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Abstract. Based on hydrogeological data and years of land subsidence monitor-

ing data in Liaocheng City, a 3D fluid-solid coupling numerical model of land 

subsidence in Liaocheng City were established. The model restored the evolution 

law of land subsidence caused by water extraction in the area, predicted the de-

velopment trend of subsidence. Results show that (1) land subsidence in 

Liaocheng mainly occurs in four areas of Linqing, Guanxian, Chiping and 

Dong'a, and the subsidence rate is 30-50mm/a; (2) under the scenario of main-

taining the current amount of groundwater extraction, land subsidence in 

Liaocheng will still develop in the next ten years and will reach 321 mm by 2031; 

(3) under the scenario of establishing no-mining zones, the subsidence will be 

reduced to 256 mm by 2031. It is proposed to set up no-mining zones in the east-

ern and northwestern part of Liaocheng to reasonably develop and utilize ground-

water resources. 
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1 Introduction 

Land subsidence is an environmental geological phenomenon caused by natural or hu-

man factors, which consolidates and compresses the surface soil of the earth's crust and 

leads to a slow decrease in regional ground elevation[1]. It has the characteristics of slow 

generation, long duration, wide impact range, complex genetic mechanism, and high 

difficulty in prevention and control[2-4]. The main reasons for ground subsidence include 

the exploitation of underground fluids and the extraction of solid minerals[5,6], which 

causes the compressive deformation of the soil skeleton under the action of top loading. 

Ground subsidence center funnel area and groundwater level flow field maps in 

Liaocheng City basically coincide with each other. Therefore, it can be preliminarily 

concluded that the main cause of ground subsidence in Liaocheng City is the over-

exploitation of groundwater.of land subsidence. 
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In terms of geographical distribution, the land subsidence areas in China are mainly 

concentrated in the Yangtze River Delta, the Yellow-Huai-Hai Plain, the Song-Nan 

Plain, the Southeast Coastal Plain, the river valley plains and mountain basins[7-10]. At 

present, the North China Plain is the region with the largest area affected by land sub-

sidence and the fastest subsidence rate in China. The land subsidence in Shandong 

Province is mainly distributed in the northwest plain of Shandong, specifically in areas 

such as Dezhou, Dongying, Binzhou, Liaocheng, and Jining. Among them, the areas 

with the most severe land subsidence in Liaocheng City are distributed in Linqing, 

Guanxian, Chiping, and Dong’a, with an average subsidence rate of 30-50mm/a. To 

prevent land subsidence in this area from causing significant impacts on urban planning 

and construction, socio-economic development, and people's lives, it is necessary to 

conduct systematic research and analysis on the phenomenon of land subsidence. 

Based on the hydrogeological and engineering geological data and historical land 

subsidence monitoring data of Liaocheng City[11-14], we established a coupled flow-

solid numerical model of land subsidence in Liaocheng. The model was used to restore 

the evolution law of land subsidence caused by excessive groundwater exploitation, 

and predict the future development trend of land subsidence, so as to propose targeted 

land subsidence prevention and control plans. 

2 Study Area 

Liaocheng is located in the western part of Shandong Province, at the junction of Hebei, 

Shandong, and Henan provinces, with a total area of 8628 km2. Its geographical loca-

tion is shown in Figure 1. To the west is the Zhangwei River, facing the Handan and 

Xingtai regions of Hebei Province across the water. To the south and southeast are the 

Jindi River, the Yellow River, and Henan Province, as well as the cities of Jining, 

Tai'an, and Jinan in this province. To the north and northeast are the borders of Dezhou 

City. The geographical coordinates are 35°47′N~37°03′N and 115°16′E~116°32′E. The 

straight-line distance from east to west is 114 km and from north to south is 138 km. 

The study area has a warm-temperate monsoon climate with four distinct seasons. The 

average annual precipitation is about 650 mm, concentrated from June to August. 

