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Abstract

The Datong region of China suffers from severe ground fissure (GF) disasters. The Jichechang ground fissure (JGF) is typical
among the GFs in Datong and is the most active. To provide scientific guidance for disaster mitigation, understanding the
mechanisms governing GF activity in Datong needs to be improved. Here, long-term monitoring data (> 10 years) for the
JGF are used to study the characteristics of its activity. The results show that the formation of GFs is mainly controlled by
concealed faults. The JGF is mainly active in the vertical direction, with a differential vertical displacement 2.5 times greater
than the horizontal displacement. The GF activity is periodic, with a periodicity of 320-420 days, which corresponds to the
cycle of local agricultural irrigation. The JGF is especially active in June and July. The vertical activity of this fissure also
displays a distinct quasi-periodic step-like displacement acceleration with a duration of 18-38 days. Numerical simulations
show that irrigation pumping within 10 km of the JGF has a significant effect on the vertical movement of GFs. These results
provide a better understanding of the mechanisms governing GF activity in this area and provide a valuable reference for

the study of GFs in other regions.
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Introduction

A ground fissure (GF) refers to the phenomenon in which
the continuity of the rock or soil layer is destroyed, usu-
ally appearing as a crack on the ground surface (Wang
et al. 2000; Ye et al. 2018). The formation of GFs is usu-
ally related to the effects of internal and external forces and
human activity (Peng 2012; Lu et al. 2013; Liu et al. 2019b).
As a geological disaster, GFs not only cause serious damage
to various types of engineering structures, such as urban
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buildings, roads, bridges, and underground pipelines (Peng
et al. 2018; Liu et al. 2019a), but also cause many environ-
mental problems including groundwater system damage and
the destruction of land (Howard and Zhou 2019). Because
GF disasters are common in many countries worldwide, such
as the United States, Saudi Arabia, and Mexico, GF forma-
tion mechanism and the factors affecting their development
have received research attention (e.g., Jachens and Holzer
1982; Holzer 1984, 1991; Bankher and Al-Harthi 1999;
Wang et al. 2009, 2016; Pacheco-Martinez et al. 2013).

Tectonic stresses, groundwater exploitation, heavy rain-
fall, and the combination of these phenomena have been
widely recognized as mechanisms responsible for GF for-
mation (Jachens and Holzer 1982; Holzer 1991; Geng and
Zhong 2000; Lu et al. 2013, 2020; Pacheco-Martinez et al.
2013; Peng et al. 2013). In addition, methods for monitoring
and predicting the development of GFs have been proposed,
which have proved important for disaster risk reduction and
prevention (e.g., Brunori et al. 2015; Fergason et al. 2015;
Yang et al. 2018).

In China, GFs have been recognized as a serious problem
since the first case was recorded in Xi’an in the 1950s. At
present, more than 6000 GFs have been recorded in China
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(Wang et al. 2001; Howard and Zhou 2019). The Fenwei
Basin is a particularly important extensional fault zone
in mainland China, with the largest number of GFs in the
country. The Fenwei Basin GFs are extremely active and
have caused economic losses amounting to tens of billions
of Yuan (Peng et al. 2017). Datong is located at the northern
end of the Fenwei Basin (Fig. 1) and since the 1980s, 11 GFs
have been discovered here with a total length of 34 km (Liu
et al. 1999; Fan 2003). These GFs extend linearly with an
orientation of N 30° E-N 80° E. Because of their continuous
activity, more than 200 buildings, pipelines, and other facili-
ties positioned across the Datong GFs have been destroyed,
resulting in significant economic losses (Ren et al. 2004;
Peng et al. 2017). This has garnered widespread concern
from local governments, and consequently, many investiga-
tions have been conducted (Liu et al. 1999; Fan 2003; Ren
et al. 2004; Zan 2006; Yang et al. 2014, 2019). However,
previous research has mainly focused on the surface impact
of GFs through field investigations rather than determining
the mechanisms of activation (i.e., causal factors, cyclical
patterns, and stress regime). This seriously restricts efforts
to predict and mitigate the impacts of GFs in the city.

