2019/09/08 (18:00) -1.755 -2.144 -0.339

7.97-8.23°MPa, and the values of S, were 4.70-4.98 MPa. The
values of Sy and S, were both lower than those before the
3.11 earthquake, and the value decreased of the Sj, was slightly
larger than that of the Sg. The Sy orientation was deflected from
the NEE direction to the NNE direction. The stage 1 was in the
period. The
extensional effect in North China would inevitably lead to the

early post-earthquake nearly EW-trending
deflection of the Sy, orientation in the Tangshan seismic region.
At the same time, the coseismic displacement field of the
3.11 earthquake showed that the east-west displacement in
North China was significant in the early post-earthquake
period, while the north-south displacement was not obvious
(Wang et al, 2011; Yang et al, 2011). This situation caused
the S, (SEE) to decreased greater than Sy (NNE).

In stage 2 (6 June 2012-4 May 2013), the variation
characteristics of the stress curve in each monitoring direction
were as follows. After 6 June 2012, the monitoring values in the
P1 (N 336° W) direction and P2 (N 66° E) direction continued to
decrease. The monitoring value in the P3 (N 291°W) direction
changed from a continuous decrease to a slow increase, and that
in the P4 (N21°E) direction decreased rapidly. The calculated
magnitude and orientation of the principal stress at the end of
stage 2 revealed that the values of Sy were 6.62-6.78 MPa, which
was significantly lower than that during stage 1, the larger
decrease in the maximum horizontal principal stress value
was mainly due to the stress release caused by the coseismic
displacement in the nearly EW direction. The values of S;, were
4.45-4.61 MPa, which was basically stable compared with the
stage 1. The Sy orientation returned clockwise from NNE to N
60.0°-65.6" E. In the stage 2, the nearly EW-trending tensile effect
in the Tangshan seismic region changed from strong to weak,
and the regional tectonic environment began to gradually adjust
back to the nearly EW-trending compression. The GPS
continuous monitoring data near the Zhangjiakou-Bohai fault
zone showed that the fault zone deformed greatly from 2011 to
2013 and was different from the previous deformation state. The
horizontal deformation field showed that the tectonic activity of
the fault zone was dominated by compression during this period
(Ji et al, 2016). The deformation characteristics of the
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Sy (MPa) Sn (MPa) Sy orientation
AO'4
0 8.65 5.62 N79-84°F
1.671 7.97-8.23 4.70-4.98 N39.5-40.1°E
-0.599 6.62-6.78 4.45-4.61 N60.0-65.6°E
1.004 7.36-7.57 4.76-4.96 N54.0-57.6°E
1.925 7.61-7.81 5.30-5.50 N55.1-59.5°E
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Zhangjiakou-Bohai fault zone also indicated that the regional
in situ stress field was adjusted after the 3.11 earthquake.

In stage 3 (4 May 2013-25 September 2015), the variation
characteristics of the stress curve in each monitoring direction
were as follows. The monitoring values in the P1 (N 336" W)
direction and P2 (N 66° E) direction fluctuated slightly and
remained stable overall, and that in the P3 (N 291° W)
direction continued to increase. The monitoring values in the
P4 (N 21° E) direction fluctuated within a certain range. The
calculated magnitude and orientation of the principal stress at the
end of stage 3 revealed that the values of Sy were 7.36-7.57 MPa,
the values of S;, were 4.76-4.96 MPa. The principal stress value at
the end of the stage 3 was slightly higher than that at the end of
the stage 2. The Sy orientation was N 54.0°-57.6" E. From the
stage 3, the stress in the Tangshan seismic region began to
accumulate gradually, and the principal stress value increased
relatively.

In stage 4 (25 September 2015-8 September 2019), the
variation characteristics of the stress curve in each monitoring
direction were as follows. The stress values in P1 (N 336° W)
direction and P2 (N 66° E) direction were relatively stable. The
stress value in P3 (N 291° W) direction was in a state of
continuous and slow increase. The stress value in the P4 (N
21° E) direction was generally in a stable state. The calculated
magnitude and orientation of the principal stress at the end of
stage 4 revealed that the values of S;; were 7.61-7.81 MPa, the
values of S;, were 4.72-4.92 MPa, and the Sy orientation was N
55.1°-59.5" E. The analysis results showed that the activity of the
Pacific plate has been relatively stable since December 2015, and
the stress accumulation of the in situ stress field in the Tangshan
seismic region was still continuing.

