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Land subsidence is an environmental geological phenomenon with slowly

decreasing ground elevation, The North China Plain is one of the areas with

the most serious land subsidence in China, and Guangrao County is one of the

subsidence centers. This paper is based on the hydrogeological and

engineering geological data of Guangrao County, the groundwater

monitoring data for many years and the land subsidence monitoring data,

systematically analyzes the dynamic characteristics of groundwater, the

distribution and evolution of land subsidence, and the correlation between

groundwater exploitation and land subsidence development in different layers

of this area. Based on Biot porous medium consolidation theory, establishes a

three-dimensional fluid solid coupling numerical model of land subsidence in

Guangrao County, restores the development process of land subsidence,

predicts and analyzes the subsidence evolution law under different

groundwater exploitation schemes, and proposes targeted prevention and

control measures. The research results show that: the shallow groundwater

forms a cone of depression with Guangbei Salt Field as the center, and the deep

groundwater forms an elliptical regional cone of depression with the urban area

as the center. The ground is gradually formed two small settlement areas with

the urban area of Guangrao County and Guangbei Salt Field as the settlement

center, and there is a trend of interrelated expansion. The three-dimensional

fluid solid coupling model of land subsidence accurately restored the

development process of land subsidence in the study area, predicted that

under the current groundwater exploitation conditions, by 2040, the

settlement of Guangrao urban settlement center will increase to 1,350mm,

forming a large regional funnel centered around the urban area, and gradually

developing and expanding around. Prohibition of groundwater exploitation in
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the main funnel area is a more reasonable and effective exploitation plan to

prevent the development of land subsidence.

KEYWORDS

land subsidence, groundwater overexploitation, three-dimensional, fluid-solid
coupling numerical model, evolution trend

1 Introduction

Land subsidence is an environmental geological

phenomenon that the regional ground elevation decreases

slowly due to the consolidation and compression of the

surface soil of the crust caused by natural or human factors. It

has the characteristics of slow growth, long duration, expansive

influence, complex genesis mechanism, and difficult prevention

and control (Xue et al., 2003), (Xue et al., 2006), (Ora et al., 2019).

The main causes of land subsidence are the development and

utilization of underground fluid resources (groundwater, oil,

natural gas, etc.), geological structure subsidence, solid

mineral exploitation and engineering environmental effects,

and overexploitation of groundwater is widely considered to

be the most important cause of land subsidence (Liu, 2001),

(Galloway and Burbey, 2011). The impact of land subsidence is

mainly reflected in four aspects: 1) damage to infrastructure such

as pipelines, buildings and dams (Sarah et al., 1779); 2) causing

the deformation of pavement and railway foundation, and affect

the service capacity of highway and railway; 3) increasing the risk

of flooding (Du et al., 2018); 4) a potential channel for ground

pollution sources to penetrate into the underground, causing

groundwater pollution (Hussain and Abed, 2019).

Since the first discovery of land subsidence in Mexico City in

1891 (Ortega-Guerrero et al., 1999), land subsidence has been

found in Ravenna and Venice in Italy (Antonellini et al., 2019),

Tokyo and Osaka in Japan (Inaba et al., 1970), San Joaquin Vally

and Santa Clara in the United States (Tolma and Poland, 1940),

(Jeanne et al., 2019), Bangkok in Thailand (Phien-Wej et al.,

2006), Jakarta in Indonesia (Abidin et al., 2011), Saudi Arabia

(Othman and Abotalib, 2019), Kathmandu Watershed in Nepal

and other regions (Shrestha et al., 2017), and has carried out

relevant exploration and research. In China, the earliest record of

land subsidence disaster was in Shanghai in 1923 (Zhang and

Wei, 2002). Subsequently, land subsidence was found and

became increasingly serious in whole the country. The

Yangtze River Delta represented by Shanghai and Suzhou

Wuxi Changzhou (Li and Wang, 2006), the North China

Plain represented by Beijing, Tianjin, Hebei and Shandong

(Zhang, 2014), and the Fenwei Basin represented by Xi’an

(Wang et al., 2014) are the regions most affected by land

subsidence in China, They have invested in a lot of research

and achieved many research results.

The North China Plain is among the area with the most

serious overexploitation of groundwater in the world, and also

the area with the largest land subsidence funnel and the largest

subsidence coverage area (He et al., 2006). As an important part

of the land subsidence funnel in the North China Plain, the land

subsidence in northern Shandong Province is particularly

serious. The land subsidence phenomenon in Shandong

mainly occurs in Dongying, Dezhou, Binzhou and Weifang,

relevant scholars have carried out some research work in

Dezhou, Binzhou and other regions (Jia et al., 2015). At

present, no scholar has systematically analyzed and studied

the land subsidence in Guangrao, Dongying. According to the

relevant data of the Dongying land subsidence monitoring

network established in 2002, the deep groundwater level in

Guangrao County has continued to decline for many years,

and the land subsidence rate has not slowed down.

