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the change of deformation of the aquifer is far less significant than the hydraulic
head over the years. When considering the spatial variability of soil strength, the land
subsidence suffers from great uncertainty when the correlation length is large.
Nevertheless, the spatial variability of soil strength on the uncertainty of hydraulic
head can be ignored. When considering the spatial variability of soil hydraulic
conductivity, the uncertainty of the hydraulic head is mainly located near the
bedrock and increases markedly along with the rise of the correlation length. Time is
another important factor to increase the uncertainty of the hydraulic head. However,
its contribution to the uncertainty of displacement is insignificant.
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Introduction

Land subsidence is the gradual or rapid sinking of the ground surface due to the de-
formation of subsurface earth materials, which is a global problem in urban areas [18,
43]. The main cause of land subsidence is the pumping of subsurface water [8, 14, 31].
It is of great significance to study the subsurface settlement and water flow of the lands
due to pumping.

The land subsidence is often simulated or evaluated based on the soil consolida-
tion theory, which is a process of volumetric changes of soil due to water pres-
sure. Early methods to model soil consolidation are based on Terzaghi’s theory. It
assumes that the settlement and flow of water are vertical. Ignoring the horizontal
deformation does not allow for a complete analysis of problems of consolidation.
If the horizontal deformation needs to be considered, this one-dimensional theory
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of consolidation may not be valid. In recent decades, the more rigorous Biot’s por-
oelasticity considering horizontal and vertical components of elastic deformation
has been widely used for the problems of land subsidence. Bear and Corapcioglu
[3] developed a mathematical model for regional subsidence due to pumping from
an aquifer based on Biot’s theory on coupled three-dimensional consolidation.
Chiou and Chi [11] studied the settlement induced by surface loading and land
subsidence due to pumping for saturated layered soils. Xu et al. [42] presented the
prediction approaches on land subsidence employed in China and found that Biot’s
consolidation can simulate the field data better. Ferronato et al. [16] proposed a
coupled Biot model based on a three-field formulation to predict the land subsid-
ence in the Chaobai River alluvial fan, China.

However, most of the studies related to land subsidence did not consider the un-
certainty of geo-properties. It is well recognized that the subsurface geo-properties
such as seepage and strength parameters are remarkably variable and heteroge-
neously suffering from great uncertainty. To understand the uncertainty of soil
consolidation, probabilistic analysis by Monte Carlo simulation is always adopted
regarding the different engineering geological backgrounds. The parameters in
Biot’s formulations are modeled as random variables to account for the uncertainty
of subsurface geo-properties or further modeled as random fields to consider
spatial variability. For example, Houmadi et al. [23] used a collocation-based sto-
chastic response surface method for the probabilistic analysis of a consolidation
problem of a single clayey layer, and the deterministic model is based on a Biot
consolidation analysis using the finite difference code FLAC 3D. Cheng et al. [10]
integrated random field simulation of soil spatial variability with numerical model-
ing of coupled flow and deformation to investigate consolidation in spatially ran-
dom unsaturated soil. Zhang et al. [49] proposed a probabilistic method to
calibrate coupled hydro-mechanical slope stability model with the integration of
multiple types of field data. Houmadi et al. [24] analyzed the impact on surface
settlement due to a uniform surcharge loading on the ground surface with a two-
dimensional spatially varying Young’s modulus by the subset simulation method.
Savvides and Papadrakakis [30] presented a stochastic analysis to study the consoli-
dation phenomenon of clayey interaction. In summary, based on the models of
Biot’s consolidation, the uncertainty of many geotechnical issues including land
reclamation, embankments, tunnels, and excavation are evaluated by several re-
searchers. However, the probabilistic analysis for the problem of land subsidence is
seldom involved.