In summary, the 3.11 earthquake had a significant impact on
the in situ stress field in the Tangshan seismic region. The
regional tectonic environment in the seismic region changed
from nearly EW-trending compression to nearly EW-trending
tension in a short period of time after the earthquake, and the Sy
orientation was adjusted from NEE to NNE-NE, and remained
until June 2012, and then it began to gradually adjust to the state
before the 3.11 earthquake.
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Simplified-segmental features of the main active faults in Tangshan seismic region.

;‘\/\\/\. Simplified segment of faults

‘ Changli piezomagnetic stress
monitoring station

0 40km
| S—

119.5°

Analysis of the stability of the active
fautls

Simplified model of the main active faults

This paper only discussed the fault slip potential of the main
active faults related to the rhombic block in the Tangshan seismic
region, including the Lulong fault (F1), the Yejituo fault (F2), the
Cangdong fault (F3), and the Tangshan fault belt (F4), Changli-
Ninghe fault (F5), the Xinanzhuang fault (F6), the Lengkou fault
(F7), the Luanxian-Laoting fault (F8), the Baigezhuang fault (F9)
and the Jiyunhe fault (F10). Based on the results of urban active
fault explorations conducted in Tianjin City by the Tianjin
Earthquake Agency (Zheng et al., 2006; Liu et al,, 2013; Yan
etal, 2014) and in the Hebei province of China conducted by the
Hebei Earthquake Agency (Peng and Meng, 2007), and the
research results of other scholars on the fault structure in the
Tangshan seismic region (Liu et al., 2011; Zhu et al., 2019; Chen
et al,, 2020; Tan et al., 2021), we collected the information on the
location, length, strike and dip angle of the above 10 main active
faults. The simplified model of each active fault according to the
strike difference was showed in Figure 4, which contained
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44 subsections in total. The fault parameters used in the
analysis of fault slip potential were shown in Table 3.

The simplified segmentation of faults would cause errors in
fault strike. At the same time, due to the understanding of fault
strike and dip angle in the referenced materials was slightly
different, especially the fault dip angle changes significantly in
depth. In order to fully consider the influence of the uncertainty
of fault strike and dip angle on the results of fault stability
research, we comprehensively analyzed the relevant reference
and assigned the strike and dip angle of the 10 faults to the errors
of +5° and +10° respectively.

Parameters uncertainty

Based on FSP software, we mainly considered the errors of
seven parameters: Sy value, S, value, Sy orientation, pore
water pressure, fault strike, fault dip angle, and critical friction
coefficient when analyzing the fault slip potentia in the
Tangshan seismic region. As shown in Table 2, the values
of Sy and Sy, and the Sy orientation were uncertainty. As
shown in Table 3, the fault strike and dip angle had errors
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TABLE 3 Characteristic parameters of the main active faults in Tangshan seismic region.

Fault Subsection Strike Dip angle Length/km
Lulong Fault (F1) F1-1 25.5°+5° 70°+10° 24.0
F1-2 23.8°5° 70°£10° 17.1
Yejituo Fault (E2) F2-1 282.9°%5° 60°£10° 174
F2-2 274.0°%5° 60°£10° 122
F2-3 69.9°5" 60°£10° 112
F2-4 53.1°%5° 60°£10° 17.1
F2-5 59.6°%5° 60°£10° 24.7
F2-6 80.6°5° 60°£10° 23.1
Cangdong Fault (F3) F3-1 38.6"+5° 48°+10° 9.8
F3-2 51.45° 48°+10° 142
F3-3 48.1°t5° 48°10° 222
Tangshan Fault Belt (F4) F4-1 42.2°45° 60°+10° 455
F4-2 47.6't5" 60°£10° 14.8
F4-3 61.3°+5" 60°£10° 14.0
F4-4 33.575" 60°£10° 125
F4-5 38.7°45° 60°10° 15.3
Changli-Ninghe Fault (F5) F5-1 56.3°+5° 80°+10° 19.5
F5-2 70.5°5° 80°£10° 15.8
F5-3 56.3°5° 80°£10° 107
F5-4 47.9°5° 80°£10° 144
F5-5 64.6'+5" 80°£10° 29.5
F5-6 55.4°%5° 80°£10° 252
F5-7 52.8°%5° 80°£10° 28.6
F5-8 60.1°45° 80°+10° 26.9
Xinanzhuang Fault (F6) F6-1 66.4°+5° 80°+10° 19.1
F6-2 70.2°%5° 80°£10° 11.0
F6-3 46.4°45° 80°£10° 12.8
F6-4 65.8°5° 80°£10° 9.1
Lengkou Fault (F7) F7-1 298.6"+5° 65°+10° 21.7
F7-2 292.5°+5° 65°£10° 37.3
F7-3 303.5°%5° 65°£10° 16.7
F7-4 312.9°%5° 65°£10° 27.3
Luanxian-Laoting Fault (F8) F8-1 357.9°+5° 70°+10° 5.6
F8-2 347.6+5° 70°£10° 14.1
F8-3 338.5°+5° 70°£10° 15.8
F8-4 311.4°+5° 70°£10° 127
F8-5 331.8°+5° 70°£10° 127
F8-6 310.5°+5° 70°£10° 28.6
Baigezhuang Fault (F9) Fo-1 317.9°+5° 65°£10° 23.6
F9-2 317.7°%5° 65°£10° 20.3
F9-3 312.6°%5° 65°£10° 239
Jiyunhe Fault (F10) F10-1 301.1°%5° 65°£10° 26.5
F10-2 328.5°+5° 65°+10° 23.8
F10-3 335.3°+5° 65°£10° 229
of +5° and +10°, respectively. The groundwater level in the monitoring results of groundwater level at Changli Station
seismic region changes dynamically, so there was also from 2012 to 2019, the groundwater level near the station was
uncertainty in the pore water pressure. According to the 34 + 4m.
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Probability distributions of the in situ stress field and the characteristic parameters of the mapped fault F1-1.