At present, the research on land subsidence mainly focuses on

the following aspects: 1) study the settlement mechanism of land

subsidence and analyze its related influencing factors (Ji et al., 2019);

2) Investigate on land subsidence disasters, and expand to the

secondary disasters caused by land subsidence, such as ground

fissures, land collapse, urban waterlogging and water logging

(Qin et al., 2018), (Jia et al., 2019); 3) Carry out research on the

simulation and prediction of land subsidence, from simple

qualitative prediction of single factor to quantitative prediction of

multiple models with comprehensive effect of multiple factors (Luo

et al., 2018); 4) In terms of land subsidence monitoring technology,

make the subsidence monitoring results more accurate and intuitive

by expanding from a single leveling method to a variety of

monitoring means such as InSAR and GPS using satellite remote

sensing technology (Xue et al., 2021); 5) In terms of the prevention

and control measures of land subsidence, change the previous mode

of discovering disasters—managing them to predicting—controlling

disasters (Li et al., 2021).

For the calculation of land subsidence caused by pumping, the

current research focuses more on the study of soil constitutive

relationship or fluid solid coupling effect with characteristics such

as soil creep and parameter time variation, so as to propose the

characteristics and laws of soil deformation under different hydraulic

conditions. However, for regional land subsidence, due to the

existence of a large number of pumping wells, the pumping

horizon and pumping volume are different. When conventional

numerical analysis methods are used to deal with the boundary

conditions of the pumpingwells, the grid division is too dense, which

will lead to a huge amount of calculation. However, the simplified

processing also affects the calculation accuracy, and cannot

reasonably and accurately reflect the development characteristics

of regional land subsidence based on different pumping information

of pumping wells, and predict its development trend.
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Therefore, this paper takes Guangrao County, Dongying

City, North China Plain as the study area, fully learns from

and absorb the research achievements of land subsidence at

home and abroad, widely collects the hydrogeology and

engineering geology of Guangrao County, the monitoring data

of groundwater for many years and the monitoring data of land

subsidence over the years, uses the effective stress theory, deeply

analyzes the formation mechanism of land subsidence in

Guangrao County. Using Biot consolidation fluid solid

coupling theory, establishes a three-dimensional porous

medium fluid solid coupling numerical model for land

subsidence in Guangrao County. Using the line source mass

flux method, simulates the production volume of each pumping

well, accurately depicts the hydraulic boundary conditions of

hundreds of pumping wells with different production horizons

and different production volumes in the area. Through numerical

analysis, accurately restores the evolution law of land subsidence

caused by groundwater exploitation in this area. At the same

time, through the design of different groundwater exploitation

schemes, predicts the development of land subsidence and

proposes effective prevention and control measures. It

provides theoretical basis and data support for land

subsidence prevention in this area.

2 Overview of the study area

2.1 Physical geography overview

Guangrao County is located in the north of the central part of

Shandong Province (Figure 1). The geographical coordinates are

118°17′~118°57′ east longitude and 36°56′~37°21′ north latitude,

with a gross area of 1,166 square kilometers. The northeast of the

study area is adjacent to Laizhou Bay of Bohai Sea, with a coastline of

12.35 km. The county is located in the overlapping zone of Mount

Tai Yi northern foot piedmont alluvial plain and the Yellow River

flood plain. The area terrain gradually inclines from southwest to

northeast. The highest elevation in the southwest is 28 m, and the

lowest elevation in the northeast is 2 m. The natural slope is 1/

1,000~1/2000. The study area has a monsoon climate, and there is

no significant difference in the climate within the territory. The

annual average precipitation is about 587 mm, mainly from June to

September.

2.2 Dynamic distribution characteristics of
groundwater

According to the hydrogeological and engineering geological

survey data of the study area, the groundwater system in the area

is composed of shallow phreatic water micro confined water

system (buried depth 0~60 m), medium and deep confined water

system (buried depth 60~250 m), and deep confined water

system (buried depth >250 m). The buried depth of shallow

groundwater level varies greatly, and its distribution

characteristics are roughly bounded by Xiaoqing River. The

south of Xiaoqing River is mostly well irrigation area, the

buried depth of the water level is large, and the main supply

source is atmospheric precipitation, followed by river leakage

supply, irrigation infiltration supply and runoff supply, and the

discharge way is mainly manual pumping. Generally, The year

presents the dynamic characteristics of “two peaks and one

valley”. From March to April, the spring irrigation starts, and

the groundwater is recharged by irrigation infiltration. The water

FIGURE 1
Geographical location of the study area.
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level has its first peak in the year. Later, the water level drops due

