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Surface movement and deformation caused by pumping from confined aquifers pose serious
threats to safety and stability of surface buildings. A model for surface movement and defor-
mation due to confined aquifer pumping is established based on the principle of coordinated
strata deformation in which the effects of aquifer thickness, elastic modulus, pumping capac-
ity, and overlying strata thickness are comprehensively considered. The model calculation
results for surface subsidence caused by pumping from a confined aquifer in Dezhou City,
Shandong Province, China, are compared with numerical simulation results to verify the
accuracy and rationality of the model.
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1. Introduction

The long-term overexploitation of groundwater resources due to rapid urban development has
resulted in decreasing groundwater levels and subsequent surface movement and deformation.
This deformation seriously degrades the stability of the surface, which not only causes ground
buildings to collapse and huge economic losses, but also serious damage to the natural environ-
ment and ecosystem (Loáiciga, 2013; Giang, 2022; Li et al., 2021; Wang et al., 2019). Surface
subsidence was observed in Mexico City in 1891 (Ortega-Guerrero et al., 1999). Overexploitation
of groundwater in the Rafsanjan Plain in southeastern Iran has resulted in an annual subsidence
rate of over 50mm/year with local subsidence rates at some places exceeding 300mm/year from
2006 to 2016. Since then, surface movement caused by groundwater pumping has been studied
by researchers in the United States, Italy, Japan, and other countries (Abidin et al., 2011; Holzer
and Johnson, 1985). The identified land subsidence areas in China are mainly distributed in the
Yangtze River Delta, North China Plain, and other regions, covering a total area exceeding
90000 km2 (Cui and Tang, 2007).

Extensive in-depth research has been performed on ground subsidence caused by ground-
water exploitation using two main types of methods (Xu et al., 2015; Motagh et al., 2017).
In the first type, soil consolidation theory is used to calculate strata displacement and de-
formation caused by water loss in aquifers. Terzaghi proposed a well-known one-dimensional
consolidation theory based on a series of assumptions and established the relationship between
surface subsidence and time (Guido et al., 2023). Giao (1997) proposed a subsidence calcula-
tion method based on one-dimensional consolidation theory combined with Green’s theorem in
which the dissipative pore water pressure is used as a variable. Peng et al. (2023) conducted
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high-pressure long-term consolidation joint tests on the bottom aquifer of thick alluvial lay-
ers based on the ETAS test system, and studied the evolution law of the permeability coef-
ficient.

The second type of methods for calculating surface movement and deformation during
groundwater extraction is based on probability integration. Drawing on the theory developed
for coal seam mining subsidence, the vertical compression of an aquifer caused by groundwater
extraction is treated as a coal seam mining unit of varying thickness. The probability integra-
tion method is then used to calculate the surface subsidence based on random media theory
(Malinowska et al., 2020; Szojda and Kapusta, 2023). Tang and Bai (2011) analyzed the soil
mechanics mechanism of water loss consolidation in saturated loess layers caused by mining
and established a model for the additional surface subsidence deformation caused by water loss
consolidation in the mining loess layers using random medium theory. Cheng et al. (2022) es-
tablished a three-dimensional model for calculating surface movement and deformation under
the combined action of a thick loose layer, thin-bedrock coal seam mining, and aquifer drainage
using soil consolidation theory and random medium theory.

Although the two types of methods for calculating surface subsidence mentioned above have
been widely applied in practical engineering, they still suffer from some shortcomings that need
to be addressed. Consolidation theory models do not accurately reflect the surface subsidence
changes in the entire aquifer water loss area while the probability integration methods do not
account for the effects of physical and mechanical parameters and layered distribution charac-
teristics of strata above an aquifer on surface movement and deformation. In this study, the
influence of physical and mechanical parameters of each stratum is considered using layered
mechanics to establish a model for surface movement and deformation caused by pumping in
a confined aquifer. The influence of pumping capacity, aquifer thickness, aquifer elastic modu-
lus, and overlying strata thickness on surface subsidence and horizontal movement are analyzed.
This study provides a theoretical basis for safety assessment in surface buildings for groundwater
extraction and environmental protection.