The critical friction coefficient of each main active fault
was also uncertainty. Studies shown that the y value of the
actual crust in the process of stress accumulation may be
lower than 0.6. The y values of the San Andreas fault system
were 0.18-0.26 (Hickman and Zoback, 2004). The ratios of
shear stress to normal stress on the measured fracture
surfaces of several research sites given by Townend and
Zoback (2000) showed that about 10-20% of the data can
approach and exceed the value limited by y = 0.6, and most of
them were lower than the value limited by y = 0.6. Zoback
(2007) pointed out that the criterion for the buckling slip of
reverse fault may be that the maximum effective principal
stress was roughly equal to 2.2 times the vertical effective
principal stress (4 takes about 0.4), and the normal fault may
be that the minimum effective principal stress was roughly
equal to 0.6 times the vertical effective principal stress (u
takes about 0.2). Feng et al. (2017) studied the fault activity of
the Tanlu fault zone and its adjacent areas based on in situ
stress measurement data, and found that the calculation
results of the apparent friction coefficient of faults in the
Changli area were generally low (0.21-0.45). Considering the
existing research results and the fault characteristics of the
Tangshan seismic region, the critical friction coefficient
range was 0.4 + 0.2 (0.2-0.6) when analyzing the fault slip
potential of the seismic region.
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Taking subsection F1-1 of the Lulong fault as an example, the
resampling of the probabilistic distribution of the model
parameters for subsection F1-1 was shown in Figure 5.

Results and analysis

The calculation results of the FSP of the main active faults in
the seismic region were shown in Table 4. Based on the
calculation results and combined with the existing earthquake
distribution in the seismic region, we discussed the fault activity
at each stage.

Fault stability before the 3.11 earthquake

Before the 3.11 earthquake, the calculation results of the FSP
of the main faults in the seismic region were shown in Table 4;
Figure 6. The calculation results revealed that before the
3.11 earthquake, under the action of the NEE in situ stress
field, the stress accumulation level of the Tangshan fault belt
and the Cangdong fault was relatively the highest, the FSP values
were 42-60%, and the probability of fault slip was relatively the
largest, and followed by the Lulong fault, the Lengkou fault, the
Luanxian-Laoting fault, the Baigezhuang fault and the Jiyunhe
fault with FSP values of 32-48%. The Yejituo fault, the Changli-
Ninghe fault, and the Xinanzhuang fault had the lowest stress
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TABLE 4 Statistics of the calculation results of the fault slip potential.

Fault

Lulong Fault (F1)

Yejituo Fault (F2)

Cangdong Fault (F3)

Tangshan Fault Belt (F4)

Changli-Ninghe Fault (F5)

Xinanzhuang Fault (F6)

Lengkou Fault (F7)

Luanxian-Laoting Fault (F8)

Baigezhuang Fault (F9)

Jiyunhe Fault (F10)

Subsection

F1-1
F1-2
F2-1
F2-2
F2-3
F2-4
F2-5
F2-6
F3-1
F3-2
F3-3
F4-1
F4-2
F4-3
F4-4
F4-5
F5-1
F5-2
F5-3
F5-4
F5-5
F5-6
F5-7
F5-8
Fo-1
F6-2
F6-3
F6-4
F7-1
F7-2
F7-3
F7-4
F8-1
F8-2
F8-3
F8-4
F8-5
F8-6
F9-1
F9-2
F9-3
F10-1
F10-2
F10-3
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FIGURE 6

The fault slip potential on the main faults in Tangshan seismic region before the 3.11 Japan earthquake.
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accumulation level, with the lowest FSP values of 0-20%, the
probability of fault slip was relatively the smallest.