to continuous pumping, the lowest water level in the year occurs

in June. In July, with the arrival of the rainy season, the

groundwater is recharged by precipitation infiltration, and the

water level has its second peak in the year. Due to the large buried

depth of water level and the insufficient intensity of single

precipitation, it is difficult for precipitation to effectively

recharge groundwater. Therefore, the second peak of water

level in the rainy season of 2015–2017 is not obvious. The

annual variation of water level affected by artificial

exploitation is large, generally more than 10 m. In recent

years, the water level continues to return due to the policy of

reducing groundwater exploitation (Figure 2). The buried depth

of water level in the north of Xiaoqing River is small, the upper

soil permeability is good, and it is greatly affected by precipitation

and evaporation intensity. The phreatic water is mainly in

vertical movement, which is mainly supplied by precipitation

infiltration, followed by the Yellow River lateral infiltration and

irrigation infiltration; It has the characteristics of direct

infiltration replenish, direct excretion, intermittent replenish

and continuous excretion; Generally, the lowest water level in

the year is reached before the rainy season, and the highest water

level in the year is reached in the rainy season. The annual

variation is generally less than 2 m (Figure 3). The water level of

middle and deep groundwater is very weakly affected by the

atmosphere, but mainly affected by artificial exploitation;

FIGURE 2
Relationship between shallow groundwater dynamics and precipitation in the south of Xiaoqing River.

FIGURE 3
Relationship between shallow groundwater dynamics and precipitation in the north of Xiaoqing River.
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Generally, the lowest water level occurs during the peak period of

water use in summer, and the highest water level occurs during

the Spring Festival holiday (Figure 4). In addition, there are

12 rivers in the study area, they belong to the two major water

systems of Xiaoqing River and Zhimai River respectively, mainly

including Xiaoqing River, Zihe River, Zhimai River, Zhinv River,

Yang River, spillway river and preparatory river.

The hydrogeological conditions and water system

distribution in Guangrao County are different from north to

south, and the spatial distribution of water resources is also

different. The shallow and deep groundwater in the southern well

irrigation area is relatively abundant, with good water quality,

convenient water intake and stable water supply. However,

overexploitation of groundwater for many years has led to a

continuous and substantial decline in the groundwater level,

causing geological environmental problems such as salt water

intrusion and ground fissures. The shallow groundwater in the

northern region is brackish water and saline water. Only the deep

confined fresh water can be used. The amount of resources is,

however, limited, and it is difficult to replenish. The fluorine

content of water quality generally exceeds the standard of

drinking water, and the development potential is limited. In

the north, there are Xiaoqing River, Zhimai River and Yellow

River. The surface water is relatively abundant, and the diversion

of the Yellow River is relatively convenient.

2.3 Development characteristics of land
subsidence

The first land subsidence leveling survey was carried out in

Dongying City in 2002. According to the monitoring data of land

subsidence for many years, there is widespread land subsidence

in Dongying City, of which Guangrao urban area is one of the

subsidence centers, and the cumulative subsidence of the

subsidence center is more than 1.5 m (Figure 5), from 2017 to

2021, the area with accumulated subsidencemore than 300mm is

647.81-square-kilometres.On the whole, the development trend

of land subsidence in the main urban area and coastal areas of

Guangrao County is the most obvious, with an average annual

settlement rate of 135.1 mm. The amount of land subsidence in

Guangrao County is increasing year by year and developing

rapidly. The Development Zone in the north of the city and the

coastal area in the East have formed a relatively obvious

subsidence funnel. The land subsidence funnel is constantly

expanding and connecting with other small funnels, and there

is a trend to form a large regional land subsidence funnel, It has

had a significant impact on local urban planning and

construction, social and economic development and people’s

lives (Yang, 2014), (Zhang et al., 2018), (Liu et al., 2014).

3 Correlation analysis of groundwater
and land subsidence in different
layers

Both groundwater funnel and land subsidence are caused by

the reduction of water level in the pumping area due to excessive

exploitation of groundwater, and the occurrence time of funnel is

synchronized with the occurrence of land subsidence, so it is

closely related to the occurrence of land subsidence. The contour

lines of groundwater funnel level and land subsidence in different

aquifers are drawn by GIS software, and they are superimposed

for analysis.

FIGURE 4
Relationship between deep groundwater dynamics and annual exploitation.
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The center of shallow groundwater funnel is located in

Dawang Town-Xiliuqiao Village- Damatou Town and

Guangbei salt field. The buried depth of the central water

level is 50~56 m, The funnel area with -30 m constant water

level coil closed is about 393.32 square kilometers, There are

also the serious land subsidence area in the above areas, and

the points with the largest subsidence rate are located in the

funnel range, the average settlement rate for many years is

102mm/a. This shows that the land subsidence in these areas is

closely related to the exploitation of shallow groundwater

(Figure 6). The development and utilization of groundwater

in the middle layer is low, and there is no groundwater funnel,

so it has little correlation with land subsidence (Figure 7). The

center of deep groundwater funnel is located in Guangrao

urban area, and the buried depth of the central water level is

118~121 m, The funnel area with −70 m constant water level

coil closed is about 428.65 square kilometers, At the same

time, there is also a Serious Land Subsidence Area in this area.