2. Surface movement and deformation model

Heavy industrial and residential water use has led to frequent overexploitation of confined
aquifers in strata. Before water pumping, the overlying strata on a confined aquifer are jointly
supported by pore water and the soil skeleton. The stress and deformation are in equilibrium.
Pumping results in a gradual decrease of the pore water pressure. A portion of the soil pressure
originally borne by pore water is transferred to the soil skeleton, resulting in an increase in the
effective stress and consolidation deformation of the aquifer (Galloway and Burbey, 2011; Zhou
et al., 2010). The continuous development of this deformation upward causes surface movement
and deformation. Although the original equilibrium state is broken by pumping, the collabo-
rative soil deformation and stress redistribution in the formation cause the entire formation to
eventually reach a new equilibrium state. The differences in permeability characteristics, phys-
ical and mechanical parameters, and thicknesses of the confined aquifer and overlying strata
result in varying deformation transmission and development across different strata. Therefore,
the strata can be regarded as a layered stratum for calculating surface movement deforma-
tion caused by pumping from a confined aquifer. In our model, the self-consolidation deformation
caused by pumping from a confined aquifer is first calculated using layered mechanics. The de-
formation at the top of the aquifer is then used as a disturbance source at the bottom of
the overlying strata to obtain the surface movement deformation caused by the deformation
at the bottom of the overlying strata based on deformation coordination conditions at the soil
interface.
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In layered mechanics, the displacement and stress at any stratum depth can be represented
by the surface displacement and stress (Bobileva, 2015)
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(2.1)

where u(ζ,H), w(ζ,H), σ(ζ,H), and τ(ζ,H) are the Hankel integral transformation equations
for the horizontal displacement, subsidence, normal stress, and shear stress of the strata at
depth H, respectively; u(ζ, 0), w(ζ, 0), σ(ζ, 0), and τ(ζ, 0) are the Hankel integral transformation
equations for the horizontal displacement, subsidence, normal stress, and shear stress at the
surface, respectively; ζ is the integral parameter variable; and E is the elastic modulus.
The matrix coefficients are given by

A11 = A44 = cosh η +
η sinh η

2(1− µ)

A12 = −A34 =
1

2(1 − µ)
[(1− 2µ) sinh η + η cosh η]

A13 = −A24 =
1 + µ

2(1 − µ)
sinh η A14 =

1 + µ

2η(1− µ)
[(3− 4µ) sinh η + η cosh η]

A21 = −A43 =
1

2(1 − µ)
[(1− 2µ) sinh η − η cosh η]

A22 = A33 = cosh η −
η sinh η

2(1− µ)

A23 =
1 + µ

2η(1− µ)
[(3− 4µ) sinh η − η cosh η]

A31 = −A42 = −
η2

2(1 − µ2)
sinh η

A32 =
η

2(1− µ2)
(sinh η − η cosh η) A41 =

η

2(1 − µ2)
(sinh η + η cosh η)

(2.2)

where η = ζH, µ is Poisson’s ratio, and sinh and cosh are hyperbolic sine and cosine functions,
respectively

u(r,H) =

∞
∫

0

u(ζ,H)ζJ1(ζr) dζ w(r,H) =

∞
∫

0

w(ζ,H)ζJ0(ζr) dζ

σ(r,H) =

∞
∫

0

σ(ζ,H)ζJ0(ζr) dζ τ(r,H) =

∞
∫

0

τ(ζ,H)ζJ1(ζr) dζ

(2.3)

where J0 and J1 are the zeroth- and first-order Bessel functions, respectively; and u(r,H),
w(r,H), σ(r,H), and τ(r,H) are the horizontal displacement, subsidence, normal stress, and
shear stress of the strata at a horizontal distance r and depth H.
The pumping process of a confined aquifer is shown in Fig. 1. The part above the aquifer are