The Jichechang ground fissure (JGF) is typical of the 11
GFs in Datong and is the most active (Fig. 1). A system to
monitor the activity of the JGF was established in 1989,
providing high-resolution data on its activity. Here, observa-
tional monitoring data collected over a period of more than
10 years are used alongside geological and hydrological data
to characterize the activity of the JGF. This has revealed the
impact of local agricultural irrigation on GF activity and
provides a valuable reference for the study of GF activity
in other regions.

Geological setting of the JGF

The Datong Basin is a narrow Cenozoic faulted basin located
toward the northeast of Shanxi Province (Fig. 1). The bed-
rock uplift area in the north, west, and south of the basin
is a mountain at an altitude above 1000 m which is prone
to erosion and denudation. The subsidence area inside the
basin is a landform accumulation plain. There are generally
piedmont alluvial, piedmont proluvial-impact, and lacus-
trine plains controlled by piedmont faults, from the edge of
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Fig. 1 Geological map of the Datong Basin. The top left inset is the
map of Datong City. JGF Jichechang ground fissure, FZC Fangzicun
concealed fault. The black solid rectangle represents the location of
the JGF monitoring station. The horizontal line “AB” is the location

@ Springer

Q groundwater funnel 5 = piedmont fault

Q P N (o3 E
__-~""| ground fissure __-=""| hidden fault
® Ms 5.0-6.0 E Ms 6.0-7.0

A volcano \ monitoring instruments

of hydrogeological profile in Fig. 2. The red circles indicate earth-
quake locations; the upper values adjacent to the red circles indicate
the earthquake magnitude and lower values indicate the time of earth-
quake occurrence in YYYY-MM format



Environmental Earth Sciences (2021) 80:463

Page3of13 463

the basin to the center. The maximum buried depth of the
base of the basin is more than 3000 m (Shanxi Earthquake
Agency 2005; Dong et al. 2008; Han et al. 2017). The area
of Datong county in the east of the basin is the seat of the
famous “Datong Volcano Group”, where Cenozoic basalts
have been unearthed (Cen 2015). The loess platforms are
divided by gullies, in the northern piedmont of Hengshan
Mountain to the south of the basin and the piedmont of the
eastern Liuleng Mountain to the east of the basin. The devel-
opment of loess platforms is related to the distribution of
piedmont faults (Shanxi Earthquake Agency 2005).
Groundwater occurs in the cracks of the metamorphic
rocks, volcanic rocks, and clastic rocks in the bedrock
mountainous area around the basin. The aquifer is mainly
composed of sand, gravel, and medium-coarse sand, and
the depth at which groundwater is available at 20—100 m.
In the basin, the most important water-bearing rock group
holds loose rock pore water, which is the main aquifer
buried at a depth less than 200 m, mostly between 100
and 150 m. The water-bearing rock group is dominated by
middle and upper Pleistocene alluvial, an alluvial sandy
gravel layer, and multiple thin layers of middle Pleisto-
cene alluvial fine sand. There is an aquiclude layer of clay
and sub-clay 50 m below the surface (Fig. 2). Therefore,
above 50 m, there are mostly layers of unconfined aqui-
fers, whereas those below 50 m are confined aquifers (Guo
et al. 2002; Han 2008). The large thickness of unconsoli-
dated sediment in the basin provides an optimal location
for the storage and migration of groundwater. The upper
and lower aquifers are connected by faults, skylights, and
numerous mixed production wells in the basin. Ground-
water in the whole basin has a unified hydraulic con-
nection (Dong et al. 2008). The results of a large-scale
pumping test showed that the groundwater level in each
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Fig.2 Hydrogeological profile map of the study area. D1 is located
100 m southwest of Xiaoshitou Village; D2 is located in Baima Town
in the northern suburb of Datong City; D3 is located 150 m northwest
of the Yu River railway bridge; D4 is located 500 m east of Yanbei

aquifer within 10 km of the pumping group wells varied
with the process of pumping and the water level recovery
(Che and Yu 2004). Groundwater is the only source of
water for industrial and agricultural production in Datong
City. Long-term overexploitation has led to the continu-
ous decline in groundwater level, the drying of several
aquifers, and the abandonment of many mining wells,
thereby forming three large settlement funnels in Datong
City (Guo et al. 2002; Dong et al. 2008).