The point with the largest subsidence rate is located in the

funnel range, and the average settlement rate for many years is

131.5 mm/a. The deep groundwater funnel in this area

basically coincides with most settlement funnel areas

(Figure 8); The analysis shows that the land subsidence

here is mainly induced by the exploitation of deep

groundwater. Pumping reduces the pore water pressure and

increases the effective stress, which leads to land subsidence.

According to the field survey of Guangrao County,

combined with the flow field of shallow, middle and deep

groundwater and the distribution of land subsidence, the

influencing factors of land subsidence in each funnel area

are shown in Table 1.

4 Three dimensional fluid solid
coupling model of land subsidence

The consolidation settlement of soil mass due to water loss is

a typical fluid-solid coupling process in porous media, which is

microscopically described as the coupling of seepage field and

stress field (Jia et al., 2019). Based on groundwater seepage theory

and soil consolidation theory, a three-dimensional fluid-solid

coupling numerical model of land subsidence is established to

predict the evolution trend of land subsidence induced by

groundwater exploitation in the study area (Luo et al., 2018)

(Xue et al., 2021).

4.1 Theoretical method

In the coupling model of groundwater flow and porous

media, by considering the coupling relationship between pore

water pressure dissipation and skeleton deformation in the

process of water loss consolidation of soil, derives the three-

dimensional consolidation equation of soil with time varying

average total stress, gives the stress-strain constitutive

relationship in the form of tensor:

σ � C:ε − αBpfI, (1)

where, σ is the stress tensor, ε is the strain tensor, the symbol ":"

represents the second order tensor product, αB is Biot-Willis

coefficient, pf is the fluid pore pressure, C is the fourth order

elastic tensor obtained by measuring the stress-strain

relationship of soil under constant pore water pressure, I is

the unit matrix.

FIGURE 5
Land subsidence accumulative settlement of longitudinal section of Guangrao.
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The equilibrium equation of porous media under self weight

load is:

−∇ · σ � ρavg � (ρfεp + ρd)g, (2)

where, σ is the total stress tensor in Eq. 1, ρav, ρf and ρd
represents average density, fluid density and dry density,

respectively, εp is porosity.

Geometric equation of deformation of porous media material

through its total strain tensor ε and displacement tensor u give:

ε � 1
2
[∇u + 2ig(∇uT)]. (3)

For fluid motion, the flow field equation in the porous

medium model can be established by combining Darcy’s law

and the fluid mass conservation equation:

ρfS
zpf

zt
+ ∇ · ρf[ − k

μ
∇pf + ρfg∇D] � −ρfαB

z

zt
εωl, (4)

S � εP
Kf

+ (αB − εP) 1 − αB
Kd

, (5)

Where, zεωl/zt is the volumetric strain rate of the porous matrix,

ρf is the fluid density, αB is Biot-Willis coefficient, the storage

term S is calculated by Eq. 5, the first term on the right of the

equal sign can be understood as the expansion rate of the pore

space.

In the model, for the simulation of pumping wells, the

method of one-time application of water level boundary

conditions can be used to directly apply the water level

change or water pressure change after pumping to the

boundary of the pumping well model, or the pumping rate

can be applied to the wall model of the corresponding

pumping horizon in the model. This method is only

applicable to the non-point source pumping wells, and the

boundary conditions are:

Water Head boundary condition : H � H(t) (6)

FIGURE 6
Superimposed chart of land subsidence and shallow groundwater funnel development.
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Water Velocity boundary condition : V � V(t) (7)

The third method is to use the mass flux method to directly

apply the pumping volume to the edge of the model of the

production well, including the model of the non-point source

production well and the line source production well, and its effect

is equivalent to the pumping rate. The boundary conditions are:

Boundary conditions of line source pumping :

N � Nt � V(t)ρf(kg/m · s). (8)
Boundary conditions of non − point source pumping :

N � Nt � V(t)ρf(kg/m2 · s) (9)

4.2 Model establishment

In this study, according to the formation conditions,

groundwater data, drilling data and relevant data of pumping

well location in the study area, the strata are divided into

4 aquitards and 3 aquifers (Figure 9). The soil parameters of

each layer are obtained according to the relevant engineering

geological survey reports in the study area and combined with the

empirical data on Soil in the [Engineering GeologyManual (Fifth

Edition)] (Hua and Zheng, 2017) (Table 2).

The boundary conditions are defined as follows: the flow

boundary is used around the study area, and the hydraulic

change conditions are obtained by analyzing and calculating

the dynamic evolution of groundwater flow field, while limiting

the horizontal movement and vertical free sliding; The surface is

a zero flow boundary and a free moving boundary; The bottom is

a zero flow boundary with fixed displacement in horizontal and

vertical directions; The pumping well adopts the flow boundary

condition, which converts the actual production into the unit

mass flux to limit the horizontal displacement and the vertical

free movement. The model boundary is composed of multiple

line segments connected with each other, which is equivalent to

the actual boundary. Mesh division adopts free subdivision

tetrahedral mesh. The numerical model of land subsidence in

Guangrao County, Dongying City is divided into 117,538 domain

FIGURE 7
Superimposed chart of land subsidence and middle layer groundwater funnel development.
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FIGURE 8
Superimposed chart of land subsidence and deep layer groundwater funnel development.