the overlying strata and that below the stable aquifuge layer. Pumping changes only the water
level of the aquifer but does not affect the deformation of its lower strata. The deformation of
the upper strata is only dependent on the elastic modulus, Poisson’s ratio, and thickness. Let the
thickness of the confined aquifer be H0, the thickness of the overlying loose layer Hw, the radius
of the pumping well r0, the pumping influence radius R, and the pumping capacity Q. After the
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Fig. 1. Strata movement and deformation caused by pumping from a confined aquifer

pumping well has reached a stable state, the funnel curve of the confined water level drop can
be expressed using the Dupuit formula (Bourel, 2024; Gamnitzer and Hofstetter, 2016)

sw =
Q

2πkH0
ln
R

r
(2.4)

where sw is the depth of the water level drop and k is the permeability coefficient of the aquifer.
R is the pumping influence radius, which can be expressed using the Siechardt empirical

formula (Jia et al., 2016)

R = 10smaxw
√
k (2.5)

where smaxw is the maximum depth of the water level drop.
Focusing on the confined aquifer, the confined aquifer before pumping exerts a supporting

force on the overlying strata with a magnitude directly proportional to the height of the confined
water level. Pumping decreases the supporting force of the confined aquifer on the overlying
strata and increases the effective stress of the soil (Liu et al., 2023), which is directly proportional
to the depth of the water level drop. This increase in the effective stress is equivalent to an
additional load acting on the top of the aquifer with a funnel-shaped load distribution, which
has the same funnel-shaped form as that of the aquifer level drop, as shown in Fig. 2.

Fig. 2. Additional load acting on the top of the confined aquifer
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The additional load at the top of the aquifer can be expressed as

σz(r,Hw) = γwsw τzr(r,Hw) = 0 (2.6)

where γw is the weight of water and σz(r,Hw) and τzr(r,Hw) are the normal and shear stresses
acting on the top of the aquifer, respectively.

Substituting Eq. (2.6) into Eq. (2.3) yields

σz(ζ,Hw) =

R
∫

0

γw

[

Q

2πkH0
ln
R

r

]

rJ0(ζr) dr (2.7)

where σz(ζ,Hw) is the Hankel integral transformation of σz(r,Hw).

It is generally believed that hydrophobic consolidation in an aquifer does not cause bottom
deformation. The displacement at the aquifer bottom can therefore be assumed to be 0 (Jia
et al., 2016)

u(ζ,Hw +H0) = 0 w(ζ,Hw +H0) = 0 (2.8)

where u(ζ,Hw +H0) and w(ζ,Hw +H0) are the Hankel integral transformation equations for
the horizontal displacement and subsidence at the bottom of the confined aquifer, respectively.

By substituting Eqs. (2.7) and (2.8) into Eq. (2.1), the displacement and deformation at the
top of the aquifer are obtained as follows

u(ζ,Hw) = −
A22A13 −A12A23
A11A22 −A12A21

×
σz(ζ,Hw)

E2
H0

w(ζ,Hw) =
A21A13 −A11A23
A11A22 −A12A21

×
σz(ζ,Hw)

E2
H0

(2.9)

where E2 is the elastic modulus of the confined aquifer and u(ζ,Hw) and w(ζ,Hw) are the Hankel
integral transformation equations for the horizontal displacement and subsidence at the top of
the confined aquifer, respectively.
Substituting Eq. (2.9) into Eq. (2.3) yields the horizontal displacement u(r,Hw) and subsi-

dence w(r,Hw) at the top of the aquifer as follows

u(r,Hw) =

∞
∫

0

−
A22A13 −A12A23
A11A22 −A12A21

×
σz(ζ,Hw)

E2
H0ζJ1(ζr) dζ

w(r,Hw) =

∞
∫

0

A21A13 −A11A23
A11A22 −A12A21

×
σz(ζ,Hw)

E2
H0ζJ0(ζr) dζ

(2.10)

