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Land subsidence is a typical geo-hazard in Cangzhou, North China Plain, having
caused severe damages to transportation networks, public utilities, and other
civilinfrastructures. The mechanism of land subsidence and its affecting factors
were revealed by theoretical model analysis, and doing geotechnical tests and
monitoring of soil deformation as well as groundwater level. Theoretical
analysis shows that groundwater withdrawal from both unconfined and
confined aquifers can lead to land subsidence. Land subsidence of the
Cangzhou Plain is mainly caused by the exploitation of deep confined
groundwater. Geotechnical tests show a general trend that the compressive
modulus increases with the increase of soil depth. The strata of the Upper
Pleistocene and Holocene are mostly normally consolidated and partially
under-consolidated, which are prone to produce large compression after
pumping. Land subsidence in the Cangzhou Plain has a strong hysteresis
because of seepage consolidation and creep. The deformation
characteristics of strata change at different depth. The shallow aquifers are
mainly elastic deformation. The area of severe land subsidence in the Cangzhou
Plain is closely related to rainfall, mainly because the large amount of water are
used for agricultural irrigation. INSAR results show a sudden change in regional
subsidence across the Cangdong fault, which is caused by the difference in the
thickness of Quaternary sediments and the difference in the deep confined
groundwater level.

KEYWORDS

Cangzhou, land subsidence, soil deformation, groundwater level, confined aquifer
1 Introduction

Land subsidence, leading to the decrease in ground elevation within a certain area, is a
geological phenomenon that the underground loose rock layers are consolidated and
compressed due to factors such as extraction of underground fluids. As a geological
disaster, land subsidence has serious negative effects in many countries and regions in the
world (Hu et al., 2004; Ovando-Shelley et al., 2007; Motagh et al., 2008; Pacheco-Martinez
et al,, 2013). The North China Plain (NCP) is the largest affected area with the fastest
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subsiding rate in China. In recent decades, soil deformation
mechanism with the influence of groundwater level change in
aquifer systems has received great attention from scholars.
Researches mainly focus on the rheological characteristics of
soil layers, especially clay layers, and the quantitative research on
soil stress-strain relationship. He et al. (2020) designed physical
model tests to study the deformation characteristics of sand and
clay layers and the change of pore water pressure caused by
groundwater recharge and discharge, and proposed three
groundwater development models that were conducive to
alleviate the development of land subsidence. With the
deepening of researches on land subsidence, more and more
researchers gradually realized that the soil compression induced
by water pumping contains a certain proportion of rheological
deformation, and not only clayey soil may creep
(Sivasithamparam et al, 2015; Sexton et al., 2016), but also
sand or gravel aquifers may creep (Enomoto et al., 2015; Zhu
et al., 2018). Test results showed that the creep deformation of
sand could reach 10% of the total deformation under monotonic
load (Augustesen et al., 2004). Terzaghi’s consolidation theory is
a simple elastic deformation model, which has been widely used
in soil compression analysis due to the simple mechanism and
the linear characteristics of the governing equations. If the field
monitoring and laboratory test data of soil deformation can be
obtained, a more realistic soil deformation constitutive model
may be established and used for land subsidence simulation and
prediction (Gambolati and Teatini, 2015). Tsai and Hsu (2018)
proposed a visco-elasto-plastic (VEP) model, which consisted of
a visco-elastic model and a visco-plastic model, and the use of the
visco-plastic model was controlled by a single-pole double-throw
(SPDT) switch. It has been verified that the calculation results of
this model have a small relative error. Based on the Euler
formula, Zhuang et al. (2020) obtained the analytical solution
of the elastic deformation of an overconsolidated aquitard driven
by the change of the groundwater level in the aquifer, and used it
to evaluate the vertical hydraulic conductivity and elastic skeletal
specific storage of a 35.54 m thick aquitard in Shanghai. Results
showed that the analytical method could quantitatively explain
the hysteresis characteristics of land subsidence and effectively
evaluate the hydraulic parameters of overconsolidated aquitards.
Land subsidence caused by pumping and drainage is actually a
coupling problem of seepage field and stress field. In recent years,
researchers have explored the numerical calculation methods of
fully coupled models (Tsai, 2015; Asadi and Ataie-ashtiani,
2016), and have successfully applied them to the simulation
and prediction of land subsidence in Venice, Las Vegas,
Shanghai, etc. (Hernandez-marin Burbey, 2012;
Castelletto et al., 2015; Ye et al., 2016). Pham et al. (2019)

developed the program module SUB* based on the elastic

and

mechanics theory of porous media, which could realize fully
coupled water-stress simulation.