Affected by the combined influence of the eastward
extrusion of the Qinghai—Tibet Plateau and the westward
subduction of the Pacific Plate, the upper mantle uplifted
and the low-velocity-high-conductivity layer of the middle
crust developed horizontally, which made the upper crust to
stretch in the northwest direction, thereby developing a crack
along the existing fracture surface forming a shovel-type
normal fault at the edge of the Datong Basin. These faults
are large in scale and are active, controlling the neotectonic
movement in the basin (Cen 2015; Peng et al. 2017). The
Kouquan Fault controls the western boundary of the Datong
Basin, with a total length of 160 km (Fig. 1), and has been
active since the Late Quaternary (Xu et al. 2011). In addi-
tion to the two earthquakes near the fault recorded in the
historical data with a magnitude 6 or above, the trench study
also found four ancient earthquake relics from the Holocene,
with corresponding magnitudes above 7 (Deng et al. 1992;
catalogue of strong earthquakes in China, 1995; Xie et al.
2003). There are many buried active faults in the Datong
City controlled and influenced by the secondary stress field
generated by the Kouquan Fault (Chen and Ye 2002). The
length of these buried active faults ranges from 3.5 to 8 km
and their strikes are N 30° E-N 58° E (“hidden faults” in
Fig. 1), which have serious impacts on the urban planning
and construction of Datong City.
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Normal College, to the east of Yu River; D5 is located in Malianzhai
Village, Datong City; D6 is located 200 m north of Chenzhuang com-
mune, Datong City; and, D7 is located in Dongfutou Village, Datong
City
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The formation and development of GFs in the Datong
area were closely related to regional crustal activities. The
northwest extension of the basin provides a regional exten-
sional environment for the formation of GFs (Li and Yuan
2002; Peng et al. 2017). In addition, it was confirmed by a
field “trench” study that JGF was located above the buried
active faults and was connected to the buried active faults
in the deep part, which manifested the normal fault charac-
teristics of the hanging wall sinking and the foot wall rising
(Li and Yuan 2002; Deng 2007). This shows that JGF is a
product of tectonic activity and is controlled by active faults.
The GFs in the Datong Basin have good continuity on the
surface. The JGF and its corresponding secondary GFs are
arranged in a geese or plume shape on the plane (Fig. 1),
which indicate that the GFs still have the characteristics of
twisting activity in the horizontal plane, and this is also the
characteristic produced by the geologic structure (Shan et al.
unpublished manuscript).

Ground fissure

14.0 m !

13.75m

Fig.3 Schematic of equipment installed at the Jichechang ground
fissure monitoring station. AB: location of the DG-1A static level
meters device endpoint; CD: location of the SR-1 horizontal creep
meters device endpoint

Data and methods
Monitoring data acquisition

A monitoring station was established in the southwest seg-
ment of the JGF in 1989 (shown as the black solid rectangle
in Fig. 1), which consists of one set of DG-1A static level
meters and one set of SR-1 type horizontal creep instru-
ments (Fig. 3). The DG-1A static level meters measure the
relative vertical displacement between the two sides of the
JGF across the north and south sides of the fissure along a
profile with a baseline distance of 13.75 (“AB” in Fig. 3).
The SR-1 horizontal creep meters are used to measure the
changes in distance between the two sides of the crack run-
ning in the horizontal direction with a baseline distance of
14.0 m (“CD” in Fig. 3). The measurement accuracy of the
instrumental set-up is +0.01 mm.

This monitoring system is installed in a vacant house, and
there have been no significant changes in the surrounding
local environment; the impact of urban construction on the
observational data is considered negligible. For this study,
relative vertical and horizontal displacement data for the
JGF were obtained for the period between 1998 and 2011
(Fig. 4).