TABLE 1 Correlation between ground subsidence and groundwater in each aquifer in Guangrao County.

Serial
number

Funnel position Area
(km2)

Influence factor

1 Main urban area of Guangrao County, Shicun
Town, Huayuan Village

73.82 The middle and west sides of the urban area are mainly affected by the exploitation
of deep groundwater; The east side is jointly affected by shallow and deep
groundwater

2 Huaguan Town 116.75 There are many factories with large water consumption, so the land subsidence is
mainly affected by the exploitation of deep groundwater

3 Daozhuang Town, Xiliuqiao Village, Damatou
Town

105.42 It is mainly affected by shallow groundwater exploitation, followed by deep
groundwater

4 Lique Town 28.35 This area is a water source exploitation area and there are industrial parks, which
are mainly affected by the exploitation of deep groundwater, followed by shallow
groundwater

5 Dawang Town 47.04 This is a fully diluted groundwater area, which is jointly affected by shallow,
medium and deep layers

6 Coastal area of Guangrao County 62.99 A large number of salt fields are distributed here, which are mainly affected by the
exploitation of shallow groundwater; At the same time, the industrial and
agricultural exploitation of medium and deep groundwater also affects the
settlement of this area
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elements, 49,989 boundary elements and 3,994 boundary

elements. The numerical model and mesh division are shown

in Figure 10.

4.3 Model establishment

4.3.1 Validation using InSAR data
Based on the existing InSAR settlement data and GIS spatial

analysis technology, the distribution chart of cumulative land

subsidence in Guangrao County, Dongying City, Shandong

Province from 2017 to 2021 was obtained (Figure 11). Taking

2017 to 2021 as the model validation period, the land subsidence

of Guangrao County during this period was simulated by using a

three-dimensional numerical model (Figure 12). Through

comparative analysis:

1) The spatial ranges of the land subsidence area obtained by

the two methods are highly coincident. The model

calculates that the area of the settlement area with the

accumulated settlement >300 mm is 606-square-

kilometres, which differs with the InSAR interpretation

area by 6.9%. The settlement range includes the south of

Huaguan Town, Shicun town and Huayuan Village, and

there is also a certain settlement funnel in the Northeast

coastal area.

FIGURE 9
Guangrao County division of engineering geological characteristic layers.

TABLE 2 Physical and mechanical parametres of each layer (range).

Engineering
geological layer

Buried depth of
bottom plate (m)

Modulus of
elasticity (MPa)

Poisson’s
ratio (1)

Density
(kg/m3)

Porosity
(1)

Compressibility
coefficient (MPa−1)

Aquitard Ⅰ 45~50 37.49 0.37~0.42 1977~1983 0.657~0.790 0.18~0.32

Aquifer Ⅰ 105~110 43.01 0.32~0.35 1989~1997 0.659~0.758 —

Aquitard Ⅱ 173~176 55.66 0.30~0.40 2032~2049 0.547~0.690 0.11~0.17

Aquifer Ⅱ 245~250 36.34 0.21~0.27 2053~2059 0.567~0.721 —

Aquitard Ⅲ 321~325 46.23 0.25~0.35 2065~2073 0.561~0.672 0.09~0.15

Aquifer Ⅲ 407~411 68.31 0.27~0.32 2067~2077 0.587~0.701 —

Aquitard Ⅳ 597~600 49.68 0.23~0.29 2070~2020 0.355~0.365 0.025~0.027
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FIGURE 10
Three dimensional fluid solid coupling numerical model of land subsidence in Guangrao County.

FIGURE 11
distribution chart of land subsidence in Guangrao County, Dongying City (2017–2021).
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2) The funnel centers obtained by the two methods is the same.

In the region, Regionally Guangrao city is the funnel center,

and the small settlement funnel in the Northeast coastal area

is the Guangbei salt field.

3) The settlement rates obtained by the two methods are similar.

The simulated accumulated settlement of the land subsidence

center in 48 months is 498 mm, and the average annual

settlement rate for many years is 124.5 mm; According to

InSAR interpretation, the accumulated settlement in

48 months is 526 mm, and the average annual settlement

rate is 131.5 mm, thus the difference between them is 5.6%

From the comparison of numerical simulation results with

InSARData, it can be concluded that the simulation effect of land

subsidence in this period is relatively ideal, which can reflect the

actual settlement trend of the region during this period.

4.3.2 Verification with leveling results
At present, there are 11 monitoring points in Guangrao

County, Dongying City, and the monitoring data are the four-

year cumulative settlement from 2017 to 2021. Among them, The

actual effective monitoring data are 20, 55, 63 and 68 points,

which are distributed in Lique Town, Shicun town and

Daozhuang town (Figure 13). The actual settlement of each

effective monitoring control point is statistically compared

with the three-dimensional fluid solid coupling numerical

simulation results. The results are shown in Table 3.