Land subsidence is a typical geo-hazard in the Cangzhou Plain.
The strata in the Cangzhou Plain are mainly composed of clay and
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silty clay with relatively high plasticity, it thus easy to form
permanent subsidence (Guo et al, 2015). The occurrence and
development of land subsidence in the Cangzhou Plain are
closely related to the history of groundwater exploitation. Due to
the complex affecting factors of land subsidence, the development
rate and scope of land subsidence have great differences in different
spaces and times. From the 1970s to the 1990s, the demand for water
resources for industrial and agricultural development in the
Cangzhou Plain increased with years. Due to serious over-
exploitation and slow replenishment, the deep groundwater level
dropped seriously, forming a large area of deep groundwater
depression cones and induced land subsidence disasters. The
substantial increase in groundwater extraction in small and
medium-sized cities and rural areas caused land subsidence to
expand from urban to rural areas and to consolidate regionally.
In the 21st century, land subsidence in the urban area of Cangzhou
had been gradually controled due to the closure of groundwater
wells, but it was still developing in other areas.

With the advancement of science and technology, monitoring
methods of land subsidence have been improved, which has
continuously expanded the depth and breadth of land subsidence
1990s, the
interferometry (InSAR) technology has become increasingly

research. Since the synthetic aperture radar
mature and has become an important technical means to
monitor the temporal and spatial changes of regional land
subsidence (Khan et al., 2013; Tomas et al., 2014; Amighpey and
Arabi, 2016; Castellazzi et al., 2016; Chaussard et al., 2017). InSAR,
GPS, leveling, borehole extensometers and other ground and
underground monitoring technologies complement each other,
and have become important components of the land subsidence
monitoring system in the North China Plain as well as the Cangzhou
Plain. The main objective of this paper is to put forward new
understandings on the mechanism of land subsidence in Cangzhou
Plain, and provide reference for the prevention and control of land
subsidence in the future. At first, a five-layer conceptual model is
established to investigate the characteristics and of soil deformation
driven by groundwater level variations. Multiple correlation analysis
is performed to explore the relationship among land subsidence,
groundwater level and groundwater extraction. Based on
geotechnical tests, the influence of soil mechanical parameters
such as compression modulus and soil consolidation degree on
land subsidence are estimated and discussed. Then, we rely on water
well and extensometer data to analyze the deformation
characteristics of strata with different buried depths in the
subsidence center of the central urban area. Finally, we discuss
the relationship between rainfall and land subsidence, and the
control effect of faults on land subsidence.

2 Study area

The Cangzhou Plain, the plain area of Cangzhou City, Hebei
Province, is located in the central and eastern part of the NCP
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and adjacent to Bohai Sea (see Figure 1). Cangzhou Plain is about
181 km from east to west and 165 km from north to south, with a
total area of 14,000 km?> (the central urban area is 195 km?),
accounting for 10% of the total area of the NCP. The terrain in
this region is low and flat, and inclines from southwest to
northeast, with a slope of 0.07%0-0.13%o. The ground
elevation is generally 2-15 m, and the ground elevation along
the coastline in the east is 1-4 m. This region belongs to a warm
temperate continental monsoon climate, with an average annual
rainfall of about 600 mm. The rainfall is unevenly distributed
throughout the year with great inter-annual variation. Generally,
the flood season starts from June to September. The rainfall
during the flood season accounts for about 75% of the annual
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rainfall. Due to limited precipitation and the construction of
upstream reservoirs, most rivers in the Cangzhou Plain have been
seasonally or even dried up. Therefore, groundwater has been the
main source of water for agriculture, industry and domestic use.

The Cangzhou Plain contains two distinct hydrogeological
settings in Quaternary sediments: an alluvial plain with many
abandoned river channels and a coastal plain zone around the
Bohai Sea (Foster et al., 2004). The main strata in this region are
loose unconsolidated Quaternary sediments with the thickness
ranging from 350 m to over 550 m, mainly composed of sand, silt
and clay. The main type of groundwater is pore water in loose
Quaternary sediments. Aquifer system is composed with
multiple sand aquifers which separated by extensive and thick
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aquitards of silt or clay (Figure 1). Freshwater aquifers of the
aquifer system are overlaid by saline/brackish aquifers, increasing
in thickness from tens of meters in the west to over 200 m in the
coastal areas (Figure 1). The stratigraphy can be divided into four
aquifer groups. The bottom depth of the first aquifer group is
20-30 m, which roughly correspond to the bottom boundary of
the Holocene (Qg) and the upper part of the Upper Pleistocene
(Qs).
precipitation infiltration, runoff and recharge. The bottom
depth of the 120-170 m,
corresponding to the bottom boundary of Qs;. The vertical

The first aquifer group has good conditions for

second aquifer group is
infiltration recharge condition is poor, and the underground
runoff is stagnant. The lower boundary of the third aquifer is
located between 250 and 350 m underground, corresponding to
the bottom boundary of Middle Pleistocene (Q,). The third
aquifer group has poor recharge conditions, which is the main
exploitation layer of deep confined groundwater in the Cangzhou
Plain. The water abundance (represented by yield of single well)
in the central and western regions of Cangzhou is generally
between 1,000 m*/d and 2000 m?®/d, the water abundance in the
central and eastern regions is generally between 500 m*/d and
1,000 m*/d, and the water abundance in some regions of
Huanghua is less than 500 m*/d. The bottom boundary of the
fourth aquifer group is buried at a depth of 350-550 m, with a
local depth of 600 m, corresponding to the bottom boundary of
Lower Pleistocene (Q;). The permeability and water richness are
poor, and the lateral runoff supply is weak. The first and second
aquifer groups have unconfined or semi-confined hydraulic
properties, and the third and fourth aquifer groups have
confined hydraulic properties.