Equation (2.10) expresses the deformation at the top of the confined aquifer caused by pump-
ing. According to the principle of deformation coordination, the displacement distribution at
the bottom of the overlying strata is the same as that at the top of the aquifer; the horizontal
displacement and subsidence at the bottom of the overlying strata are therefore also given by
u(ζ,Hw) and w(ζ,Hw), respectively. Therefore, the problem of determining the surface move-
ment and deformation caused by pumping is transformed into the problem of determining the
surface movement and deformation with a known displacement at the bottom of the overlying
strata.
We focus on the overlying strata. If the surface does not bear loads

σ(ζ, 0) = 0 τ(ζ, 0) = 0 (2.11)
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the corresponding surface movement deformation can then be obtained as follows by substituting
Eq. (2.11) into Eq. (2.1)

{

u(ζ, 0)
w(ζ, 0)

}

=









B22

B11B22 −B21B12

−B12
B11B22 −B21B12

B11

B11B22 −B21B12

−B21
B11B22 −B21B12









{

w(ζ,Hw)
u(ζ,Hw)

}

(2.12)

where the matrix coefficients are given by

B11 = coshm+
m sinhm

2(1− µ1)
B12 =

1

2(1 − µ1)
[(1− 2µ1) sinhm+m coshm]

B21 =
1

2(1 − µ1)
[(1 − 2µ1) sinhm−m coshm] B22 = coshm−

m sinhm

2(1 − µ1)

(2.13)

where m = ζHw and µ1 is Poisson’s ratio of the overlying strata.
Equation (2.9) is substituted into Eq. (2.12) to obtain the surface movement deformation as

follows

u(ζ, 0) =
( B22

B11B22 −B21B12

)(

−
A22A13 −A12A23
A11A22 −A12A21

)σz(ζ,Hw)

E2
H0

+
( −B12
B11B22 −B21B12

)(A21A13 −A11A23
A11A22 −A12A21

)σz(ζ,Hw)

E2
H0

w(ζ, 0) =
( B11

B11B22 −B21B12

)(A21A13 −A11A23
A11A22 −A12A21

)σz(ζ,Hw)

E2
H0

+
( −B21
B11B22 −B21B12

)(

−
A22A13 −A12A23
A11A22 −A12A21

)σz(ζ,Hw)

E2
H0

(2.14)

By simplifying the coefficients in Eq. (2.14), we obtain

u(ζ, 0) = (C1 + C2)
σz(ζ,Hw)

E2
H0 w(ζ, 0) = (C3 + C4)

σz(ζ,Hw)

E2
H0 (2.15)

where the coefficients are given by

C1 =
( B22

B11B22 −B21B12

)(

−
A22A13 −A12A23
A11A22 −A12A21

)

C2 =
( −B12
B11B22 −B21B12

)(A21A13 −A11A23
A11A22 −A12A21

)

C3 =
( B11

B11B22 −B21B12

)(A21A13 −A11A23
A11A22 −A12A21

)

C4 =
( −B21
B11B22 −B21B12

)(

−
A22A13 −A12A23
A11A22 −A12A21

)

(2.16)

The Hankel integral inverse transformation is performed on the expressions in Eq. (2.15) to
obtain the surface movement deformation caused by pumping from the confined aquifer

u(r, 0) =

∞
∫

0

(C1 + C2)
σz(ζ,Hw)

E2
H0ζJ1(ζr) dζ

w(r, 0) =

∞
∫

0

(C3 + C4)
σz(ζ,Hw)

E2
H0ζJ0(ζr) dζ

(2.17)
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Equation (2.17) implies that the surface movement and deformation caused by pumping
from a confined aquifer are closely dependent on the thickness, elastic modulus, and Poisson’s
ratio of the strata and the stress distribution in the aquifer caused by pumping. Compared
with the traditional probability integral models, more influencing factors are considered in our
layer mechanics model. The total surface movement deformation caused by simultaneous pump-
ing of multiple aquifers can be obtained by using our model to calculate the surface movement
deformation caused by pumping from each confined aquifer and then summing the movement de-
formations caused by pumping over all the aquifers using the superposition principle.