Modeling the effect of water pumping on horizontal
aquifer strain

Pumping can alter the horizontal stress in aquifers, which in
turn may influence the activity of the adjacent GFs. Herein,
the relationship between the pumping time and the change
in the horizontal stress of the aquifer under the condition of
fixed distance is analyzed. According to Gervanov’s gen-
eralized Darcy’s law, the average radial velocity V, of solid

Fig.4 Time-series displace-
ments of the Jichechang ground
fissure. The black line is the
vertical differential displace-
ment between the two sides of
the crack; the blue line is the
horizontal tensional activity
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particles in an aquifer can be expressed as follows (Helm
1994a, b; Hsieh and Cooley 1995):
Vo=a,- K2, ()
where g, is the sum of the porewater flow and aquifer
solid particle flow through the radial unit section in unit
time (m/day); K is the radial permeability (m/day); ‘;—i‘ is the
radial hydraulic gradient; % is the water head; and r is the
radial radius.

Due to serious land subsidence in the Datong urban area,
the phreatic aquifer has been drained, and thus, most of the
drilled areas are confined aquifers below 50 m. Based on
the Thiem’s equation, assuming a confined aquifer between
impermeable water barriers with an infinite radial exten-
sion and thickness b, and considering the mass continuity
equation, a stable pumping rate Q can be written as follows:

Q = 2nrbg,. 2)
Based on Eq. (1) and (2):

V= 0 —K%.
; 2rrb or

3

The Theis deep descent solution can be expressed as fol-
lows (Helm 1994a, b; Hsieh and Cooley 1995):
Q0 [Te*

= S dx,
4zrb ) , x )

ho_h

where u = %, S, is the water storage rate (elastic feedwa-
ter, 1/m); ¢ is the continuous stable pumping time calculated
from the beginning of pumping; and %, and  are the initial
and subsequent hydraulic head, respectively.

The partial derivatives of radial radius () on both sides
of Eq. (4) are determined as follows:

on_ 0 _,
6;'_2711('rbe ' )

Substituting Eq. (5) into Eq. (3), the radial flow veloc-
ity expression for solid particles in a Theis—Theim confined
aquifer system during pumping can be obtained as follows:

0
Vo=
S 2arb

(I—e™). (6)

By integrating time (#) with Eq. (6) and assuming that the
horizontal displacement of the aquifer is zero at =0, the
radial displacement of solid particles at any radial point (r)
in an aquifer at any time can be expressed as follows:

OrSg |1 —e
87Kb

0 L—X

€
+{7dx. @)

t
U, = [Vdt+UL(0) =
0

Thus, the radial strain (g,) of an aquifer during pumping
can be expressed as follows (Hsieh and Cooley 1995; Wang
et al. 2002):

ar 87Kb " u

— rZSS
T 4Kr

e = ou, _ 0S, [/ %de_ l—e—u:|
: (8)

Assuming r is fixed, a dimensionless time function, t,
was introduced as follows:

1Kt
T r2S, ©)

Thus, €,, in Eq. (1) can be expressed as follows:

os, | & e | —eu(ia)
£ = == _dx_
T 87Kb |f(£) X M(ld) ] . (10)
— rZSS
T

That is, assuming r is fixed, €, can be expressed as a
function of continuous pumping time .

Results and discussion
JGF activity

The vertical displacement of the JGF has an overall linear
trend but the rates vary significantly over time (Fig. 4). The
evidence of stepped activity also indicates that the relative
vertical displacement has occurred intermittently. The rela-
tive vertical displacement of the JGF is strongest during the
spring and summer seasons and weakest in the autumn and
winter. The total vertical displacement between the two sides
of the crack reached 35 mm during the observation period
with an annual relative displacement rate of approximately
2.5 mm per year. The activity of the JGF is characterized
by a general trend of tensional horizontal movement with
periodic compressional movement (Fig. 4). The total ten-
sile displacement was approximately 15 mm over 14 years,
and the annual tensile displacement rate was approximately
1 mm per year. Overall, vertical displacement was approxi-
mately 2.5 times that occurring in the horizontal direction.

Periodicity of the JGF activity

The monthly average displacement of the JGF based on
the observational data is shown in Fig. 5. Datong has a
temperate continental monsoon climate with distinct wet
and dry periods. The annual rainy season primarily occurs
from May to September while precipitation is relatively
low from January to April and October to December. The

@ Springer
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Fig.5 Monthly average displacement of the Jichechang ground fis-
sure. a Vertical differential displacement between two sides of the
JGF; b horizontal tensional activity. Blue lines indicate zero displace-

periodic nature of rainfall is significant, as shown by the
monthly average rainfall for 1982-2006 in Fig. 5 (http://
data.cma.cn).