3 Materials and methods
3.1 Theoretical models

3.1.1 The influence of water level drop on land
subsidence

The principle of effective stress by Terzaghi can be described
as following (Craig, 2004):

1)

=0 +u,

where ¢ is the total stress, o’ is effective stress, and u is the pore
water pressure.

When no tectonic stresses are present, the total stress can be
expressed as the sum of the loading on the soil surface and the
geostatic stress (Poland and Davis 1969; Zeitoun and Wakshal
2013).

O = Ojoad + ymdm + ysds, (2)
=7,(1—n)+y,n, 3)
YS = Yg (1 - n) + Ywn’ (4)
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and the hydrostatic stress can be expressed as following:

u=dy, (5)

where y,, is the unit weight of moist sediments above the water
table;
weight of saturated sediments below the water table; y,, is the unit

7, is the unit weight of sediments grains; y, is the unit

weight of water; n is the porosity; n,, is the moisture content of
sediments in the unsaturated zone, as a fraction of total volume;
dy, is the depth below land surface in the unsaturated-zone
interval, land surface z = 0 to the water table z = z,,; and d;
is the thickness of interest in the saturated zone.

Figures 2, 3 show a typical aquifer structure, one
unconfined aquifer and two confined aquifers separated by
two confining units, respectively. With Eqs 1-4, the variation
of effective stresses in response to water level changes in the
unconfined and confined aquifers can be summarized in
Table 1 (Poland and Davis, 1969; Zhou, 2012; Guo et al.,,
2015).

When water-level drops in the unconfined aquifer, the land
subsidence can be calculated as:

S:SC_Sr: (6)
AR? H, — |Ahy,|)|AR H_,|Ah
SC - (1 _n+nw)yw< wt+ ( 1 | wt|)| wt|+ z| wt|>’
2E, E, 2E,
7)
H VAhy| & (H;|Ahy,
sr=<n—nw>yw(( — HlA] Z | ") ®)
2r —3 1r

where E; is the modulus of compression, which is equal to the
reciprocal of coefficient of volume compressibility, and E;, is the
modulus of resilience. Note that there exists a point Z (Figure 2)
where the change of effective stress is zero, and the distance from
point A to Z is calculated as following:

H,=(1-n+ny,)H, 9)

Figure 2 indicates the relationships between geostatic,
hydrostatic and effective stresses and the changes after a water
table drop of 40 m in the unconfined aquifer when fluid-pressure
equilibrium is reached. The effective stress in the unconfined
aquifer increases 29.2m and that in confined aquifers and
confining unit 2 decreases by only 10.8 m. The point Z is
calculated as 0.73 H, below the top of confining unit 1.

When water levels in the confined aquifers fall, the land
subsidence can be calculated as following:

S = (H2|Ah01| + H;|Ahc| + Hy(|Ahc1| + |Ahc|)
C = Jw
2E2 E3 2E4
H;|Ah,
sl cz|>. (10)
Es

Figure 3 indicates variation of geostatic, hydrostatic and
effective stresses as water head drops 40 m in confined aquifer
1 and declines 80 m in confined aquifer 2. After the water head
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Stress diagrams for a water table drop of 40 m in an unconfined aquifer (y, = 2.6 x 10*N/m*; y,, = 9.8 x 10N/m*; n = 0.35; n,, = 0.08).

decreases, the effective stress of the unconfined aquifer
remains unchanged, and the effective stress of the confined
aquifer 1 and confined aquifer 2 increases by 40 m and 80 m,
respectively. The effective stress of confining unit 1 and
confining unit 2 increases by 20 m and 60 m on average,
respectively.

3.1.2 Pumping induced soil deformation in a
confined aquifer

When a well is pumped in a completely confined aquifer, the
water is obtained from the elastic or specific storage of the
aquifer. The elastic storage is water that is released from
storage by the expansion of the water as pressure in the
aquifer is reduced and by expulsion as the pore space is
reduced as the aquifer compacts. The drawdown s can be
calculated as following (Fetter, 2001):

Q

s = MW(M).

1m

When 1 <0.05, Eq. 11 can be simplified as:
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Q I 2.25Tt

s=—— ,
4nT " r2S

(12)

where s is the drawdown (L), Q is the constant pumping rate (L?/
T), T is the aquifer transmissivity (L*/T), t is the time since
pumping began (T), r is the radial distance from the pumping
well (L), S is the aquifer storativity (dimensionless), and u =
r2S/4Tt.

Then the following equation can be obtained:

AM 0.563

=aouln —, (13)
u

0
where a =y, Qt/mESr*, AM is the compression amount of the
aquifer, M) is the original aquifer thickness, and E is the modulus
of compression.

One can easily see from Eq. 13 that the compression amount
of the aquifer increases with ¢, and decreases with r, E and S. The
calculated data for the dimensionless compression amount of the
aquifer, AM/M,, as a function of 1/u, at an observation well are
plotted in Figure 4, indicating that the aquifer compression
decreases with the aquifer transmissivity.
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n =0.35; n, = 0.08).

