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Abstract. Land subsidence can be induced when various factors such as geological, and hydrogeological con-

ditions and intensive groundwater abstraction combine. The development and utilization of groundwater in the

North China Plain (NCP) bring great benefits, and at the same time have led to a series of environmental and

geological problems accompanying groundwater-level declines and land subsidence. Subsidence occurs com-

monly in the NCP and analyses show that multi-layer aquifer systems with deep confined aquifers and thick

compressible clay layers are the key geological and hydrogeological conditions responsible for its develop-

ment in this region. Groundwater overdraft results in aquifer-system compaction, resulting in subsidence. A

calibrated, transient groundwater-flow numerical model of the Beijing plain portion of the NCP was developed

using MODFLOW. According to available water supply and demand in Beijing plain, several groundwater regu-

lation scenarios were designed. These different regulation scenarios were simulated with the groundwater model,

and assessed using a multi-criteria fuzzy pattern recognition model. This approach is proven to be very useful for

scientific analysis of sustainable development and utilization of groundwater resources. The evaluation results

show that sustainable development of groundwater resources may be achieved in Beijing plain when various

measures such as control of groundwater abstraction and increase of artificial recharge combine favourably.

1 Introduction

Land subsidence can be defined as the sinking of the ground

surface with respect to surrounding terrain or sea level. Land

subsidence is the result of consolidation of subsurface strata

caused by natural causes such as tectonic motion or man-

induced causes such as the withdrawal of groundwater, oil

and gas (Abidin et al., 2013; Zeitoun and Wakshal, 2013;

Galgaro et al., 2014; Papadaki, 2014). Due to increased

groundwater abstractions to supply rapid industrial and urban

development, subsidence is prevalent in the NCP (Fig. 1),

and critically impacts sustainable economic and social devel-

opment. The first occurrence of land subsidence in the NCP

took place in Tianjin in the 1920s, and by the 1960s it be-

came a severe hazard in this city. Since the 1980s, the land

affected by subsidence extended from cities to rural areas.

Ground cracks or fissures are observed in areas where large

differential subsidence occurs. Commonly subsidence in the

NCP is slow, accumulative, and irreversible. Economic losses

due to subsidence in the NCP have exceeded Yuan 200 billion

(Ye and He, 2006). Due to groundwater overexploitation, the

maximum subsidence reached up to 1.1 m in Beijing plain

during the period 1955–2007 (Zhang et al., 2014). To control

subsidence in the Beijing plain, reducing groundwater ab-

straction and increasing artificial recharge will be important

goals for groundwater resources management.

This paper presents a brief summary of the subsidence

mechanism in the NCP. A transient 3-D groundwater flow

model of the Beijing plain is used to simulate 10 proposed fu-

ture groundwater regulation scenarios. A multi-criteria fuzzy

pattern recognition method is used to evaluate the simulated

scenarios based on a set of specified groundwater manage-

ment goals and constraints. Evaluation of the proposed reg-

ulation scenarios is discussed and one scenario is recom-

mended.
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Figure 1. Distribution of the depression cones of shallow and deep

groundwater, and major land subsidence area in the NCP.

2 Regional hydrogeology

The NCP is located in the eastern part of China, has a total

area of about 140 000 km2. This region comprises the plain

area of Beijing, Tianjin and Hebei Province and the plain area

of Henan and Shandong provinces to the north of the Yellow

River, which is a typical plain landscape with elevation less

than 100 m a.s.l. The NCP comprises three distinct hydroge-

ological settings within the Quaternary sediments (Fig. 1):

the piedmont plain and associated major alluvial fans, the

alluvial plains with many abandoned river channels, and the

coastal plain strip around the margin of the Bohai Sea (Foster

et al., 2004). The main stratigraphy of this region consists of

unconsolidated Quaternary sediments with thickness ranging

from 200 m to more than 600 m, comprising unconsolidated

pebble, gravel, sand, silt, and clay. Groundwater occurs prin-

cipally in the pores of the unconsolidated Quaternary sedi-

ments. From the piedmont plain to alluvial and coastal plains

in the middle-east portion of the NCP, the aquifer systems

typically transistion from a single aquifer of sandy gravel

to multiple aquifers of sand separated by silt or clay layers

(Fig. 2).

3 Influencing factors of land subsidence

The factors affecting subsidence in the NCP are complex.