The data show that the tensile displacement in the hori-
zontal direction is high in spring and autumn, particularly
in May, August, and September (Fig. 5b), whereas low in
June and July when the amount of rainfall is high. There-
fore, it is speculated that precipitation is not the main fac-
tor affecting the horizontal tensile displacement of the JGF.
According to groundwater records (Xing 2018), the second
and third quarters are the peak seasons for groundwater
exploitation in the Datong Basin. Groundwater is mainly
used to irrigate farmland during the peak season, and extrac-
tion is concentrated between April and May and between
August and September each year (Xing 2018). This pattern
of groundwater use is consistent with the horizontal tensile
activity of the JGF. According to long-term observational
data, the soil on both sides of the JGF extends toward the
center of the groundwater funnel during the peak period of
groundwater exploitation (Gao 2005); when the peak period
of groundwater exploitation ends, horizontal tensile activity
decreases or stops altogether (Gao 2005; Yang et al. 2014).
These observations are consistent with our findings, which

@ Springer

ment. Red-line segments represent the mean displacement for each
month. Monthly average rainfall amounts are also shown

indicate that the extraction of groundwater is closely linked
to the horizontal tensile behavior of the JGF.

As shown in Fig. 5a, the vertical differential displace-
ment between the two sides of the JGF is large during June
and July, with June being the most active time. As such,
maximum vertical differential displacement does not coin-
cide with the period of maximum average rainfall (i.e., July).
Furthermore, vertical differential displacement is small in
August and September when high amounts of precipitation
occur. This indicates that precipitation is not the main fac-
tor controlling the vertical differential displacement of the
JGF. This is further supported by considering the relevant
statistics for the year 2004, a particularly dry year, wherein
the average monthly rainfall was below 10 mm, which is less
than 1/8" of the average monthly rainfall in Datong over the
previous 10 years (Fig. 6). Despite this, vertical differential
displacement was not significantly lower in 2004. Given
that maximum vertical differential displacement occurs
after agricultural irrigation in April and May, large-scale
groundwater extraction in the basin is likely a contributing
factor to the activity of the JGF alongside precipitation. In
contrast to annually fluctuating precipitation, the agricul-
tural irrigation period is regular and fixed each year, which
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Fig. 6 Jichechang ground (a)
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closely corresponds to the pattern of vertical displacement
activity in the JGF.

Step-like vertical displacement

The vertical activity of the JGF exhibits quasi-periodic
step-like displacement acceleration characteristics. Some
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step-like acceleration events occur in a single jump, whereas
others show two jumps within a short period (indicated by
the gray shading in Fig. 6a in 2003 and 2006). According to
the observational data, the step displacement acceleration
events occur approximately every 320-420 days (Fig. 7a)
and last for 18-38 days (Fig. 7b). The entire displacement
acceleration during these periods is between~ 1.0 mm
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Fig. 7 Frequency data for vertical step displacements recorded at the Jichechang ground fissure. a Cyclicity; b duration; ¢ seasonality; and d
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and ~ 3.0 mm (Fig. 7d) with an average of approximately
2.0 mm. These stepped events account for approximately
63% of the annual JGF vertical differential displacement
observed during the observation period.

In the northern Cascadia subduction zone in North Amer-
ica, repeated slow slip events at the deep interface have been
used as a real-time indicator of stress loading in the Cascadia
megathrust earthquake zone, including step displacement
(Rogers and Dragert 2003). For the JGF, all step-like accel-
eration events occurred between March and July with 60%
occurring in June and July (Fig. 7c). Considering that the
timing of these acceleration events coincided with the peri-
ods of intensive local irrigation, it is speculated that the two
are related. Moreover, increases in precipitation may have a
positive effect on the occurrence of step-like displacement
events.

According to GF drilling work (Liu and Chen 1995; Li
and Yuan 2002; Deng 2007), the JGF is connected at depth
with the concealed Fangzicun Fault (“FZC” in Fig. 1), and
the tectonic stress placed on the JGF is transmitted from
the activity of this fault. When the tectonic stress transfers
upward, it is hindered by the overlying soil layer resulting
in stress accumulation. When the GF or the underlying fault
is located within the radial tensile strain zone created by
groundwater pumping, the normal stress on the fault plane
(i.e., the friction resistance on the section) would be reduced.
Under the combined action of tectonic stress and gravity, the
activity of the GF is accelerated and the vertical step-like
displacement characteristic of the JGF is formed.