Comparing the actual measured values of each monitoring

point with the simulated values from three-dimensional fluid-

solid coupling numerical model, it can be found that the

simulated values are in good agreement with the measured

values. The minimum absolute simulation error is 2.44%, and

the maximum absolute simulation error is 12.14%. The results of

the two coincide well, which shows that the numerical model of

land subsidence can reflect reliably the development and

evolution trend and law of land subsidence in this area.

4.4 Analysis on the development process
of land subsidence in Guangrao

Based on the calibrated three-dimensional fluid solid

coupling numerical model of Guangrao land subsidence,

taking the land subsidence of Guangrao County in 2017 as

the initial state, restores the evolution process and

development law of land subsidence in the region during

2017~2020, Figures 14A–C show the land subsidence

development of Guangrao County in 2017–2018,

2018–2019 and 2019–2020 respectively. It can be seen from

the analysis in the figure that the land subsidence in

Guangrao County will decrease first and then increase during

2017–2020, the land subsidence from 2017 to 2018 is a stage of

rapid development, the development rate from 2018 to 2019 has

slightly decreased, but it still maintains a rapid development.

After 2019, the land subsidence develops rapidly. On the whole,

the development trend of land subsidence in the urban area and

coastal area of Guangrao County is the most obvious, with the

average annual subsidence rate of 135.1 mm/a and 102 mm/a,

respectively. The Open Economic Zone and Guangbei salt field

have formed obvious subsidence funnels. The land subsidence

funnels are expanding and connecting other small funnels,

forming a large regional land subsidence funnels.

By restoring the development process of land subsidence in

Guangrao, and combining the statistical information such as

distribution of mining wells, mining horizon, andmining volume

in the study area, and dynamic distribution characteristics of

groundwater. It is found that the main exploitation horizon of

groundwater in the urban area of Guangrao County is the fourth

and fifth deep groundwater aquifers, which is consistent with the

deep groundwater funnel of Guangrao County. Therefore, it is

believed that the land subsidence in the urban area of Guangrao

County is mainly related to the exploitation of deep groundwater

in the fourth and fifth aquifers. Guangbei Salt Field has a large

number of brine exploitation wells, The main mining horizon is

the second and third aquifers, and the distribution of land

subsidence coincides with the distribution of shallow brine

funnels. Therefore, it is considered that the land subsidence in

Guangbei Salt Field area is relatively related to the mining of

shallow brine.

5 Prediction of evolution trend of
Guangrao land subsidence and its
prevention and control measures

Based on the established three-dimensional fluid-structure

coupling numerical model of land subsidence in Guangrao

FIGURE 12
| Numerical simulation of land subsidence in Guangrao
County, Dongying City (2017–2021).
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County, the land subsidence trend and rule in Guangrao County

in the next 20 years were simulated, calculated and predicted

under the condition of maintaining the current pumping

conditions and reducing groundwater extraction, and targeted

groundwater prevention and control schemes and measures were

proposed.

FIGURE 13
Distribution of effective monitoring points.

TABLE 3 Comparison between actual monitoring values and numerical simulation results of some settlement monitoring points in Guangrao County,
Dongying City.

Monitoring
point

Source of
value

2017~2018 2018~2019 2019~2020 2020~2021

Settlement
(mm)

Error
(%)

Settlement
(mm)

Error
(%)

Settlement
(mm)

Error
(%)

Settlement
(mm)

Error
(%)

20 Measured
value

−43 4.07 −15 9.00 −44 12.14 −35 9.86

Analog value −41.25 −16.35 −38.64 −31.55

55 Measured
value

−41 9.19 −18 2.44 −38 5.66 −28 11.07

Analog value −37.23 −17.56 −40.15 −24.9

63 Measured
value

−22 7.91 −9 11.78 −23 5.04 −17 10.35

Analog value −23.74 −10.06 −21.84 −15.24

68 Measured
value

−53 10.66 −38 9.16 −55 6.87 −46 9.72

Analog value −47.35 −34.52 −51.22 −41.53
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FIGURE 14
Evolution trend of land subsidence in Guangrao County.

FIGURE 15
The evolution trend of land subsidence in different periods.
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5.1 Prediction of land subsidence
evolution trend in Guangrao

5.1.1 Prediction of land subsidence trend under
current mining conditions

Using the established three-dimensional fluid-solid coupling

numerical model of land subsidence in Guangrao area, assuming

that the current groundwater exploitation conditions remain

unchanged, the land subsidence and groundwater exploitation in

2021 are taken as the initial state to predict the change trend and

regulation of land subsidence in the study area in the next 20 years.