In summary, before the 3.11 earthquake, the stress
accumulation level of NW-trending faults in the seismic
region was generally higher than that of NE-trending faults.
The probability of fault slip of the Tangshan fault belt was the
highest. The earthquake statistics in the Tangshan seismic region
from January 2010 to March 2011 showed that the earthquakes
were mainly small earthquakes (M<3.0). The earthquakes were
densely distributed in the rhombic blocks of the Tangshan
seismic region, and were mainly distributed in the areas with
high FSP values. The seismically active areas were mainly
concentrated along the Tangshan fault zone and its
intersection with the Lulong fault, the Luanxian-Laoting fault,

and the Jiyunhe fault.

Fault stability in the stage 1

In the stage 1, the calculation results of the FSP of the main
faults in the seismic region were shown in Table 4; Figure 7. The
calculation results revealed that in the stage 1, the stress
accumulation in the seismic region was released due to the
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co-seismic displacement caused by the 3.11 earthquake and
and the
accumulation level of the main faults was significantly

the adjustment of the tectonic environment,

reduced, and the stress accumulation levels of each fault
subsection were obviously different. The F4-3 subsection of
the Tangshan fault belt, the F8-1, F8-2, F8-3, and F8-5
subsections of the Luanxian-Laoting fault, the F10-2 and F10-
3 subsections of the Jiyunhe fault had the highest stress
accumulation level, the FSP values were 40-54%, and the
probability of fault slip was relatively the largest. This was
followed by the F1-2 subsection of the Lulong fault, the F2-2,
F2-3, and F2-6 subsections of the Yejituo fault, the F3-2 and F3-3
subsections of the Cangdong fault, the F4-2 subsection of the
Tangshan fault belt, the F5-2 subsection of the Changli-Ninghe
fault, and the Xinanzhuang fault, the Lengkou fault, the
remaining subsections of the Luanxian-Laoting fault, the
Baigezhuang fault, and the F10-1 subsection of the Jiyunhe
fault, the FSP values were 20-37%. The rest of the Lulong
fault, the rest of the Yejituo fault, the F3-1 subsection of the
Cangdong fault, the rest of the Tangshan fault belt, and the rest of
the Changli-Ninghe fault had the lowest stress accumulation
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The fault slip potential on the main faults in Tangshan seismic region in stage 1.
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level, with FSP values of 0-20%, and the probability of falut slip
was relatively the smallest.

In summary. In the stage 1, the stress accumulation level of
main faults in the Tangshan seismic region was lower than that
before the earthquake, and the stress accumulation level of NW-
trending faults was higher than that of NE-trending faults. The
F4-3 subsection of the Tangshan fault belt, the middle-northern
section of the Luanxian-Laoting fault and the southwestern
section of the Jiyunhe fault had the highest probability of fault
slip. The earthquake statistics in the Tangshan seismic region
from June 2011 to June 2012 showed that the earthquakes were
mainly small earthquakes (M<3.0), and were mainly distributed
in the areas with high FSP values. The seismically active areas
were mainly concentrated along the Tangshan fault belt and its
intersection with the Lulong fault and the Luanxian-Laoting
fault.

Fault stability in the stage 2

In the stage 2, the calculation results of the FSP of the main
faults in the seismic region were shown in Table 4; Figure 8. The
calculation results revealed that in the stage 2, the stress
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accumulation in the seismic region was further released along
with the adjustment of the regional in situ stress field after the
3.11 earthquake, and the main fault stress accumulation level was
lower than that in the stage 1. The stress accumulation level of
NW-trending faults was relatively higher than that of NE-
trending faults. The stress accumulation level of the F4-4
subsection of the Tangshan fault belt, and the F7-1 and F7-2
subsections of the Lengkou fault were relatively the highest, the
FSP values were 34-35%, and the probability of falut slip was
relatively the highest. This was follow by the Lulong fault, the
Cangdong fault, the rest of the Tangshan fault belt, the rest of the
Lengkou fault, the Luanxian-Laoting fault, the Baigezhuang fault
and the Jiyunhe fault, with FSP values of 10-30%. The Yejituo
fault, the Changli-Ninghe fault and the Xinanzhuang fault had
the lowest stress accumulation levels, the FSP values were 0-12%,
and the probability of fault slip was relatively the smallest.