3. Model validation

To verify the accuracy and rationality of the theoretical model, the confined aquifer pumping
in Dezhou City, Shandong Province, China in the reference (Jia et al., 2021) was taken as an
example. The geological distribution of the study area is shown in Fig. 3, and the physical and
mechanical parameters are listed in Table 1. The surface movement and deformation caused by
extraction of the same volume of water from two confined aquifers at a pumping capacity of
2441.66m3/d, pumping well radius of 1m, and water density of 10 kN/m3 were simulated in the
reference (Jia et al., 2021). Based on the data provided in the reference, our theoretical model
was used to independently calculate the surface subsidence deformation caused by pumping from
the two confined aquifers under the same pumping conditions and the results compared with
those from the simulation. The results are shown in Fig. 4.

Fig. 3. Schematic of pumping from confined aquifers

Table 1. Calculation parameters

Stratum Thickness [m] E [MPa] k [m/d] µ R [km]

Overlying strata 300 80 0.008 0.35

First aquifer 150 120 1.8 0.25 2.0

First aquifuge 100 60 0.005 0.25

Second aquifer 250 190 1.5 0.20 1.5

As shown in Fig. 4, the surface subsidence caused by pumping from a confined aquifer is
symmetrically distributed with respect to the pumping well. The subsidence is larger closer to
the pumping well. The theoretical curves for the surface subsidence caused by separate pumping
of the same volume of water from the two confined aquifers are basically the same as the
simulation curves. The high consistency of the theoretical calculation subsidence results with
the simulation results verifies the correctness of the theoretical model.
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Fig. 4. Comparison of theoretical calculation and numerical simulation results

The maximum surface subsidence caused by individual pumping of the first confined aquifer
in the simulation is 0.037m while that in the theoretical calculation is 0.036m. The error be-
tween them is only 0.01m. The maximum surface subsidence caused by independent pumping
of the second confined aquifer in the simulation is 0.019m while that in the theoretical calcula-
tion is 0.018m. The error of only 0.01m between the two results indicates that the maximum
surface subsidence in the theoretical calculation is essentially the same as that in the simu-
lation. At a distance of 1000m from the pumping well, the simulation values for the surface
subsidence caused by the separate pumping of the first and second confined aquifers are 0.0097
and 0.0071m, respectively, while the theoretically calculated values are 0.0103 and 0.0046m, re-
spectively. The respective errors of only 0.0006 and 0.0025m are negligible. These error analysis
results further confirm that the layered mechanics calculation for the surface subsidence caused
by pumping of confined aquifers is reasonable and feasible.

4. Analysis of influencing factors

The first confined aquifer in Dezhou City, Shandong Province, China is taken as an example in
this study for analyzing the effects of different pumping capacities and aquifer elastic moduli
and thicknesses on the surface subsidence and horizontal displacement.

4.1. Pumping capacity

Equation (2.17) was used to calculate the surface subsidence and horizontal displacement at
the pumping capacities of 1500, 2000, and 2500m3/d for a confined 150 m-thick aquifer with
an elastic modulus of 120MPa and overlying strata thickness of 300m. The results are shown
in Fig. 5.
The surface subsidence curve in Fig. 5a shows that the surface subsidence caused by pumping

increases with the pumping capacity and is symmetrically distributed around the pumping well.
The maximum surface subsidence occurs at the wellhead and gradually decreases along both its
sides. At the pumping capacities of 1500, 2000, and 2500m3/d, the maximum surface subsidence
values are 0.0226, 0.0302, and 0.0377m, respectively, which correspond to increases of 0.0076
and 0.0075m as the pumping capacity grows. At a distance of 1000m from the pumping well,
the surface subsidence for the three pumping capacities are 0.0063, 0.0085, and 0.0106m, respec-
tively, which correspond to increaments of 0.0022 and 0.0021m as the pumping capacity grows.
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Fig. 5. Relationship between pumping capacity, surface movement, and deformation

These results indicate that increasing the pumping capacity causes a relatively uniform increase
in the surface subsidence; however, the growth in the surface subsidence gradually decreases
with increasing distance.