Our analysis shows that if the current pumping state is maintained,

the land subsidence in Guangrao area will continue and increase

much more in the next 20 years, by 2025, the maximum settlement

of funnel center in Guangrao city will be 784 mm (a), by 2030, the

maximum settlement will increase to 1040 mm(b), by 2035, the

maximum settlement will be 1220 mm(c), By 2040, the maximum

accumulated land subsidence in the study area will reach 1,350 mm,

more than three times the maximum accumulated land subsidence

in 2021(d). However, the ground subsidence funnel centered on

Guangbei Salt Field will gradually recover in the future due to less

brine exploitation in recent years. The results are shown in Figure 15.

Maintain the current groundwater exploitation, and by 2040,

the land subsidence funnel in Guangrao County will become a

large funnel, and gradually develop and expand around.

According to the distribution of local groundwater extraction

wells, even if there is no strong pumping source or underground

engineering excavation and other factors in the connecting belt

areas such as Ligue Town, Dawang Town and Xiliuqiao Town,

the phenomenon of land subsidence will also form and develop

gradually due to the influence of the nearby land subsidence

center. Therefore, when formulating the prevention and control

plans or measures for land subsidence, we should consider the

phenomenon of “passive subsidence” formed in the middle

connecting belt due to the correlation and influence of the

centers of multiple land subsidence funnels. We should pay

attention to strengthening the investigation and analysis in

this aspect, especially when it involves the construction of

important engineering buildings or high-precision projects

where this phenomenon is often ignored.

FIGURE 16
Development trends of land subsidence under different groundwater reduction plans in 2040. (A) Reduce groundwater exploitation by 10% (B)
Reduce groundwater exploitation by 30%. (C) Reduce groundwater exploitation by 50% (D) Reduce groundwater exploitation by 70%.
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5.1.2 Land subsidence prediction under reduced
groundwater extraction

Based on the groundwater extraction of each pumping well in

2021, four groundwater reduction schemes, namely 10%

reduction, 30% reduction, 50% reduction and 70% reduction,

were respectively adopted. The land subsidence distribution

chart of the study area in 2040 was obtained through the

simulation calculation of the land subsidence fluid-solid

coupling model in Guangrao area. The influence law of

different groundwater recovery control on land subsidence

was analyzed.

Figures 16A–D show the evolvement cloud chart of land

subsidence distribution in Guangrao area in 2040 under the

condition that the groundwater extraction in 2020 decreases by

10%, 30%, 50% and 70%.

It can be seen that with the decrease of groundwater

extraction, although the location of the land subsidence funnel

is not changed, its development trend will be obviously curbed,

especially the land subsidence phenomenon at the center of the

land subsidence funnel is significantly slowed down. The

maximum cumulative land subsidence in Guangrao County in

2040 is extracted, and the values under the condition of 10%,

30%, 50% and 70% reduction are 1,220 mm, 946 mm, 676 mm

and 405 mm respectively. Compared with the maximum

cumulative land subsidence under the current groundwater

mining condition (1,350 mm), The declines reached 7.63%,

26.93%, 52.93% and 78.00% respectively. The results show

that reducing groundwater extraction is one of the simplest

and most effective measures to prevent land subsidence.

5.1.3 Land subsidence prediction under
restricted groundwater exploitation

According to the planning scheme of Dongying Municipal

government for partial groundwater exploitation in Guangrao

County and the current exploitation amount of each pumping

well in the study area, the two areas with the most serious land

FIGURE 17
Sketch chart of demarcation of prohibited pumping area.

FIGURE 18
Forecast chart of land subsidence in Guangrao County in
2040.
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subsidence in the study area are selected as the no-pumping areas

(A and B) in this study, and the requirement that all pumping

Wells in the area be shut down is strictly followed. The restricted

mining area is shown in Figure 17.

The fluid-solid coupling model was used to simulate the land

subsidence in Guangrao area, and the land subsidence

distribution chart (Figure 18) in 2040 when the mining

prohibition measures were adopted was calculated, and the

influence of the groundwater extraction prohibition on the

land subsidence in the study area was analyzed.

It can be seen that the subsidence trend will change greatly after

effective mining prohibition in the main subsidence area. In

FIGURE 19
Zoning chart of land subsidence prevention and control in Guangrao County.

TABLE 4 Zoning table of land subsidence prevention and control in Guangrao County.

Partition name Distribution location Area (Square
kilometres)

Prevention and control measures

Key prevention and control
areas

Main urban area and coastal area of Guangrao
County

201.847 Limit the exploitation of shallow and medium deep
groundwater, adjust the structure of water use, and strengthen
monitoring

Secondary key prevention
and control area

Huagua Town, Xiliuqiao Village, Daozhuang
Town, Lique Town, Dawang town,etc

189.619 It mainly restricts the exploitation of deep groundwater, reduces
the exploitation of shallow groundwater, adjusts the structure of
water use, and strengthens monitoring

General prevention and
control area

Chenguan Village, Xiying Village, etc. 760.268 Adjust water use structure and strengthen monitoring
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addition, the maximum land subsidence in the study area in

2040 under the mining prohibition condition is also reduced

compared with the current mining condition, from 1,350 mm to

164.00 mm. Moreover, it can be seen that if the mining prohibition

measures are implemented in a certain area, not only the land

subsidence trend of the area will be slowed down, but also the land

subsidence trend of the nearby area will be slowed down. It shows

that it is feasible and effective to adopt a scientificmining prohibition

scheme for the area with serious land subsidence.