Seismicity impacts

Several studies have shown that the occurrence of GFs is
related to seismic activity (Dou et al. 2005; Tuttle et al.
2011; Yang et al. 2012; Guo and Wang 2017). After the
Tangshan Earthquake struck northeastern China in 1976,

the effect of local seismicity on GF activity has been stud-
ied for earthquake prediction (Zhao 1991; Li 2004; Wang
et al. 2004; Liu 2008). Because the JGF monitoring data
provide a continuous record, it provides an ideal data source
to study the correlation between GF activity and seismicity.
For example, research has been done to analyze the relation-
ships between abnormal displacements of the JGF and the
surrounding earthquakes (Table 1) (Zhang et al. 2013; Li
2015). This work indicates that anomalies in JGF activity
can occur 1 month to 4 years before an earthquake, assuming
that the magnitude of the earthquake is > 5.0 and the dis-
tance between the epicenter and the GF is < 300 km (Zhang
et al. 2013; Li 2015). However, the relationship between
earthquakes and fissure displacement anomalies is very
complicated; the occurrence of an abnormal displacement
before the earthquake is not necessarily related to the earth-
quake. It is not appropriate, therefore, to “look for” anoma-
lous displacements after an earthquake and infer that they
are precursory indicators that can be used for earthquake
prediction.

Under the assumption that the magnitude and timing of
abnormal displacement are proportional to the magnitude
of an earthquake and inversely proportional to its epicentral
distance, Fig. 8a, b plot these variables for the JGF. The
results show that there is no significant correlation between
them.

Furthermore, the definition of abnormal displacement is
not clear. For example, the abnormal displacement of the
JGF in the horizontal and vertical directions that occurred
before the Wen’an Earthquake (July 4, 2006, Table 2) was
not significant (Fig. 6). Although high-frequency displace-
ments were observed, such a signal is ubiquitous in the mon-
itoring record. Therefore, a high-frequency displacement
signal cannot be considered indicative of an earthquake.
Moreover, step displacements in the vertical direction have
also occurred in earthquake-free years.

Table 1 Abnormal displacements of the JGF and the surrounding earthquakes (data from Zhang et al. 2013 and Li 2015)

No Earthquake date Earthquake Distance between the Abnormal direction Maximum Time interval between the
magnitude station and the epicenter ~ (V=vertical, H=hori-  displacement anomaly and the earthquake
M) (km) zontal) (mm) (days)
1 03-26-1991 5.8 53 \Y% 7.129 548
H 2.091 548
05-03-1996 6.4 300 v 5.360 10
01-10-1998 6.2 127 v 5.393 270
H 0.718 182
03-11-1999 5.6 172 H 1.038 241
5 11-01-1999 5.6 53 v 6.621 212
H 1.038 30
6  07-04-2006 5.1 290 v 8.551 80
H 0.235 75
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Table 2 Relationship between ¢ and r at tensile strain maxima

r (m) T(h=hours, min=min- r(m) t (days)
utes, d =days)
100 14.3 min 2500 6.2
200 57.3 min 3000 9.0
500 6.0h 4000 15.9
750 13.4h 5000 249
1000 239h 6000 35.8
1250 1.6 days 7500 56.0
1500 2.2 days 10,000 100.0
1750 3.0 days 12,500 155.5
2000 4.0 days 15,000 224.0

Finally, due to the inhomogeneity of the crust, the evo-
lution of crustal deformations before an earthquake typi-
cally has four stages: (1) long-term creep; (2) accelerated
creep; (3) coseismic rupture; and (4) post-earthquake
adjustment. Therefore, whether short-term anomalies
are accompanied by medium-term and long-term crustal
deformation anomalies is an important criterion to judge
the reliability of a single anomaly observation (State Seis-
mological Bureau 1998). Importantly, the JGF observation
data are affected by many non-tectonic factors including
water pumping, and their influence must be accounted for
in the study of earthquake precursory information.