 

Fig. 1. Geographical location map of the study area 
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Based on the relevant investigation data in the study area, the groundwater system 

in the region is divided into three water-bearing rock layers from top to bottom, namely 

shallow, medium-deep and deep layers. The shallow freshwater rich zone is mainly 

distributed in the mainstream zone of ancient river channels, and the bottom interface 

is deeply buried. The aquifer has a large thickness, abundant water volume, and good 

water quality, mainly distributed in the urban areas of Dong’a, Dongchangfu, Guan-

xian, Shenxian, and Linqing. Due to the constraints of ancient geographical environ-

ment, the groundwater in the medium deep layers of water-bearing rock formations is 

mainly composed of saline water (except for some completely depleted areas). Cur-

rently, the groundwater in this layer has no utilization value. The lithology of the deep 

water-bearing rock formation is composed of silt, fine sand, medium fine sand, medium 

sand, medium coarse sand, coarse sand, and gravel mixed with coarse sand. However, 

it is mainly composed of medium fine sand, and there are relatively stable aquifers 

above and below the aquifer. 

3 Method 

Soil consolidation and water depletion is a typical example of fluid-solid interaction in 

porous materials, which is microscopically characterized by interactions between seep-

age and stress fields[15]. A three-dimensional interactive model of fluid and solid dy-

namics was developed using groundwater movement and soil compression theory. The 

model was designed to predict the progression of land subsidence in the study area due 

to groundwater extraction. 

3.1 Biot consolidation theory 

Assuming that the soil is homogeneous, saturated and continuous, that the soil particles 

and pore water are incompressible, that the pore water seepage conforms to Darcy's 

law, and that the permeability and compression coefficients of the soil are constant 

during infiltration, the mathematical equation can be expressed as: 

 

{
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Where G is the shear modulus; 𝛻2 is the Laplace operator, 𝛻2 =
𝜕2

𝜕𝑥2
+

𝜕2

𝜕𝑦2
+
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; 

 𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 are the permeability coefficients in the x, y, and z directions, respectively; 

𝑤𝑥, 𝑤𝑦, 𝑤𝑧 are the displacement components in the x, y, and z directions, respectively; 
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𝛾, 𝛾𝑤 are the weight of soil and water, respectively; 𝑣 is the Poisson's ratio; u is the pore 

water pressure. 

3.2 Solution conditions 

3.2.1 Initial conditions. 

At the initial moment, the seepage field, displacement field, and pore water pressure 

of the soil layer are: 

 𝑝(𝑥, 𝑦, 𝑧, 𝑡)|𝑡=0 = 𝑝0(𝑥, 𝑦, 𝑧) (3) 

 𝑊(𝑥, 𝑦, 𝑧, 𝑡)|𝑡=0 = 𝑊0 (4) 

 𝜑(𝑥, 𝑦, 𝑧, 𝑡)|𝑡=0 = 𝜑0 (5) 

Where 𝑝0 is the original formation pore water pressure; 𝑊0 is the initial displace-

ment of the soil body, which can be taken as 0; 𝜑0 is the initial porosity of the soil layer. 

3.2.2 Boundary conditions. 

The commonly used seepage field boundaries are the constant pressure boundary 

and the constant flow boundary, which can be represented as: 

 𝑝(𝑥, 𝑦, 𝑧)|𝛤 = 𝑝𝑏 (6) 

 ∫−
𝑘

𝜇
∇𝑝 ∙ 𝒏d𝛤 = 𝑞 (7) 

Where 𝑝𝑏  is the boundary 𝛤 pore water pressure on the boundary; n is the boundary 

𝛤 normal vector of the boundary; q is the boundary 𝛤 the known flow rate. 