In summary, in the stage 2, the fault stress accumulation level
in the seismic region was lower than that in the stage 1, and the
stress accumulation level of NW-trending faults was higher than
that of NE-trending faults. The F4-4 subsection of the Tangshan
fault belt, and the F7-1 and F7-2 subsections of the Lengkou fault
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FIGURE 8

The fault slip potential on the main faults in Tangshan seismic region in stage 2.

had the highest probability of fault slip. The earthquake statistics
in the Tangshan seismic region from June 2012 to June
2013 showed that the earthquakes were mainly small
earthquakes (M<3.0). Earthquakes were mainly distributed
inside the rhombic block in the seismic region, and were
mainly distributed in the areas with high FSP values. The
seismically active areas were mainly concentrated in the
intersection of the Tangshan fault belt, the Lulong fault, and
the Luanxian-Laoting fault in the rhombic block. Some
earthquakes were also distributed in the intersection of the
Tangshan fault belt and the Jiyunhe fault, and the intersection
of the Jiyunhe fault and the Yejituo fault.

Fault stability in the stage 3

In the stage 3, the calculation results of the FSP of the main
faults in the seismic region were shown in Table 4; Figure 9. The
calculation results revealed that in the stage 3, the stress
accumulation level in the Tangshan seismic region was
slightly higher than that in the stage 2. Under the action of
NE-NEE trending in situ stress field, the stress accumulation
level of NW-trending faults was relatively higher than that of
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NE-trending faults. Among them, the F4-4 subsection of the
Tangshan fault belt, the F7-1 and F7-2 subsections of the
Lengkou fault, the F8-1 subsection of the Luanxian-Laoting
fault, and the F10-1 subsection of the Jiyunhe fault had the
highest stress accumulation level, the FSP values were 36-41%,
and the probability of fault slip was relatively the highest, and
followed by the Lulong fault, the F2-1 and F2-2 subsections of
the Yejituo fault, the Cangdong fault, the rest of the Tangshan
fault belt, the rest of the Lengkou fault, the rest of the Luanxian-
Laoting fault, the Baigezhuang fault and the rest of the Jiyunhe
fault, FSP values were 18-35%. The rest of the Yejituo fault, the
Changli-Ninghe fault and the Xinanzhuang fault had the lowest
stress accumulation levels, the FSP values were 0-13%, and the
probability of fault slip was relatively the smallest.

In summary, in the stage 3, the stress accumulation level of
main faults in the Tangshan seismic region continued to increase,
and the stress accumulation level of NW-trending faults was
higher than that of NE-trending faults. the F4-4 subsection of the
Tangshan fault belt, the F7-1 and F7-2 subsections of the
Lengkou fault, the F8-1 subsection of the Luanxian-Laoting
fault had the highest probability of fault slip. The earthquake
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The fault slip potential on the main faults in Tangshan seismic region in stage 3.

statistics in the Tangshan seismic region from September 2014 to
September 2015 showed that the earthquakes were mainly small
earthquakes (M<3.0). The earthquakes were mainly distributed
in the rhombic block in the seismic region, and were mainly
distributed in the areas with high FSP values. The seismically
active areas were mainly concentrated in the intersection of the
Tangshan fault belt and the Lulong fault, the Luanxian-Laoting
fault and the Jiyunhe fault in the rhmobic block.

Fault stability in the stage 4

In the stage 4, the calculation results of the FSP of the main
faults in the seismic region were shown in Table 4; Figure 10. The
calculation results revealed that in the stage 4, the stress
accumulation level in the Tangshan seismic region was
slightly higher than that in the stage 3. Under the action of
NE-NEE trending in situ stress field, the stress accumulation level
of NW-trending faults was relatively higher than that of NE-
trending faults. Among them, the F4-4 subsection of the
Tangshan fault belt, the F7-2 subsection of the Lengkou Fault,
the F10-1 subsection of the Jiyunhe fault had the highest stress
accumulation level, the FSP values were 37%, and the probability
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of fault slip was relatively the highest, and followed by the Lulong
fault, the Cangdong fault, the rest of the Tangshan fault belt, the
rest of the Lengkou fault, the Luanxian-Laoting fault, the
Baigezhuang fault and the rest of the Jiyunhe fault, the FSP
values were 23-37%. The Yejituo fault, the Changli-Ninghe fault
and the Xinanzhuang fault had the lowest stress accumulation
levels, the FSP values were 0-12%, and the probability of fault slip
was relatively the smallest.