Epicentral distance:km

Groundwater drawdown and fissure distribution

As is typical for inland cities in China, the water used for
domestic, industrial, and agricultural purposes in Datong
is mainly derived from groundwater. The persistent exploi-
tation of groundwater in the city has led to a continuous
decline in the shallow-middle water table and large-scale
funnel-shaped drop in the groundwater level over a total
area of 130 km? (Fig. 1; Zhang 2017). The GFs in Datong
are distributed not only in the areas of intense groundwa-
ter exploitation, but also where groundwater exploitation is
limited. Importantly, this indicates that groundwater exploi-
tation is not the factor affecting the GFs in Datong; rather,
the activity of concealed faults is considered the key factor
affecting the occurrence of GFs. Moreover, previous stud-
ies have shown that the maximum land-subsidence rate in
Datong is approximately 15 mm per year (Yang et al. 2014,
2019). Compared to other cities in China with higher land-
subsidence rates and no GFs, such as Shanghai, Tianjin, and
Changzhou (Zhang et al. 2016; Dong et al. 2018), the land-
subsidence rate in Datong is not considered large enough to
generate GFs.

Effect of water pumping on JGF activity
Based on the discussion in Sect. 3.2, Wang et al. (2002,

2003) calculated the variation characteristics of radial strain
with groundwater pumping time, as shown in Table 3.
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Table 3 Variations in radial

N Pumping time ¢
strain with groundwater

Radial strain characteristics (fixed r)

e
pumping time 0<1<0.1991%

p— S.\rz
1=0.199135
2

0.1991 5}(’ <t< 0.7776&7’
1 =0.777652
K
SJ‘Z
1> 077763

Radial tensioning stage: tensile strain increases with time

0s,
—0.4245 == s

Radial tensioning stage: tensile strain decreases as time increases

Tensile strain reaches its maximum: ¢, (max) =

No radial tensile strain state: £, = 0

Radial extrusion stage: extrusion strain gradually increases with time

The Mohr—Coulomb law shows that the shearing resist-
ance of soil is related to the normal stress on the shear plane,
which increases with an increase in normal stress. According
to Table 3, the radial tensile stress caused by groundwater
pumping is in an increasing stage when 0 < ¢ < 0. 19913 s
Under this condition, the normal stress acting on the frac-
ture surface gradually decreases, the strength of the shearing
resistance acting on the fault plane is continuously reduced
and the fault activity is accelerated. When ¢ = 0.1991=- S
the radial tensile stress caused by continuous groundwater
pumping reaches its maximum, and the normal stress and
shearing resistance of the fault plazne decrease to their mini-
mum values. When ¢ > 0.1991%, the radial tensile stress
starts to decrease with an increase in the pumping time,
the normal stress and shearing resistance of the fault plane
continuously increase, and the acceleration activity of the
fault or GF is reduced or stopped. Therefore, the accelera-
tion effect of pumping on GF activity mainly occurs when
0<1<0.1991%2,

Based on previous studies (Liu and Chen 1995; Wang
et al. 2002), calculations for the GF were performed
based on the following assumptions: aquifer water-storage
rate S, = 5.0 X 107> /m; aquifer permeability coefficient
K = 10 m/day; thickness of the aquifer b = 20 m; and when
the unit pumping rate Q = 1m3/day, the maximum tensile
strain is 4.22 x10™°. When O, S,, K, and b are fixed, as
long as the continuous and steady pumping time (f) reaches
0.19913C , the maximum tensile strain generated by pump-
ing is the same and is independent of the distance between
the wells and the GF.