TABLE 1 Variation of stresses due to water level changes in the aquifer.

Points Variation of stresses when water levels decline
Geostatic pressure, Ao Pore pressure ,Au Effective pressure, Ac’
[¢) 0 0 0
o' Yo (1= 1) Ay YDl Yo (1 =1+ 1) Ahyy
A Y (1= 1) Ay Y huwr —Yy (1 =1+ ny)Ahyy,
B Yo (1= 1) At Ywhhe Yo (1 = 1)Ahut =y, A
C Yo (1= 1) Ay Ywhhe Yo (1= 1) 8wy =y, Ahey
D Yw (1 —ny) Ay ywAhrZ Yw (n- nw)AhwtfywAth
E Yo (1= 110) At Ywhhe Yo (1= 1) A=y, Ahcy
Note: Ahyy, Ahci, Ahe, denote water level changes in the unconfined aquifer, confined aquiferl and confined aquifer 2, respectively.
3.1.3 Delay in draining aquitards within a confining unit to dissipate, could be expressed as
Residual compaction in aquitards may continue long after following:
the heads are initially lowered in adjacent aquifers. Riley (1969) (b 7Y
pointed out that the time of delay in a doubly draining aquitard, = Ss ( / 2) (14)
. . . K/ >
representing the time required for 93% of the excess pore water v
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where b’ is the thickness of the aquitard, K;, is the vertical
hydraulic conductivity, and S, is the specific storage of the
aquitard, defined as following:

S, = Suck Saws (15)

Syds the skeletal specific storage, and Sy, is the water specific
storage, and S; = S, for the inelastic range of stress, where Siy is
inelastic skeletal specific storage.

3.2 Multiple correlation analysis

Given variables x, y, and z, the multiple correlation coefficient
can be defined as following (Schmuller, 2009):

T2
~ [rxz+ryz 2ol yalay
Rz,xy = V 1-r2 5

xy
where x and y are viewed as the independent variables and z is the
dependent variable, and r is the correlation coefficient between
every two samples. The multiple coefficient of determination (R
or R-square), defined as the square of the multiple correlation
coefficient, is a statistical measure in a regression model that
shows how well the data fits the model.

(16)

3.3 Soil sample collection and testing

Two boreholes with the drilling depth of 400 m are located in
Rengiu and the central urban area, numbered CZ-1 and CZ-2,
respectively (see Figure 1 for the borehole locations). Clay
samples were cut 30 cm from borehole cores, placed in soil
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sample cylinders, sealed with wax and wrapped with tape
before being sent to the laboratory. A specimen with a
diameter of 61.8 mm and a height of 20 mm was prepared by
a ring cutter for consolidation test, and the remaining soil was
used for the determination of physical parameters. Consolidation
tests were performed using an electronic compression rheometer
to study the time-dependent behavior of the clayey soil during
one-dimensional consolidation. The experimental data were used
to estimate the preconsolidation pressure, compression modulus
and consolidation coefficient of test specimens at different
depths. During the consolidation tests, the lateral movement
of the soil was prevented by containing the soil in a hard metal
ring. A series of pressures were applied to the specimen, each held
for 24 h, during which time deformation readings were taken at
appropriate intervals. During the test, the room was kept at
constant temperature and humidity.

4 Discussion

4.1 Variation of compressive modulus with
pressure and depth

Physico-mechanical properties of ten soil specimens taken
from boreholes CZ-1 and CZ-2 are shown in Table 2. The
relation between compression module and applied pressures
for the above ten specimen are shown in Figure 5. It can be
seen from Figure 5 that with the increase of pressure, the
variation of compression modulus can be divided into
4 stages. The following is an example of soil specimen CZ-2-
25. In the first stage (0-160 kPa), the compression modulus
under the first and second pressure increments is very small
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TABLE 2 Physico-mechanical properties of ten soil specimens taken from borehole CZ-1 and CZ-2.

Specimen Depth (m) Moisture Natural Void ratio Liquid Plastic limit (%) Plasticity index
no. content (%) density (g/cm’) limit (%)
CZ-1-22 58.9 25.9 1.99 0.73 35.8 20.2 156
CZ-1-35 94.1 21.0 2.06 0.6 343 20.9 134
CZ-1-102 263.6 228 2.00 0.67 3338 205 133
CZ-1-106 280.5 236 203 0.66 374 215 159
CZ-1-122 333.1 214 2.09 0.59 37.7 221 15.6
CZ-2-25 68.8 203 2.05 059 266 162 104
CZ-2-40 98.7 193 2.07 0.58 36.7 19.7 17.0
CZ-2-83 2235 229 2.05 0.64 40.7 237 17.0
CZ-2-113 3494 211 2.02 0.64 374 222 152
CZ-2-121 378.9 186 213 0.52 37.3 221 152
A 140
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Compression modulus of soil samples at different depths in boreholes CZ-1 (A) and CZ-2 (B) as a function of pressure.
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due to the stress relief generated by the sampling and sample
preparation process, which is shown as a rapid increase of the
compression modulus in the compression modulus-pressure
The (about 160-640 kPa) is the
compression stage before the soil structure yields, and the