Geologically, the aquifer system comprises aquifers and

aquitards in the multi-layered Quaternary sediments, consist-

ing of layers of principally coarse-grained materials, mainly

unconsolidated sands, as well as layers of principally fine-

grained deposits, which are predominantly clays and silts

that have medium to high compressibility. The alternating

sequences of sand and compressible clay layers are very sus-

ceptible to deformation due to increases in effective stress

accompanying groundwater-level declines. Excessive with-

drawal of underground fluids such as groundwater, oil, and

gas is the important driving condition for subsidence. Shal-

low groundwater abstraction may be the main driving condi-

tion for subsidence in the piedmont area and associated allu-

vial fans (e.g. Beijing and Handan). Figure 1 shows that most

serious subsidence areas in the NCP lie in the alluvial plain

and in the coastal strip around the margin of the Bohai Bay,

which are well correlated with the distribution of depres-

sion cones of deep groundwater. In the alluvial and coastal

plains, subsidence is commonly caused by withdrawal of

deep groundwater, but in a few areas where large volumes

of shallow groundwater, and oil and gas are extracted, subsi-

dence is also observed.

4 Groundwater regulation in Beijing plain

A transient, calibrated regional groundwater flow model was

developed using MODFLOW for a simulation period of

1995–2011. The model consists of 9 model layers: 5 aquifers

separated by 4 aquitards. The top aquifer is unconfined and

the underlying four aquifers are semi-confined.

4.1 Formulation of regulation scenarios

During the past 30 years, overexploitation of the groundwater

resource has led to severe land subsidence, which seriously

affects economically and socially sustainable development in

Beijing municipality. Some actions such as artificial recharge

and reduction of groundwater abstraction could be taken to

overcome the subsidence crisis. The major regulation mea-

sures include: reduce or stop the abstraction from emergency

groundwater well fields, reduce the abstraction for irriga-

tion and from well fields in the downtown area and self-

supplied water supply wells, artificially increase groundwa-

ter recharge to aquifers in alluvial fans of rivers. Groundwa-

ter demand will increase with the growth of population. Ten

groundwater regulation scenarios (Table 1) were designed

based on the water demand and the capacity of water supply

in Beijing plain. In scenario 1, the total groundwater abstrac-

tion of 2600× 106 m3 a−1 would remain unchanged as be-

fore. The groundwater flow model described above was used

to simulate effects of proposed regulation scenarios. The sce-
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Table 1. Groundwater regulation scenarios (106 m3 a−1).

Abstraction and recharge Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10

Domestic and industrial 847 508 847 508 847 847 508 847 847 847

Agriculture 1023 1023 1023 1023 1023 1023 818 1023 1023 1023

Well fields 354 354 354 501 364 331 354 402 354 354

Emergency water source 291 291 204 291

Self-water supply wells 113 113 113 113 113

Artificial recharge 405 150 215 520

Total abstraction 2628 1999 2628 2033 2234 2415 1795 2270 2234 2628

Figure 2. Hydrogeological cross section A-A’ (location shown in Fig. 1).

narios were simulated for the 50 year period from 2012 to

2061.

4.2 Multi-criteria fuzzy pattern recognition (MFPR)

approach for quantitative estimation of regulation

scenarios

Assume X= (x1, x2, . . . , xn) be a finite set of n groundwater

regulation scenarios. Each regulation scenario can be valued

by m quantitative factors, and then the decision-making ma-

trix can be denoted as

X =
(
xij

)
m×n

(1)

where xij is the value of the ith quantitative factor for the

j th regulation scenarios.

Generally, there exist three types of estimation factors:

larger-the-better, smaller-the-better and nominal-the-better

by characteristics. These three types of estimation factors

can, respectively, be normalized by the following equations

(Chen, 2002):

rij =
xij −minjxij

maxjxij −minjxij

, i (2)

rij =
maxjxij − xij

maxjxij −minjxij

, i (3)

rij = 1−

∣∣xij − xi

∣∣
maxj

∣∣xij − xi

∣∣ , i (4)

where rij is the relative membership degree of the j th sce-

nario regarding the ith factor, maxj xij and minj xij are the

maximum and minimum value regarding the ith factor, re-

spectively; and xi is the optimum target value of the ith fac-

tor.

Each groundwater regulation scenario can be evaluated by

c levels, where the relative membership degree of the “supe-

rior” level is assigned to be 1 and relative membership degree

of “inferior” level is 0. With c= 2, the relative membership

matrix of each groundwater regulation scenario belonging to

each level can be established (Chen, 2002):
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Figure 3. Change of groundwater balance under scenario 1.

uhj =

 2∑
k=1

m∑
i=1

[
wi

(
rij − sih

)]2
m∑

i=1

[
wi

(
rij − sik

)]2

−1

(5)

where uhj is the relative membership grade of the j th sce-

nario belonging to the hth ranking, j = 1, 2, . . . , n; h= 1–2;

and wi is the weight vector of factor set.

The ranking feature of each groundwater regulation sce-

nario is,

H = (1,2, . . .,c) ·
(
uhj

)
= (H1,H2, . . .,Hn) (6)

where Hj is ranking feature value of the j th scenario. Rank-

ing feature values for the groundwater development scenar-

ios are ordered lowest to highest representing best to worst,

respectively.