The surface horizontal displacement curve in Fig. 5b shows that the surface horizontal dis-
placement caused by exploitation of the confined aquifer increases with the pumping capacity,
and its shape is similar to that of a sine function. The surface horizontal displacement at the well-
head is approximately 0. The surface horizontal displacement gradually increases up to a range
of approximately 310m from the pumping well before decreasing with growing distance from the
pumping well. Therefore, the maximum surface horizontal displacement occurs approximately
310m away from the pumping well. For the pumping capacities of 1500, 2000, and 2500m3/d, the
maximum surface horizontal displacements are 0.0040, 0.0053, and 0.0066m, respectively, which
correspond to increaments of 0.0013 and 0.0013m. At a distance of 2000m from the pumping
well, the surface horizontal displacements are 0.0007, 0.0010, and 0.0012m, respectively, which
correspond to increaments of 0.0003 and 0.0002m. These results indicate that increasing the
pumping volume causes a relatively uniform growth in the horizontal displacement. The surface
horizontal displacement is more sensitive to the pumping capacity nearer the pumping well.
Figure 6 also shows that the surface subsidence is larger than the horizontal displacement, but
the influence range of the latter is larger.

Fig. 6. Relationship between the maximum surface movement deformation and pumping capacity
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Figure 6 shows the relationship between the maximum surface subsidence and horizontal
displacement, and the pumping capacity. The maximum surface subsidence and horizontal dis-
placement both increase linearly with the pumping capacity. As the pumping capacity increases
from 1000 to 3000m3/d, the maximum surface subsidence increases from 0.0151 to 0.0453m
while the maximum surface horizontal displacement grows from 0.0026 to 0.0079m. A higher
pumping capacity results in a larger water level drop in the confined aquifer, which leads to
a greater additional load acting on the interface between the top of the confined aquifer and the
overlying strata. According to layered mechanics, the additional load results in a larger defor-
mation of the confined aquifer, which is transmitted to the surface through the overlying strata
and results in more significant surface movement and deformation.

4.2. Confined aquifer elastic modulus

Equation (2.17) was used to calculate the surface subsidence and horizontal displacement at
the elastic modulus of 60, 90, and 120MPa for a confined 150 m-thick aquifer with pumping
capacities of 2441.66m3/d and overlying strata thickness of 300m. The results are shown in
Fig. 7.

Fig. 7. Relationship between the elastic modulus, surface movement, and deformation

The surface subsidence curve in Fig. 7a shows that the surface subsidence caused by pumping
decreases with the elastic modulus. At the elastic modulus of 60, 90, and 120MPa, the maximum
surface subsidence values are 0.0737, 0.0491, and 0.0368m, respectively, which correspond to
decreaments of 0.0246 and 0.0123m as the elastic modulus increases. At a distance of 1000m
from the pumping well, the surface subsidence values for the three elastic modulus are 0.0207,
0.0138, and 0.0103m, respectively, which correspond to decreaments of 0.0069 and 0.0035m as
the elastic modulus increases. These results indicate that increasing the elastic modulus causes
a relatively uniform decrease in the surface subsidence.
The surface horizontal displacement curve in Fig. 7b shows that the surface horizontal dis-

placement caused by the exploitation of the confined aquifer decreases with the elastic modulus,
and its shape is similar to that of a sine function. The maximum surface horizontal displacement
also occurs approximately 310m away from the pumping well. For the elastic modulus of 60, 90,
and 120MPa, the maximum surface horizontal displacements are 0.0129, 0.0086, and 0.0064m,
respectively, which correspond to decreaments of 0.0043 and 0.0022m. At a distance of 2000m
from the pumping well, the surface horizontal displacements are 0.0024, 0.0016, and 0.0012m,
respectively, which correspond to decreaments of 0.0008 and 0.0004m. These results indicate
that increasing the elastic modulus causes a smaller decrease in the surface horizontal displace-
ment. The surface horizontal displacement is more sensitive to the elastic modulus nearer the
pumping well.
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Figure 8 shows the relationship between the maximum surface subsidence and horizontal
displacement, and the elastic modulus. The maximum surface subsidence and horizontal dis-
placement both decrease nonlinearly with the elastic modulus. As the elastic modulus increases
from 10 to 200MPa, the maximum surface subsidence decreases from 0.4423 to 0.0221m while
the maximum surface horizontal displacement decreases from 0.0772 to 0.0039m. According to
layered mechanics, a higher elastic modulus results in a smaller deformation of the confined
aquifer, which is transmitted to the surface through the overlying strata and results in less
significant surface movement and deformation.