5.2 Zoning and suggestions for prevention
and control of land subsidence

In view of the development characteristics, current situation

and development trend of land subsidence in Guangrao County,

effective prevention and control of land subsidence in Guangrao

County must be carried out. In order to better control the land

subsidence within an acceptable range, it is necessary to carry out

the prevention and control of land subsidence from the

perspective of the whole region. Therefore, it is necessary to

divide the prevention and control areas of land subsidence.

It is divided according to the characteristics, current situation

and development trend of land subsidence, and the following

principles are followed: the objectivity of land subsidence, the

difference of land subsidence prevention and control, and the

consistency between the prevention and control scope and the

prevention and control subject. Taking into account in a

comprehensive way the development status, evolution

characteristics, cause analysis of land subsidence and the

dynamic characteristics of shallow and deep groundwater, the

whole area is divided into three areas: Key prevention and control

area, Secondary key prevention and control area and General

prevention and control area (Figure 19). Based on the analysis

and research of land subsidence monitoring results, groundwater

dynamic monitoring data and numerical simulation prediction

results, and referring to the «Technical code for land subsidence

monitor and control», the prevention and control measures for

each region are proposed, as shown in Table 4.

6 Discussion

1) The numerical simulation calculation in this paper is based on

the stratigraphic structure and physical and mechanical

parameters in Guangrao area. It is assumed that the soil is

continuously homogeneous and the aquifers are all one

hydrogeological unit. The completely connected and

boundary are continuous replenishment conditions with

fixed head, which can form a stable groundwater flow.

However, the actual groundwater storage environment and

recharge conditions are complex, so it is difficult to have

completely continuous aquifer or aquifer in practice, almost

all of them are discontinuous and heterogeneous, and there is

often hydraulic connection between aquifers. Therefore, there

may be some deviation in the deformation and settlement

characteristics of stratum in actual engineering.

2) The main purpose of this study is to analyze, restore and predict

the regional characteristics and spatio-temporal evolution of land

subsidence in the study area, and the accurate simulation of land

deformation is not within the scope of this study. In order to

improve the calculation efficiency, the porous elastic fluid-solid

coupling calculation model does not consider the time effect of

land subsidence lag caused by clay creep, etc., so the simulation

results may have some errors, but it has no impact on the overall

regional distribution characteristics and evolution trend

prediction of land subsidence.

7 Conclusion

1) The land subsidence in Guangrao County has obvious

regional characteristics, and gradually formed two

subsidence funnels centered on the urban area and the

Guangbei Salt Field. The average annual subsidence rate of

the urban subsidence center is 131.5 mm/a, and the regional

subsidence range includes the south of Huaguan Town,

Shicun Town and Huayuan Town, which has a good

spatial correlation with the deep groundwater descending

funnel, which is mainly caused by excessive exploitation of

deep groundwater in the fourth and fifth aquifers, The buried

depth of the central water level of the funnel is 118–121 m.

The average annual subsidence rate of the subsidence center

of the Guangbei Salt Field is 102 mm/a, which has a good

spatial correlation with the shallow groundwater descending

funnel, which is mainly caused by excessive exploitation of the

second and third aquifers, and the buried depth of the central

water level of the funnel is 50–56 m.

2) A three-dimensional fluid-solid coupling numerical model of

land subsidence in Guangrao County was established to

restore the development process of land subsidence in

Guangrao County from 2017 to 2020. It is predicted that

under the current groundwater exploitation plan, the land

subsidence in Guangrao County will continue to develop at a

large rate in the next 20 years. By 2040, the land subsidence in

Guangrao County will form a large regional subsidence

funnel, and the maximum accumulated land subsidence in

the urban area will reach 1,350 mm. Attention should be paid

to the possible “passive subsidence” phenomenon in the

connecting belt such as Lique Town, Dawang Town and

Xiliuqiao Town.

3) This paper analyzes and predicts the evolution law of ground

subsidence under the reduced and restricted groundwater

exploitation schemes. Reducing or restricting groundwater

exploitation can significantly slow down the development rate

of ground subsidence. In order to curb the rapid development
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of ground subsidence, it is suggested to strictly control the

exploitation of groundwater resources in the main urban area

of Guangrao and around the Guangbei Salt Field, adjust the

exploitation layout, and strengthen the introduction of

foreign water resources. Xiliuqiao Town, Daozhuang

Town, Lique Town, Guowang Village and other places can

take control of mining, adjust the mining layout, strengthen

the exploitation and utilization of shallow groundwater and

other measures; The groundwater exploitation in Changuan

Village, Xiying Village and other areas is basically in a

balanced state.
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