In summary, in the stage 4, the stress accumulation level of
main faults in the Tangshan seismic region continued to
increase, and the stress accumulation level of NW-trending
faults was higher than that of NE-trending faults. The F4-4
subsection of the Tangshan fault belt, the F7-2 subsection of
the Lengkou fault, and the F10-1 subsection of the Jiyunhe
fault had the highest probability of fault slip. The earthquake
statistics in the Tangshan seismic region from September
2018 to August 2021 showed that the earthquakes were
mainly small earthquakes (M<3.0). The earthquakes were
mainly distributed in the rhombic block in the seismic
region, and were mainly distributed in the areas with high
FSP values. The seismically active areas were mainly
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The fault slip potential on the main faults in Tangshan seismic region in stage 4.

concentrated in the intersection area of the Tangshan fault
belt, the Lulong fault, and the Luanxian-Laoting fault, the
intersection area of the Tangshan fault belt and the Jiyunhe
fault, and the intersection area of the Jiyunhe fault and the
Yejituo fault.

Variation of FSP value of major seismogenic
faults with time

The areas with the most intensive earthquake distribution
in the Tangshan seismic region were along the Tangshan fault
belt and the surrounding areas of Luanxian County, and the
corresponding main fault subsections were the FI-1
subsection of the Lulong fault, each subsection of the
Tangshan fault belt, and the F8-1, F8-2, and F8-3
subsections of the Luanxian-Laoting fault. We extracted
the magnitude and orientation of principal stress at each
time node from 7 December 2011 to 10 September 2019 at a
time interval of 14 days. Then we calculated the FSP values of
each fault subsection above to analyze the change of FSP with
time, and tried to analyze the corresponding relationship
between the calculation results and the earthquakes (Ms>1)
distributed near the faults.
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Due to the lack of focal mechanism data, we can only make a
rough judgment on the seismogenic faults of each earthquake
based on the positional relationship between the epicenter and
the fault. Earthquakes distributed in the northern section of the
Tangshan fault belt (F4-2, F4-3, F4-4, F4-5) and the surrounding
areas of Luanxian County (F1-1, F8-1, F8-2, F8-3) were difficult
to distinguish their respective seismogenic faults according to
their epicenters, so the two groups of faults were combined and
analyzed separately (Figure 11).

The change of FSP value of each fault subsection with time
shown that in the stage 1, affected by the fault strike, the FSP
value of the NW-trending fault subsections increased while the
NE-trending fault subsections generally decreased. In the stage 2,
the stress accumulation in the seismic region was further
released, and the FSP value of each fault subsection generally
decreased. In the stage 3 and stage 4, the stress accumulation level
of the seismic region gradually increased, and the FSP value of
each fault subsection maintained a trend of continuous increased.
The earthquake distribution showed that the earthquakes were
relatively dense in the stage 3 and stage 4, while in the stage 2, the
stress accumulation level in the seismic region was relatively low,
and the number of earthquakes was relatively small. The
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Variation of FSP value of major seismogenic faults with time.

earthquakes were relatively dense in the time period when the
FSP value was relatively high and the stress release stage when the
FSP value changed from high to low.

We noticed that the distribution of some earthquakes did not
conform to the above laws. The main reason was the complexity
of the change of the in situ stress field before the earthquake.
Previous studies have found that due to the dual effects of the
regional stress field and the local stress field, the abnormal
changes of the in situ stress monitoring curve before the
earthquake were relatively complex. Common pre-earthquake
anomalies were that the monitoring value first increased and then
decreased within a certain period of time, or first decreased and
then increased, or the monitoring value increased rapidly within
a day (Huang et al., 2009; Tan et al., 2019). The in situ stress
monitoring data at Changli station also conformed to this law.
When the fault occurrence was determined, the FSP value was
affected by the in situ stress monitoring data. Therefore,
earthquakes were not always distributed in time periods with
high FSP values. However, in general, the FSP value was relatively
high in the time period when earthquakes occur intensively.
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Based on the in situ stress monitoring data at Changli Station,
we used FSP v.1.0 software package to analyze the dynamic
changes of the fault activity in the Tangshan seismic region after
the 3.11 earthquake (March 2011-August 2019), and compared
with the seismic data. The analysis results revealed that before the
3.11 earthquake, the stress accumulation level of the main faults
in the seismic region was high, the FSP values of the main faults
were 30-60%. After the 3.11 earthquake, under the influence of
the stress release caused by the nearly-EW tensile effect after the
earthquake, the stress accumulation level of the main faults in the
Tangshan seismic region continued to decrease, and it remained
until May 2013, the FSP values of the main faults were 10-35%.
Then, the stress accumulation level of the main faults in the
Tangshan seismic region began to gradually increase, but as of
September 2019, the FSP values of the main faults were mainly
concentrated at 23-37%, and was still lower than the pre-
earthquake level. The comprehensive analysis of the FSP
results and earthquake distribution showed that the stress
accumulation level of NW-trending faults in the Tangshan
seismic region was higher than that of NE-trending faults.
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The fault activity in the north-central part of the seismic region
was the strongest, followed by the south and west, and the fault
activity in the east was the weakest. There were mainly three areas
with strong fault activity in the Tangshan seismic region, namely,
the intersection of the Tangshan fault belt and the Lulong fault,
the Luanxian-Laoting fault, the intersection of the Tangshan fault
belt and the Jiyunhe fault, and the intersection of the Jiyunhe
fault and the Yejituo fault.