Therefore, in this study, the probabilistic analysis of land subsidence due to pumping
is performed by Biot’s poroelasticity and random field theory. First, based on Leake and
Hsieh [26], the numerical model of an aquifer underlain by a bedrock step and pump-
ing is established. Second, to consider soil spatial variability, two key parameters (i.e.,
Young’s modulus and hydraulic conductivity) in Biot’s equations are viewed as hetero-
geneous properties and generated by random field theory. Finally, the influence of cor-
relation length and time on the uncertainty of pumping responses (i.e., displacement
and hydraulic head) are investigated.
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Methods

Biot's poroelasticity

In this study, the built-in module in COMSOL Multiphysics [13] is adopted to simulate
land subsidence. Based on Biot’s poroelastic theory [4, 5], the constitutive relations for
the poroelastic behavior are:

o=c:e-lp (1)

«»

where ¢ is the total stress; “:” stands for the double-dot tensor product; ¢ denotes the
elasticity matrix of solid; ¢ is the strain tensor; p is the fluid pore pressure; I is the iden-
tity matrix; a; is the Biot-Willis coefficient representing the coupling between the stress
and the pore pressure. The value of a; is less than unity, indicating the extent to which
the pore pressure contributes on elastic deformation.

The form of force balance equation is:
V-G+pg:V~G+(¢pf+ps>g:0 (2)

where p represents the average density of solid and fluid; pr and p; are the density of
the fluid and solid, respectively; ¢ is the porosity; g represents the acceleration of grav-
ity. Note that Eq. (1) is the linear theory of elasticity, implying that the general theory
proposed by Biot is the linear poroelasticity. Biot’s equations can be extended to non-
linear poroelasticity, such as elastoplastic materials, by changing the form of Eq. (1) [2].
Based on the mass conservation equation, with the increase of the rate of expansion
of the pore space, the volume available for the fluid also increases and thereby gives rise
to liquid sink [22]:
L4V (kVp) = -y )
where ¢ is time; k is the hydraulic conductivity; &, is the volumetric strain, €, = &, + ¢,
+¢&,, which is the trace of ¢ S, is the storage coefficient of Biot’s poroelasticity, which is
related to the compressibility of the fluid and solid phases. When both the solid and
the fluid are assumed compressible, it can be calculated from basic material properties
as [7]:

ap—¢

S, =
b K,

+

(4)

Jls

where Ky is the fluid bulk modulus, which is the inverse of the fluid compressibility
Xp and K is the solid bulk modulus and K = ﬁ for elastic materials. £ and v are
Young’s modulus and Poisson’s ratio, respectively.

For saturated soil, some studies assumed that the water and soil are incompressible.
Therefore, the values of S, and a; can be 0 and 1, respectively, and p is equal to the
density of soil [6, 23-25, 34]. While some other studies, such as oil reservoir simula-
tion, considered the contributions of S, and a;, [20, 47]. Since the poroelasticity of
Biot’s consolidathangion is a built-in module in COMSOL Multiphysics, the solution of
the above equations is very convenient. As a result, the compressible nature of soil and
water is taken into consideration in this study.
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Numerical model of an aquifer

The numerical model of land subsidence is referenced from Leake and Hsieh [26].
There is an aquifer system overlying an impermeable bedrock in a basin. The height of
the aquifer is 420 m, and the length exceeds 4000 m. The bedrock is a fault and acts as
a step near a mountain front. The aquifer system includes a middle compressible con-
fining unit, which is 20 m below the ground surface (Fig. 1).

In this study, the predefined mesh grid of COMSOL is adopted. The finer element
size (Fig. 1b) is chosen for simulation. The maximum element size is 117 m. Note that
the finite element mesh is usually finer than the random field grid to capture the infor-
mation on the spatial variability. However, the overly fine mesh will lead to high com-
putational costs. There is a trade-off between the accuracy of the solution and
computational efficiency. In this study, the maximum element size is larger than some
examined correlation lengths because the area to be simulated is very large. To over-
come this problem, the midpoint discretization method [32, 37] is employed to deter-
mine grid points of the random field. Shen et al. [33] illustrated that this method is
sufficient to obtain accurate statistics of model responses. Please refer to Shen et al.
[33] for the discussion of finite element meshes and discretization error.