Fig. 8. Relationship between the maximum surface movement deformation and elastic modulus

4.3. Confined aquifer thickness

Equation (2.17) was used to calculate the surface subsidence and horizontal displacement at
the thickness of 50, 100, and 150m for a confined 2441.66m3/d – pumping capacities aquifer
with an elastic modulus of 120MPa and overlying strata thickness of 300m. The results are
shown in Fig. 9.

Fig. 9. Relationship between thicknesses, surface movement, and deformation

The surface subsidence curve in Fig. 9a shows that the surface subsidence caused by pumping
increases with the aquifer thickness. At the aquifer thickness of 50, 100, and 150m, the maximum
surface subsidence values are 0.0125, 0.0249, and 0.0368m, respectively, which correspond to
increaments of 0.0124 and 0.0119m as the aquifer thickness increases. At a distance of 1000m
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from the pumping well, the surface subsidence values for the three aquifer thickness are 0.0034,
0.0069, and 0.0103m, respectively, which correspond to increaments of 0.0035 and 0.0034m as
the aquifer thickness increases. These results indicate that increasing the aquifer thickness causes
a relatively uniform increase in the surface subsidence.

According to the surface horizontal displacement curve in Fig. 9b, it can be seen that the
surface horizontal displacement caused by exploitation of the confined aquifer increases with
a growth of aquifer thickness, and the maximum surface horizontal displacement occurs about
310m away from the pumping well. When the thickness of the aquifer is 50, 100, and 150m,
respectively, the maximum surface horizontal displacement is 0.0021, 0.0043, and 0.0064m, with
increaments of 0.0022m and 0.0021m, respectively. At a distance of 2000m from the pump-
ing well, the surface horizontal displacement is 0.0004, 0.0008, and 0.0012, respectively, with
increaments of 0.0004m and 0.0004m, indicating that the increase in thickness of the aquifer
causes a relatively uniform increase in surface horizontal displacement, and the elastic modu-
lus of the aquifer is more sensitive to surface horizontal displacement near the pumping well than
in the distance.

The surface horizontal displacement curve in Fig. 10b shows that the surface horizontal dis-
placement caused by the exploitation of the confined aquifer increases with the aquifer thickness,
and the maximum surface horizontal displacement occurs about 310m away from the pumping
well. For the aquifer thickness of 50, 1000, and 1500m, the maximum surface horizontal displace-
ments are 0.0021, 0.0043, and 0.0064m, respectively, which correspond to increaments of 0.0022
and 0.0021m. At a distance of 2000m from the pumping well, the surface horizontal displace-
ments are 0.0004, 0.0008, and 0.0012m, respectively, which correspond to increaments of 0.0004
and 0.0004m. These results indicate that increasing the aquifer thickness causes a relatively
uniform increase in the surface horizontal displacement. The surface horizontal displacement is
more sensitive to the pumping capacity nearer the pumping well.

Fig. 10. Relationship between the maximum surface movement deformation and aquifer thickness

Figure 10 shows the relationship between the maximum surface subsidence and horizontal
displacement, and the aquifer thickness. The maximum surface subsidence and horizontal dis-
placement both increase linearly with the aquifer thickness. As the aquifer thickness increases
from 50 to 250m, the maximum surface subsidence increases from 0.0125m to 0.0600m while
the maximum surface horizontal displacement increases from 0.0021m to 0.0104m. According
to layered mechanics, a thicker aquifer results in a larger deformation of the confined aquifer,
which is transmitted to the surface through the overlying strata and results in more significant
surface movement and deformation.
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5. Maximum displacement position

By analyzing the influencing factors, it was found that under different pumping volume and
aquifer elastic modulus and thickness conditions, the maximum surface subsidence occurs at
the wellhead, and the maximum horizontal displacement occurs at a distance of approximately
310m from the pumping well. This indicates that the above influencing factors affect only the
numerical value and range of the surface displacement deformation but not the position where
the maximum surface displacement deformation occurs. Taking the first confined aquifer in
Dezhou City as an example, the relationship between the position of the maximum surface
horizontal displacement and the thickness of the overlying strata was analyzed. The results are
shown in Fig. 11.