curves. second  stage
growth of the compression modulus in this stage is slower
than that of the first stage. The third stage (about
640-1,280 kPa) is the yield stage of the soil structure, the
compression modulus decreases with the increase of pressure,
and the soil structure is destroyed; the pre-consolidation pressure
obtained by the Casagrande method on the e-lgP curve is
767 kPa, which is within the pressure variation range at this
stage. The fourth stage (after 1280 kPa) is the compression stage
after the structure yields, and the compression modulus increases
gradually with the increase of the load. It should be noted that
sometimes no obvious structural yield stage exists due to
excessive loading ratio, such as specimen CZ-1-22 in Figure 5A.

The above analysis shows that there is a stress release and
compensation stage for the soil specimens in the first stage, and
the compression modulus of this stage cannot represent the real
situation of the soil. Therefore, the compression modulus of the
second to third stages is selected to analyze the variation of the
compressive modulus with depth. Figure 5 shows a general trend
that in the same pressure range, the compressive modulus
increases with the increase of soil depth as a whole. Due to
the exploitation of groundwater, the pore pressure of the clayey
soil decreases, and the soil layer is consolidated under the action
of the effective stress due to its own weight. The deep soil has a
higher effective stress, resulting in a higher degree of
consolidation and a relatively large compression modulus.

According to Table 1, when the water table decreases, the
increase of effective stress in the unconfined aquifer and the
upper part of the confining 1 is much greater than the decrease of
effective stress in the underlying aquifer or confining units. In
general, the resilience modulus of the soil layer is much larger
than the compression modulus, and the deformation modulus of
the deep soil is larger than that of the shallow soil (Figure 5).
Therefore, according to Eqs 6-8, the compression of the OZ
section (Figure 2) caused by the drop of the phreatic level is
greater than the rebound of the underlying strata, so groundwater
extraction from unconfined aquifers may also lead to land
subsidence.

4.2 Deep confined groundwater
extraction is the major reason of land
subsidence

The Cangzhou Plain is an extremely water-deficient area
under the dual pressure from population and environment. Due
to the lack of surface water and the large-scale distribution of
saline/brackish water in shallow aquifers, the whole region
mainly relies on overexploitation of deep groundwater to
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the
development. Surface water accounts for about 20% of the

maintain growing needs of national economic
total utilization of water resources in Cangzhou, while
groundwater accounts for the rest 80%. In the whole
groundwater exploitation, deep water takes up to the ration of
70%. Deep groundwater is mainly pumped for the use of
agriculture, which accounts for 66.1% in 2013 (Li, 2015). The
development and utilization of deep groundwater in the
the mid-1960s the

groundwater could spew out of the ground surface due to the

Cangzhou Plain began in when
high groundwater heads. With the increase of the number of
machine-operated wells and the increase of the mining volume,
the groundwater level dropped, and the regional groundwater
level depression cone was gradually formed. As a result, the pore
water pressure of the aquifer decreased and the clayey soil layers
lost water due to compaction, resulting in land subsidence. From
1976 to 1980, the average annual mining volume was 2.6 X
10* m?, which did not require for a large amount of groundwater.
From 1981 to 1995, the annual average mining volume was
between 4.4 x 10° and 52 x 10°m® Rapid economic and
agricultural development had greatly increased groundwater
consumption. After 1996, the mining volume increased
continuously. The average annual mining volume during this
period was 6.5 x 10° m’, and it reached as high as 9.2 x 10° m’
during 2001-2003 (Li, 2015).

In recent 5 years, land subsidence in the Cangzhou Plain has
gradually slowed down. The most serious land subsidence
occurred in 2017, with the area of severe land subsidence (the
area with subsidence rate greater than 50 mm/year) reaching
1,400 km®. At present, the area of severe subsidence in Cangzhou
covers an area of about 300 km®, mainly distributed in the west
and south of Cangzhou. The maximum cumulative subsidence of
the central urban area is more than 2.5 m (Bai et al., 2022), and
the urban areas of Qingxian, Renqiu, Hejian, Suning, Huanghua,
Botou, and Nanpi also have great cumulative subsidence
exceeding 1.0 m. Damages caused by land subsidence began to
appear in the central urban area of Cangzhou City in 1972. By
2005, the accumulated subsidence in the subsidence center had
exceeded 2 m. To mitigate land subsidence, local government had
implemented policies since 2005 to limit the extraction of
confined groundwater and to increase the supply of surface
water from the Dalangdian Reservoir and the South-to-North
Water Diversion Project. From 2005 to 2007, the self-provided
wells were closed in the central urban area, the groundwater level
recovered, and the subsidence rate was basically controlled
within the range of 10-20 mm/year.