We also noticed that the stress accumulation levels of the
Cangdong fault and the Lengkou fault were higher, but the
earthquakes distribution around the fault were less. The
Lengkou fault may be affected by the mechanical properties of
Yanshan’s large-area rigid basement, such as high strength and
small deformation, and belonged to a high-strength fracture.
Geophysical surveys showed that the Cangdong fault extended at
a shallow depth underground, and turned into a near-horizontal
extension at a depth of about 10 km (Shao et al., 2020). The
structural characteristic of the fault was an important reason for
the few earthquakes along the fault.

Discussion

We analyzed the dynamic adjustment of the in situ stress field
and fault stability in the Tangshan seismic region after the
3.11 earthquake based on the in situ stress monitoring data.
The FSP analysis result showed that the fault stress accumulation
level in the seismic region in the stage 2 was lower than that in the
stage 1, it indicates that by June 2013, the nearly EW-trending
extension in the seismic region may still exist. The FSP analysis
results of the stage 3 and stage 4 showed that the stress
accumulation level of faults in the seismic region gradually
increased, indicating that the tectonic environment of the
seismic region was dominated by the nearly EW-trending
compression. The GPS observations near the Tangshan
seismic region also reached similar conclusions. Wang et al.
(2013) extrapolated that the 3.11 earthquake may have stretched
the Tancheng-Yingkou segment of the Tan-Lu Fault zone for
decades based on a post-earthquake creep model and GPS
observation data for 1year after the earthquake. Hao et al.
(2020) used observation data from continuous and mobile
GPS stations from 1999 to 2017 to calculate the far-field
coseismic and post-earthquake deformation displacement
fields, and their results showed that the area affected by far-
field coseismic deformation was obviously smaller than that
affected by post-earthquake deformation. These areas mainly
included the southeastern part of Northeast China and the
Shandong Peninsula, and the relaxation time after the
3.11 earthquake was 1-11 years Zhu (2020) analyzed the
crustal strain in the Bohai Rim region before and after the
3.11 earthquake based on GPS observation data and found
that the 3.11 earthquake had a significant impact on the
crustal deformation in the Bohai Rim region within 3 years
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after the earthquake. This region began to recover to the pre-
earthquake state after 2014. The research on the focal mechanism
in the Tangshan seismic region mainly focused on the
of the aftershock of the
1976 Tangshan earthquake and the seismogenic characteristics

interpretation sequence
of moderate and strong earthquakes (Li and Wang, 2008; Li et al.,
2021). However, there were few research results on the time-
varying characteristics of the focal mechanism in the seismic
region. Yang et al. (2016) used 255 focal mechanism solutions of
earthquakes with M;>2.5 in Tangshan area from January 2002 to
November 2015 to segment the seismogenic faults of the
Tangshan earthquake sequence, the result showed that the
directions of the maximum principal compressive stress in
each section were nearly the EW orientation. Fan et al. (2019)
studied the temporal and spatial variation characteristics of the
tectonic stress field in the capital area based on the focal
mechanism solution of small and medium earthquakes from
January 2009 to November 2017. The results show that the
direction of the maximum principal compressive stress in the
strong earthquake area in Tangshan is the NEE orientation. In
summary, the existing research results of the focal mechanism
solutions in the seismic region cannot indicate whether the
tectonic stress field in the strong earthquake area changed
before and after the 3.11 earthquake, and it was in poor
agreement with the analysis results of the in situ stress
monitoring data, this may be caused by the difference
between the shallow and deep in situ stress fields of the crust.