Fig. 11. Relationship between the maximum surface horizontal displacement position
and overlying strata thickness

As shown in Fig. 11, the distance between the position of the maximum surface horizontal
displacement and the pumping well increases linearly with the thickness of the overlying strata.
At the overlying strata thicknesses of 100, 500, and 1000m, the maximum surface horizontal
displacements occur 126, 482, and 912m away from the pumping well, respectively. The distance
between the maximum surface horizontal displacement position and the pumping well increases
with the thickness of the overlying strata at a rate of 0.87. In other words, for every 1m in-
crease in the thickness of the overlying strata, the maximum surface horizontal displacement
occurs a further 0.87m away from the pumping well. In contrast, the maximum surface subsi-
dence occurs at the wellhead regardless of the aquifer or overlying strata parameters because the
maximum water level drop caused by pumping in the confined aquifer occurs at the wellhead.

6. Discussion

Based on the principle of coordinated strata deformation, the paper uses the theory of layered
mechanics to establish a calculation model for surface movement and deformation caused by
pumping in confined aquifers. Compared with the consolidation theory model and the probabil-
ity integration method in the calculation model, the model in this paper can consider not only
the surface deformation within the range of pumping influence, but also reflect the influence
of geological physical and mechanical parameters on surface movement and deformation. The
theoretical model can comprehensively consider such factors as aquifer thickness, elastic modu-
lus, pumping capacity, and overlying strata thickness, and is more reasonable compared to the
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existing computational models. By comparing with the monitoring data of surface deformation
caused by pumping wells in Dezhou City, China, it is shown that the model is suitable for cal-
culating surface movement and deformation caused by pumping in confined aquifers, and it also
demonstrates that the model has high accuracy.

What is more, the theoretical model proposed in this paper is mainly used to calculate surface
movement and deformation caused by pumping in confined aquifers, and has good applicability
and high accuracy. However, in the field of coal resource extraction, surface movement and
deformation often occur due to disturbances caused by coal mining, surface pumping, surface
grouting, and other factors that affect the water level of the aquifer (Tajdus et al., 2023; Dudek
et al., 2020), thereby affecting safety of surface buildings. The theoretical model in this paper
is applicable for calculating surface movement and deformation caused by the above factors
although still needs further modification and improvement.

7. Conclusion

(1) The effective stress increase caused by pumping from a confined aquifer is equivalent to
an additional load acting on the top of the aquifer. A model for surface movement and
deformation caused by pumping from a confined aquifer was established using layered
mechanics in which the effects of the aquifer thickness, elastic modulus, pumping volume,
and overlying strata thickness are considered. The consistency of the results for the surface
subsidence caused by extraction of confined aquifers in Dezhou City, Shandong Province,
China obtained using the model with numerical simulation results verifies the accuracy
and rationality of the model.

(2) The surface subsidence and horizontal displacement caused by confined aquifer extraction
are positively correlated with the pumping volume and aquifer thickness and negatively
correlated with the aquifer elastic modulus. The maximum surface subsidence and hori-
zontal displacement increase linearly with the pumping volume and aquifer thickness, and
decrease nonlinearly with the increasing aquifer elastic modulus.

(3) The maximum surface subsidence caused by pumping from a confined aquifer occurs at
the wellhead. The position of the maximum horizontal displacement is independent of
the pumping volume, elastic modulus, and aquifer thickness. The distance between the
position of the maximum horizontal displacement and the pumping well increases linearly
with the thickness of the overlying strata.
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