It can be seen from Table 1 that the effective stress increment
of the unconfined aquifer caused by the drop of water table is
smaller than that of the confined aquifer caused by equivalent
drop of the confined water level. Furthermore, when the same
amount of groundwater is pumped, the water level drop in the
confined aquifer is greater than that in the unconfined aquifer.
Also, the recharge condition of unconfined aquifers is better than
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FIGURE 6

Temporal variation of groundwater abstraction and the water-level depth and subsidence rate of the subsidence center in the central urban

area of Cangzhou City (All the values are normalized).

that of the confined aquifers, and the water table generally does
not drop significantly. It should be noted that the Cangzhou Plain
mainly relies on the extraction of deep groundwater to maintain
the needs of national economic development due to the large
amount of saline/brackish water distributed in the shallow
aquifer. Therefore, the land subsidence in the Cangzhou Plain
is mainly caused by abstraction of deep groundwater. In addition,
fine clays and silts with organic matter in confined aquifers
typically demonstrates high compressibility and strorativity and
low transmissivity, which is conductive to trigger the land
subsidence (Figure 4). Hence serious land subsidence has
occurred in the Cangzhou Plain.

The exploitation of confined groundwater in the central
urban area of Cangzhou is mainly from the third aquifer
group, which is also the main cause of land subsidence.
the of land
(1991-2010), the annual groundwater extraction of the
second, third and fourth aquifer groups was 30, 310, and

During rapid  development subsidence

75 million m’, respectively, of which the third aquifer group
accounted for 75%. As shown in Figure 6, the development of the
land subsidence of the subsidence center in the central urban area
has gone through three main stages. Prior to 2001, the rate of land
subsidence continued to increase as groundwater extraction and
water level depth increased in the third aquifer group (i.e., the
main groundwater abstraction layer). In 2001, the groundwater
level was buried at a depth of about 90 m, and the subsidence rate
exceeded 100 mm/year. From 2001 to 2007, the subsidence rate
decreased significantly due to the closure of self-contained wells
and the reduction of groundwater extraction. After 2007, the
subsidence rate decreased slowly and stabilized. Multiple
correlation analysis indicates that the land subsidence rate (S),
groundwater withdrawal (Q) and groundwater level depth (D) of
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the Cangzhou subsidence center have a good correlation, which
can be described as Eq. 17. The coefficient of determination (R
or R-square) is calculated as 0.94, indicating that the goodness of
fit is high.

S =0.447Q + 0.334D + 0.074. (17)

4.3 The relation between the recorded soil
compaction and the variation of
groundwater levels

Highly sensitive borehole extensometers can provide data
that define the compression characteristics of the compacting
aquifer systems. In 2003, a bedrock benchmark was installed in
the northern part of Cangzhou Plain (Figure 1). Since 2010,
borehole extensometers were installed at several sites throughout
the region. The monitoring data from the extensometer in the
central urban area (Figure 1) are used to illustrate the variation
characteristics of groundwater level and soil deformation.

A geophysical log interpretation from the borehole CZ-2 (see
Figure 1 for borehole location), indicates alternating sand and
clay layers scattered throughout the vertical aquifer sections
(Figure 7). Extensometer site S1 is near borehole CZ-2, with
5 extensometers installed at depths of 5 m, 69 m, 196 m, 253 m,
and 375 m to measure consolidation (vertical deformation) in
each two depth intervals. The extensometers are numbered as F1,
F2, F3, F4, and F5, respectively. In addition, four groundwater
monitoring wells numbered as Wy, W5, W3, and Wy, respectively,
were also installed to measure the groundwater level variations in
the first aquifer group, the second aquifer group, the upper and
lower parts of the third aquifer group. These four monitoring
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wells have the screen depths of 10-30 m, 128-193 m, 208-252 m,
and 274-371 m, which are within the depth range of the soil
compression layers F;,, F,3 Fs4 and F,s, respectively.
Figure 8A shows, in the uppermost plot, the history of
groundwater depths in W;, and that of compaction between
5 m and 69 m below land surface (the first compression layer F;_
»), an interval corresponds approximately to the first aquifer
group and the upper part of the second aquifer group. Figure 8B
shows, in the middle plot, the history of groundwater depths in
W3, and compaction between 196 m and 253 m below land
surface (the third compression layer F;,), an interval
corresponds approximately to the upper part of the third
aquifer group. Figure 8C shows, in the lowermost plot, the
history of groundwater depths in W, and compaction
between 253 m and 375m below land surface (the fourth
Fys),
approximately to the lower part of the third aquifer group.

compression  layer an  interval  corresponds

Due to the difference in stratum lithology and stress loading
process (pattern of groundwater level change), the deformation
characteristics of soil layers with different buried depths under
groundwater level changes are quite different, showing elastic,
visco-elastic, and visco-elastic-plastic characteristics. The first
compression layer, F;,, exhibits obvious elastic deformation
characteristics (Figure 8A). The water levels of the aquifer
fluctuated seasonally, and the weakly permeable layer or the
aquifer containing low-permeability lens was subjected to