3.3 Model building 

Based on the geological conditions, groundwater data, drilling data, and mining well 

location related data of the study area, the stratigraphy in this study are divided into 4 

aquifers and 3 confined aquifers, as shown in Figure 2(a). The parameters of the layers 

were determined based on the relevant engineering geological survey reports of the 

study area and combined with the values from the Engineering Geological Manual 

(Fifth Edition). As show as Table 1. 
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(a) (b) 

Fig. 2. (a) Stratigraphic map of COMSOL model in Liaocheng and (b)model grid partitioning 

Table 1. of Physical and Mechanical Parameters for Each Layer 

Layer 

depth of 

stratigraphy  

(m) 

Elastic 

modulus 

(MPa) 

Poisson ra-

tio (1) 

Density 

(kg/m3) 

Porosity 

(1) 

Compression 

coefficient 

(MPa-1) 

Aquitards Ⅰ 0~-50 55 0.37~0.42 1977~1983 0.357~0.790 0.18~0.32 

Confined 

aquifer Ⅰ 
-50~-60 75 0.22~0.27 1989~1997 0.359~0.758 - 

Aquitards 

Ⅱ 
-60~-260 70 0.30~0.40 2032~2049 0.347~0.490 0.11~0.17 

Confined 

aquifer Ⅱ 
-260~-300 80 0.21~0.27 2053~2059 0.367~0.721 - 

Aquitards 

Ⅲ 
-300~-455 65 0.25~0.35 2065~2073 0.311~0.672 0.09~0.15 

Confined 

aquifer III 
-455~-500 65 0.27~0.32 2067~2077 0.327~0.701 - 

Aquitards 

Ⅳ 
-500~-550 65 0.25~0.32 2070~2080 0.355~0.365 0.025~0.027 

The initial displacement of the model is set as 0, the bottom is set as fixed constraint, 

which limits the movement in the horizontal and vertical directions, the upper surface 

is set as free moving surface, and the surrounding area is set as roll support constraint, 

that is, there is displacement only in the vertical direction. The around boundary is set 

as the flow boundary and the head boundary, the hydraulic change conditions are ob-

tained through the dynamic analysis of the groundwater flow field, and the extraction 

wells use flow boundary conditions to convert the actual amount of water extracted into 

mass fluxes. 

The model boundary is made of multiple line segments as a representation of the 

reality boundary. The grid is divided into 113854 domain units, 36744 boundary units, 
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and 7446 edge units using a free triangular grid. The model grid is shown in Figure 

2(b). 

3.4 Verification of model accuracy and effectiveness 

Using GIS spatial analysis technology, the InSAR monitoring results of land subsidence 

from 2017 to 2021 are superimposed and analyzed, and the 2017-2021 Liaocheng cu-

mulative land subsidence development zoning map (Figure 3(a)) is obtained. According 

to three-dimensional numerical simulation experiments, the numerical simulation re-

sults of land subsidence in Liaocheng from 2017 to 2021 are shown in Figure 3(b). 

 
 

(a) (b) 

Fig. 3. (a)Distribution Map of Land Subsidence in Liaocheng from 2017 to 2021 and (b) 

Numerical Simulation of Land Subsidence in Liaocheng from 2017 to 2021 

Currently, there are 34 monitoring points within the scope of Liaocheng City, mainly 

distributed in Liaocheng District, Shen County, and Yanggu County. The monitoring 

data are the cumulative sedimentation amount from 2017 to 2021. Select some moni-

toring control points for statistical comparison and analysis of the actual settlement and 

the calculation results are shown in Table 2. 
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Table 2. Comparison of some settlement monitoring values and numerical simulation values in 

Liaocheng 

Monitoring 

points 

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

 

Settle-

ment 

amount 

(mm) 

Sim-

ula-

tion 

error 

(%) 

Settle-

ment 

amount 

(mm) 

Sim-

ula-

tion 

error 

(%) 

Settle-

ment 

amount 

(mm) 

Sim-

ula-

tion 

error 

(%) 

Settle-

ment 

amount 

(mm) 

Sim-

ula-

tion 

error 

(%) 