Limited by the placement depth of the monitoring
instrument, the Changli Station can only obtain monitoring
data at a depth of 100.0 m, which is far less than the buried
depth of the faults in the Tangshan seismic region. Although the
in situ stress data at the buried depth of the faults cannot be
obtained, we assumed that the fault plane extends to the
monitoring depth and combined the monitoring data and the
Mohr-Coulomb failure criterion to analyze the faults activity.
The analysis results still play a role in judging the activity of the
deep fault. This has been proven feasible in previous studies
(Wangetal., 2012; Feng et al., 2014; Fan et al., 2021). The analysis
results of fault activity showed that the fault activity was the
strongest in the central-northern part of the seismic region, and
the earthquakes were mainly distributed in front of the Yanshan
Mountain. The reason may be that under the influence of the
large-area rigid basement in Yanshan, the Tangshan seismic
region was prone to the concentration of stress and energy.
while the activities of the Lulong fault, the Tangshan fault belt
and the Luanxian-Laoting fault were blocked in front of Yanshan
Mountain, the energy accumulated on the fault plane cannot be
transmitted and dissipated normally, thus causing a large
number of earthquakes.

There are some issues that still remain in this paper. We did
not consider the difference in the gravitational field in the
Tangshan seismic region when we analyzed the in situ stress
field and fault stability. Due to the lack of survey data of active
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faults in the seismic region, the dip angle of each fault was
selected as a fixed value without showing the difference of each
fault subsection. It can be seen from Figure 3 that many strong
earthquakes greater than magnitude six occurred near Japan after
the 3.11 earthquake. However, by analyzing the monitoring data,
we found that the monitoring data did not respond well to these
strong earthquakes. The monitoring instrument did not monitor
the changes in situ stress before and after these strong
earthquakes, so we could not analyze the impact of the strong
earthquakes near Japan after the 3.11 earthquake on the in situ
stress field and faults stability in the Tangshan seismic region.

The ultimate purpose of in situ stress monitoring is to predict
earthquakes. There are differences between the regional stress
field and the local stress field affected by the factors like the
internal structural plane, lithology, underground fluid,
topography and other factors of the block. At the same time,
it is affected by the factors like sensitivity of monitoring
instruments, monitoring depth, groundwater, temperature,
geomagnetic field, resulting in errors in monitoring data.
Moreover, the current monitoring instruments are deployed at
a shallow depth, generally within 100 m, it is difficult to obtain
the stress changes in the deep crust. Therefore, although there are
successful cases of earthquake prediction through in situ stress
monitoring (Huang et al., 2009), the existing in situ stress
of

earthquake prediction. Earthquake prediction requires the

monitoring research cannot meet the requirements
comprehensive use of multiple methods, and the monitoring
and analysis of in-situ stress is one of the methods that can most
directly reflect the dynamic characteristics of fault stability. In
this paper, the analysis of fault stability combined with in situ
stress monitoring data is an exploration of earthquake prediction.
In a follow-up study, it is necessary to increase the work in the
areas like the research and development of instruments,
theoretical research of in situ stress field, and numerical

simulation of in situ stress field.

Conclusion

Based on the in situ stress monitoring data from Changli
Station, in this study, the dynamic adjustment of the in situ stress
field in the Tangshan seismic region after the 3.11 earthquake was
investigated, and the stability of the main faults in the seismic
region was assessed. The main conclusions of this study are as
follows.

(1) After the 3.11 earthquake in Japan, the in situ stress field in
the seismic region changed from nearly EW extrusion to
nearly EW extension, the Sy orientation was adjusted from
the NEE direction to the NNE-NE direction. This state was
maintained until June 2012, after which it began to gradually
adjust back to the pre-earthquake state, The Sy orientation
was also gradually adjusted to the NEE direction.
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(2) Before the 3.11 earthquake, the stress accumulation level of
the main faults in the seismic region was relatively high, and
the FSP values were mainly distributed in 30-60%. After the
3.11 earthquake, under the influence of the stress release
caused by the nearly EW-trending tensile effect after the
earthquake, the stress accumulation level of the main faults
in the seismic region continued to decrease, and it remained
until May 2013. Subsequently, the stress accumulation level
of major faults in the seismic region began to gradually
increase.

(3) The stress accumulation level of NW-trending faults in the

Tangshan seismic region was generally higher than that of

NE-trending faults. The fault activity in the central and

northern parts of the seismic region was the strongest,

followed by the southern part and western part, and the
fault activity in the eastern part was the weakest. There were
mainly three areas with strong fault activity in the seismic
region. Namely, the intersection area of the Tangshan fault
belt and the Lulong fault and the Luanxian-Laoting fault, the
intersection area of the Tangshan fault belt and the Jiyunhe
fault, and the intersection area of the Jiyunhe fault and the
Yejituo fault.
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