repeated loading and unloading. With the increase of the
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number of cycles, the soil layer presented a deformation
characteristic dominated by elastic deformation. Despite the
fact that the effective stress fluctuated with years, each major
episode of stress was accompanied by additional permanent
compaction in F;, (Figure 8B). During fall and winter
seasons of water level recovery, the effective stresses declined
and compaction ceased, and a slight expansion of the aquifer
system was recorded (Figure 8B). Apparently, the expansion of
the aquifer is masked by the continued compaction of the
interbedded aquitards, as water continues to be drained under
the influence of the high pore pressure maintained in the middle
region of the clay beds. As the water head of the aquifer rises, the
thinnest and most permeable aquitards with the least excess pore
pressure will rapidly respond elastically; however, the thickest
and least permeable clay layers may continue to compact at a
decreasing rate during most or even all the period of head
recovery. Since November 2015, groundwater levels began to
increase in a slow rate and the subsiding rate, the slope of the
cumulative deformation, diminished gradually (Figure 8B). The
groundwater level of W, shows similar variation characteristics
to Wj3; but soil compaction in F,s, which has different
characteristics compared to Fs,4 stopped in December
2015 and then continued to rebound as the water level
continued to rise (Figure 8C).

The degree of soil consolidation is an important indicator
that affects soil compression. Under-consolidated strata have
not yet been consolidated under the self-weight pressure. Even
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FIGURE 8

Hydrographs and cumulative deformation: (A) well Wy and compression layer Fi_,; (B) well Wz and compression layer Fz_4; (C) well W, and
compression layer F4_s. The negative sign in the cumulative deformation indicates compression.

if no external load exists, under the action of self-weight load,
such strata will slowly consolidate and drain, causing the
strata to slowly compress and cause land subsidence. For
normally consolidated strata, as long as there is an external
additional load or a drop in the groundwater level, the strata
can be compressed, resulting in land subsidence. Only when
the additional load is greater than the difference between the
pre-consolidation pressure and the self-weight pressure, the

Frontiers in Environmental Science

12

over-consolidated strata will produce obvious compression
and deformation and cause land subsidence. The Upper
Pleistocene and Holocene strata in the Cangzhou Plain are
mostly in a normal consolidation state, while in the deep
strata, due to the significant drop in groundwater levels, the
pore water in the corresponding aquitards or lens has been
gradually discharged, and the effective stress increases. As a
result, the deep strata are mostly over-consolidated after

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1053362

Guo et al.

Pc (MPa)
0 15 3

4.5 6 7.5

L L ]

100

200

Depth (m)

300

400

500 -

FIGURE 9
Change of Pc with depth in the borehole CZ-1 (A) and CZ-2 (B).

continuous compression. The first compression layer F; ,
mainly distributes saline/brackish water, and the amount of
groundwater exploitation is small, but it still contributes 12%
to the land subsidence. The main reason is the low degree of
consolidation in this layer, which is mostly normally
consolidated and partially under-consolidated (Figure 9).
The monitoring data of borehole extensometers show that
the land subsidence has a strong hysteresis, which means that the
land subsidence will continue even if the groundwater level stops
falling or even rises. The delay of land subsidence in Cangzhou
Plain is mainly due to the delayed drainage of low permeability
aquitards (or aquifers sandwiched by low-permeability lens). As
shown in Eq. 14, the time of delay increases with the thickness
and the specific storage of the aquitards, and decreases with the
increase of the vertical hydraulic conductivity. Thus, the length of
the lag time depends on the stratum structure such as the
thickness of the clayey soil layers and horizontal continuity, as
well as the mineral composition and the degree of soil
show that the
conductivities of the confining layers are significantly lower

consolidation. Pumping tests hydraulic
compared with the aquifers in the study area; thus, land
subsidence may lag behind the groundwater level after
groundwater level changes. From the autumn of 2010 to the
spring of 2014, although the water level in well W3 rose slightly
during this period, the compressive deformation of the strata in
the third compression layer F;, continued to increase
(Figure 8B), indicating that the soil layer has not only residual
plastic deformation, but also creep deformation that develops
over time. The soil consolidation test results show that the soil in
the middle and late Pleistocene strata in the Cangzhou Plain has
obvious creep characteristics under different loading conditions.
The strain-log(t) curve of the silty clay sample at a depth of 70 m

in the central urban area of the Cangzhou City is shown in
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Figure 10, which proves the existence of creep. Studies have
shown that not only clay soils may creep, but also sands.
However, to well define creep exists in the sandy layers in the
study area, further research should be done.

4.4 Other affecting factors of land
subsidence in the Cangzhou Plain

Population growth and economic development have led to
excessive exploitation of groundwater, especially deep confined
groundwater, which is the main cause of inducing land
subsidence in the Cangzhou Plain. However, people often
ignore or underestimate the indirect impact of climate
change on land subsidence. Drought climate has a dual
impact on groundwater level change. On the one hand, it
reduces groundwater recharge; on the other hand, in order
to meet water supply needs during droughts, more groundwater
is pumped to make up for the lack of surface water supply.
Under the dual influence of drought, the groundwater level will
fall significantly and the land subsidence will increase
accordingly. The groundwater in the Cangzhou Plain is
mainly used for agricultural irrigation, so the influence of
climate is more significant. It can be seen from Figure 11
that the proportion of severe subsidence area to total area in
Cangzhou Plain has a good correlation with rainfall, and the
severe subsidence area here refers to the area with subsidence
rate greater than 50 mm/year. In general, the area of severe land
subsidence decreases when the rainfall increases, and vice versa.
In 2020, the Cangzhou Plain is a wet year with the rainfall of
579 mm, increased by 125 mm compared with 2019. At the
same time, due to the comprehensive control of groundwater
over-exploitation, the South-to-North Water Diversion and
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Temporal variation of rainfall and the ratio between severe subsidence area and the total area of the Cangzhou Plain.