Above t = 0.1991 %, the continuous and steady pump-
ing time (#) required to reach the maximum tensile strain is
proportional to the distance (r) between the pumping well
and the GF. Using these values, Table 2 shows the respec-
tive values of ¢ and r required to reach the maximum tensile
strain: when r is less than 1000 m, the acceleration effect
of pumping on GF activity is maximized within less than
a day for the given parameter values; when r is less than
2500 m, the tensile strain reaches its maximum ¢ within 1
week; when r is less than 6000 m, the tensile strain reaches
its maximum ¢ within 1 month; and when r is greater than
10,000 m, more than 3 months of continuous stable pump-
ing are needed to reach the maximum tensile strain. The
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peak periods of agricultural irrigation in the Datong area are
April-May and August—September. As such, it is difficult
to pump continuously for more than 3 months. Therefore,
water pumping more than 10 km away has a weaker accel-
eration effect on the GF activity. This is consistent with the
results of large-scale pumping tests in this area (Che and
Yu 2004). The deformation acceleration of the JGF lasts for
18-38 days and mainly occurs in June and July (Fig. 7b, c).
Thus, considering that the continuous pumping time of a
single agricultural well does not generally exceed 7 days, it
is speculated that the vertical activity of the JGF is mainly
the result of water pumping within a 10-km radius.

Possible formation mechanism of the JGF

The formation mechanisms of GFs are diverse, mainly
including tectonic activities, groundwater exploitation,
stratum lithology conditions, geomorphological boundaries,
precipitation, surface water infiltration, underground mining,
building load and dynamic loads (Peng et al. 2017). The for-
mation and development of GFs in locomotive factories are
restricted by many factors, and their formation mechanism
is complicated. Neotectonic activity is the controlling factor
for the formation of GFs in the locomotive factory. Under the
influence of upper mantle uplift, regional tensile stress, and
fault block movement, a buried fracture system was formed
on the hanging wall along the Kouquan Fault, laying founda-
tion for the formation of GFs (Wang et al. 2020). Moreover,
the intense groundwater exploitation in the urban area of
Datong, especially the seasonal exploitation of group wells,
plays a decisive role in the magnitude of GF activity. The
field observations showed that the rates of horizontal expan-
sion and vertical displacement of GFs in the locomotive fac-
tory are 1 mm and 2.5 mm per year, respectively. However,
evidence from the study of geology, earthquakes, and geod-
esy indicate that the rate of current horizontal expansion
of the Shanxi graben system is 0-0.5 mm/year where the
Datong Basin is located. The vertical slip rate of the nor-
mal fault of the Datong Basin varies from 0.12 to 1.48 mm/
year (Zhang et al. 1998; Deng et al. 2002; Wang and Shen
2020). Therefore, it is inappropriate to regard the rate of GF
activity as the amount of deformation caused by structural
factors. Hence, it is reasonable to infer that 30-40% of the
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field observations of GF activity is a result of the tectonic
activity, after eliminating the displacement activity caused
by the seasonal pumping of the group of wells. The rate of
horizontal expansion is 0.3—0.4 mm/year, and the rate of ver-
tical displacement is 0.75—-1.0 mm/year, all of them within
the range of regional tectonic activity rate.

Conclusions

Datong is severely affected by GF disasters. In this study,
monitoring data were used to study the most active fissure
in Datong (the JGF) to characterize its activity and control-
ling mechanisms. The main conclusions of the research are
as follows:

e The vertical differential displacement feature of the
JGF is significant, and the magnitude of this activity is
approximately 2.5 times higher than horizontal tension
displacement.

e GF activity is highly seasonal, and periodic agricultural
irrigation is considered the driving factor; the activity of
the JGF is significantly enhanced during the agricultural
irrigation season, and rainfall has less impact on seasonal
activity.

e The JGF experiences a period of stepped displacement
acceleration every 320-420 days lasting for 18-38 days
and with an average displacement of approximately
2.0 mm. These stepped displacements account for
approximately 63% of the annual vertical differential
displacement recorded in this fissure.

e The effect of seismicity on the activity of GFs is very
complicated. The abnormal displacement that tends to
occur before an earthquake is not necessarily causative; it
is not appropriate to use GF activity as precursory infor-
mation in earthquake prediction without eliminating the
influence of other non-tectonic factors.

e Water pumping within a 10-km radius has a positive
effect on GF activity. Based on numerical simulations,
when the distance between the pumping wells and a GF
is less than 1000 m, the acceleration effect on GF activity
can be maximized within less than 1 day.

Further research is required to obtain groundwater moni-
toring data near the JGF to analyze the correlation between
groundwater fluctuations and GF activity. Additionally,
detailed records of agricultural activity in the Datong area
could contribute to further in-depth analysis of the relation-
ships between irrigation practices and GF activity.
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