106 

Measured 

value 
-46 

5.43 

-22 

10.45 

-27 

7.41 

-23 

4.78 
Simulated 

values 
-43.5 -19.7 -29 -21.9 

137 

Measured 

value 
-38 

7.89 

-8 

8.75 

-8 

8.75 

13 

12.31 
Simulated 

values 
-35 -7.3 -7.3 14.6 

143 

Measured 

value 
-34 

12.53 

-7 

8.57 

-9 

6.67 

24 

7.92 
Simulated 

values 
-29.74 -7.6 -8.4 22.1 

205 

Measured 

value 
-45 

3.67 

-9 

8.89 

-14 

4.29 

5 

8 
Simulated 

values 
-43.35 -8.2 -13.4 4.6 

220 

Measured 

value 
-34 

9.41 

-27 

5.19 

-24 

6.67 

-2 

6 
Simulated 

values 
-37.2 -25.6 -22.4 -2.12 

324 

Measured 

value 
-39 

12.31 

-23 

5.65 

-23 

12.17 

-4 

7.5 
Simulated 

values 
-43.8 -21.7 -25.8 -3.7 

Comparing the monitoring values and simulation values, it can be concluded that the 

absolute simulation error has a minimum value of 3.67% and a maximum value of 

12.53%. It shows that the numerical model can better describe the development trend 

of land subsidence in this area. 

4 Prediction of Land Subsidence 

4.1 Prediction of land subsidence under present exploration conditions 

The land subsidence and groundwater extraction in 2021 were used as initial conditions 

to predict the development of ground subsidence in the study area in the next decade 

based on the numerical model developed. The results are shown in Figure 4. 
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(a)2026 (b)2031 

Fig. 4. Predicted land subsidence in 2026 and 2031 

From the analysis of Fig. 4, it can be seen that if the current state of mining is main-

tained, the land subsidence in the study area will further develop, and the maximum 

subsidence will reach 321mm by 2031, which is 1.3 times of the maximum subsidence 

in 2021. At the same time, two large ground subsidence funnels will be formed in the 

east and west of Liaocheng City in 2031, and the subsidence range has a tendency to 

expand gradually to the surrounding area. After the formation of the ground subsidence 

funnels, land subsidence will further develop even without large-scale groundwater 

mining and other activities, a phenomenon known as "passive subsidence", to which 

special attention should be paid in the prevention and control of land subsidence. 

4.2 Prediction of Land Subsidence under Prohibited Groundwater 

Extraction Conditions 

In order to solve the contradiction between the people's growing needs for a better life 

and the rapid development of land subsidence disasters, according to the current mining 

output of each exploitation well in the study area, three areas with serious land subsid-

ence in the study area were selected as the forbidden mining areas (A, B, C), and strictly 

comply with the requirements for the closure of each exploitation well in the area, as 

shown in Figure 5(a). 

By simulating the fluid-solid coupling model of land subsidence in Liaocheng City, 

the distribution map of land subsidence in the study area in 2031 was obtained when 

the mining ban measures were taken (Figure 5(b)), and the impact of the mining ban on 

land subsidence in the study area was analyzed. 

From the comparison of the figures, it shows that after effective mining bans are 

implemented in the main subsidence areas, the subsidence trend will undergo signifi-

cant changes. The area where mining is prohibited has significantly slowed down its 

land subsidence. Moreover, under the conditions of mining prohibition, the maximum 

cumulative land subsidence in the study area in 2031 has also decreased compared to 

the current mining conditions, from 321mm to 256mm. The implementation of a ban 

on groundwater mining in a particular area will not only slow down the trend of ground 

subsidence in the area where mining is banned, but will also improve subsidence in the 
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surrounding areas. Therefore, it is effective to adopt a mining ban for areas with serious 

ground subsidence. 

  
(a) (b) 

Fig. 5. Schematic diagram of the division of prohibited mining areas in the research area and 

prediction of land subsidence in the study area in 2031 

5 Conclusion 

(1) According to the results of three-dimensional fluid-solid coupling numerical simu-

lation, land subsidence in Liaocheng mainly occurs in four subsidence zones centered 

on Linqing, Guanxian, Chiping and Dong'a counties, with an average subsidence rate 

of about 30-50 mm/a. And the maximum cumulative land subsidence in Liaocheng will 

reach 321 mm in 2031. 

(2) It is recommended to reduce the exploitation of groundwater and establish no-

mining zones in Chiping, Linqing, Guanxian, and Dong'a counties, which will effec-

tively curb the development of land subsidence. At the same time the subsidence trend 

in the areas near the subsidence funnel should be slowed down to prevent it from con-

necting into a larger subsidence area. 
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