other factors, the development trend of land subsidence has
further slowed down, and the area of severe land subsidence has
decreased by more than 50% year-on-year (Figure 11).
Engineering construction is a new factor affecting land
subsidence of the Cangzhou Plain in recent years. With the
continuous acceleration of the urbanization process, the
renovation of old urban areas and the expansion of new
urban areas have led to an increase in the number and height
of buildings, resulting in an increase in ground loads. Under-
consolidated soils or soft soils tend to consolidate under heavy
loads, thereby inducing land subsidence. The development of
underground resources such as oil and natural gas leads to the
compaction of the Tertiary under-consolidated oil and gas layers,
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which is also an affecting factor for the development of land
subsidence.

The spatial distribution of land subsidence is often controlled
by faults. InSAR results show that the Cangdong fault in Botou
(see Figure 1 for the fault location) has an obvious effect on the
spatial distribution of ground subsidence, and the ground
subsidence rate on both sides of the fault changes abruptly
(Figure 12), which provides a good indication for the
understanding of the development and characteristics of the
fault. Abrupt areal changes in subsidence can be the result of
faults separating compressible from less-compressible deposits or
acting as barriers to groundwater flow, creating groundwater
level differences across the faults (Galloway, et al, 1999).
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Variation of subsidence rate with distance from 2016 to 2020 for the BB’ section (see Figure 1 for the section location).

Analyses of lithological and geophysical logs of wells provide
clues about the observed subsidence patterns that terminate or
the  fault. We
audiomagnetotellurics (AMT) data along a profile across the

change  features  near collected
fault, using the Geometrics StrataGem EH4 system, a four-
channel, natural and controlled-source tensor
recording in the range of 10-92,000 Hz (Geometrics, 2000).

The AMT method is used to reveal subsurface structure and

system

stratigraphy, results showing that the thickness difference of
Quaternary sediments on both sides of the fault can reach
about 80 m. According to monitoring data, the deep confined
groundwater level in the southeast is several to 10 m lower than
that in the northwest. The compressibility and thickness
differences of sediments and the groundwater level difference
may be the main reasons for the abrupt areal changes in
subsidence across the fault.

5 Summary and conclusion

By collecting monitoring data of land subsidence, soil
deformation, groundwater levels, efc., the mechanism of land
subsidence in the Cangzhou plain was studied using theoretical
model analysis and multiple correlation analysis. The main
conclusions are as follows:

1) A five-layer conceptual model was constructed, consisting of
an unconfined aquifer, confining unit 1, confined aquifer 1,
confining unit 2, and confined aquifer 2. Theoretical analysis
shows that when the water level of the unconfined aquifer
decreases, the effective stress of the unconfined aquifer
increases, while the effective stress of the confined aquifers
and the confining unit 2 decreases slightly. Note that there is a
critical point in confining unit 1 where the effective stress
remains unchanged. After the water head in confined aquifers
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2)

3)

4)

declines, the effective stress of the unconfined aquifer remains
unchanged, and the effective stress of both confined aquifers
and confining units increases. Ground subsidence occurs
whether groundwater is pumped from unconfined or
confined aquifers.

The land subsidence of the Cangzhou Plain is mainly caused
by the exploitation of deep confined groundwater. After
taking measures to close the self-provided wells, the land
subsidence in the central urban area of Cangzhou City has
been gradually controlled. The monitoring data of the land
subsidence center in the central urban area show that land
subsidence has a very good correlation with groundwater
extraction and groundwater level.

Geotechnical tests show that the change in compressive
modulus with increasing pressure can be divided into
4 stages, and that the compressive modulus increases with
the increase of soil depth as a whole. The degree of soil
consolidation is an important index that affects soil
with of
consolidation are easy to compress. Land subsidence in the

compression, and soil layers low degree
Cangzhou Plain has a strong hysteresis because the excess
pore water pressure dissipating in the low-permeability
aquitards needs long time. At the same time, the creep
characteristics of soil under different load conditions are
obvious, which is also a reason for the delay of land
subsidence. Therefore, the creep factor of clayey soil layers
should be considered in the calculation model of land
subsidence. The deformation characteristics of strata driven
by groundwater level variations change greatly with buried
depths, and those of the shallow aquifer are mainly elastic.

The area of severe land subsidence is closely related to rainfall.
Reduced rainfall will lead to reduced groundwater recharge and
increased groundwater abstraction, which will exacerbate the
development of land subsidence. The thickness difference of

Quaternary sediments and deep confined groundwater level
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differences across the fault may be the main reasons for the
abrupt areal changes in subsidence across the Cangdong fault.
InSAR results can provide a good indication for understanding
the development and characteristics of the fault.
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