5 Quantitative estimation of regulation scenarios

Seven main factors are chosen to quantatively estimate differ-

ent groundwater regulation scenarios, which include amount

of groundwater exploitation, evaporation from unconfined

aquifer, groundwater outflows to rivers, regional average

groundwater-level depth below the ground, drawdowns in

depression cone centers and the ratio of groundwater stor-

age to total recharge. The amount of groundwater exploita-

tion needed to meet the requirements for everyday life, city

construction, agriculture and industry, and sustain ground-

water levels above critical thresholds should be balanced so

that severe land subsidence cannot be induced. Regional av-

erage groundwater levels should be controlled in a reason-

able range so that the ecosystems dependent on groundwater

can be sustained and nurtured. Sufficient groundwater dis-

charge to rivers is required to sustain baseflow for riverine

ecosystems. Evaporation from unconfined aquier is unpro-

ductive and should be reduced as much as possible. The ratio

of groundwater storage to total recharge ought to keep in a

reasonable range.

The ranking feature value vector for the 10 regulation sce-

narios (1 : 10) subject to the set of criteria described above

was obtained from Eq. (6):

H =(1.906 1.174 1.140 1.174 1.187 1.137 1.140

1.199 1.128 1.119).

Scenarios 9 and 10 clearly have the lowest ranking feature

values and are therefore considered as the best choices for

managing the groundwater resource in the Beijing plain. Sce-

nario 1 has the highest ranking feature value representing the

worst choice for managing the groundwater resource. From a

water balance perspective, the groundwater system in all sce-

narios approach a new equilibrium at the end of the 50 year

simulation period, except scenario 1 where groundwater lev-

els continue to decline significantly (Fig. 3), indicating poor

near-future sustainability of the groundwater resources. The

simulation results indicate that two major groundwater de-

pression cones are developed, which are located in the south-

east of Beijing city (Fig. 1).

In scenario 9, production from emergency well fields

in the plain and most deep self-supply wells would be

stopped, and reclaimed wastewater and imported surface wa-

ter would be artificially recharged to aquifers in alluvial fans

of major rivers. The annual total artificial recharge reaches

215× 106 m3 a−1 (Table 1). The total reduction of annual ab-

straction rates amounts to 394× 106 m3 a−1 compared with

scenario 1. Implementing scenario 9 would result in imme-

diate, rapid recovery of groundwater levels, especially at the

depression cone centers. As a result, the continuous decline

in groundwater levels and subsidence would be greatly mit-

igated. Figure 4 shows the change of groundwater balance

under scenario 9. Here, groundwater recharge exceeds ab-

straction, and groundwater storage is gradually increasing as

the change in groundwater flowing out of storage is decreas-

ing. Sustainable groundwater resources development may be

achieved after many decades under this scenario.

In scenario 10, sustainable groundwater resources devel-

opment may be achieved sooner. However, in the Bejing

plain with limited water supply, it would be difficult to ensure
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Figure 4. Change of groundwater balance under scenario 9.

an alternative water source of 520× 106 m3 a−1 for artificial

recharge specified in this scenario. In scenario 9, one of the

best evaluated scenarios, a reasonable combination of artifi-

cial recharge and reduced abstraction would be implemented,

which is more feasible and easier to implement. Thus, sce-

nario 9 may be the best groundwater regulation scenario for

the Beijing plain.

6 Summary and conclusions

The main factors leading to land subsidence in the NCP are

represented by geological conditions such as the presence

of highly compressible, thick, unconsolidated sediments and

dynamic conditions of the groundwater system, e.g. ground-

water abstraction. The best method to control subsidence

is to recover groundwater levels especially in the known

subsidence areas. Beijing is facing challenges in managing

scarce water resources and controling subsidence. A multi-

criteria fuzzy pattern recognition (MFPR) approach is in-

troduced and applied to quantitatively evaluate 10 proposed

groundwater regulation scenarios simulated using a regional

groundwater flow model for the Beijing plain. The evalua-

tion model will be helpful for determining the most reason-

able and feasible scenarios for sustainable development and

utilization of groundwater resources.

Currently, in the NCP The areal extent and accumula-

tive magnitude of subsidence is increasing though some con-

trolling measures have been taken. Subsidence in the NCP

has a direct relationship with groundwater exploitation, so

rationally reducing and controlling groundwater abstraction

should be carried out to decrease groundwater production.

However, because both population and economic activities

are heavily dependent upon the groundwater resource, it is

important to seek a balance between controlling subsidence

and ensuring adequate water supply so that the NCP can be

developed in a sustainable and harmonious manner.
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