For the deterministic model, the parameters of an aquifer, semi-confined layer, and
water are summarized in Table 1. The hydraulic and physical properties are set as the
alluvial basin in the southwestern USA [21]. The values of porosity for aquifer ¢, and
semi-confined layer ¢; are 0.25 and 0.025, respectively. The hydraulic conductivity k, of
the aquifer is 25 m/day whereas k; = 0.01 m/day for the semi-confined layer. Young’s
modulus is assumed to be different. E, = 800 MPa for aquifer and E; = 80 MPa for
semi-confined layer. Except for the above parameters, the Poisson’s ratio and density of
soil are the same for the aquifer and the semi-confined layer. The Poisson’s ratio v and
p are assumed to be 0.25 and 2750 kg/m?, respectively. The constants for the water of
compressibility yrand density pare 4 x 107'° 1/Pa and 1000 kg/m?, respectively.

The boundary conditions of the aquifer model are shown in Fig. 1. The hydraulic
head in JA-AB-BC is specified as zero-constant during the entire period of simulation
to assume that no consolidation occurs in this part. IH is fixed with a head that linearly
declines by 60 m over 10 years. Other boundaries are no-flow. For the mechanical
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Table 1 Parameters of the numerical model and random field

Parameters Values Unit Definitions
Aquifer [08 0.25 Porosity of aquifer
kg 25 m/day Hydraulic conductivity of aquifer
E, 800 MPa Young's modulus of aquifer
v 0.25 Poisson’s ratio
Os 2750 kg/m? Density
Semi-confined layer o} 0.025 Porosity of semi-confined layer
ki 0.01 m/day Hydraulic conductivity of semi-confined layer
E; 80 MPa Young's modulus of semi-confined layer
v 0.25 Poisson’s ratio
0 2750 kg/m®  Density
Water of 1000 kg/m? Density
Xr 4x107'°  1/Pa Fluid compressibility

boundary conditions, EF-FG-GH around the bedrock step is a fixed constraint, which
means the horizontal and vertical displacements are zero. IH is the roller constraint
allowing to move in the vertical direction. Free boundary conditions are used for other
boundaries.

Random field

It is well known that the soil properties of an aquifer are variant but correlated in space
due to the geological processes. Site investigation can only obtain limited samples of
soil parameters. From the point of view of probability, the statistical characteristics of
soil parameters can be obtained from limited samples with randomness. Therefore, ran-
dom field theory is used to characterize the spatial variability of soil properties.

Soil parameters such as Young’s modulus and hydraulic conductivity are positive and
fit well with log-normal distributions [1, 29, 48]. Therefore, the natural logarithm of a
certain soil parameter follows a normal distribution. Its mean value 4, and the stand-
ard deviation oy, are calculated as follows:

2
o2 = In (1 + %) (5)

2
o
Hin = 111,“—7 (6)

where 4 and o are the mean value and the standard deviation of soil parameters,
respectively.

In random field theory, the covariance function is proposed to illustrate the spatial
correlation of a certain soil parameter. It is a function related to coordinates x = [(xy,
z1), (%3, z5)] in the domain. The horizontal and vertical correlation lengths (, and 1,)
are thresholds to determine the relevance of a soil parameter of two positions in the
domain. In this study, an empirical covariance function C(x) is used to simulate the
spatial variability of soil parameters [40, 41, 44]:
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Table 2 Parameters of aquifer for probabilistic analysis
Parameters Values Unit Definitions

Case 1: Spatial variability of soil strength Mg 800 MPa  Mean of £,
COVe 03 Coefficient of variation of £,
I 200~800 m Horizontal correlation length
of InE,
I, 40~160 m Vertical correlation length of
InE,
kg 25 m/ Hydraulic conductivity of
day  aquifer
Case 2: Spatial variability of soil hydraulic My 25 m/ Mean of k,
conductivity day
COVy 0.8 Coefficient of variation of k,
Iy 200~800 m Horizontal correlation length
of Ink,
I, 40~160 m Vertical correlation length of
Ink,
E, 800 MPa  Young's modulus of aquifer
2 273
2 (x1-%2)"  (z1-20)
C(X) = O], €XpY — lz + lz (7)
X z
N
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Fig. 2 One realization of lognormal random fields (mean = 25, COV = 08).a /, =200 m, , =40 m. b |, =
400m, L, =80m.cl=600m,,=120m.d/,=800m,, =160 m
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Fig. 7 Effects of the correlation length of £, on the uncertainty of hydraulic head. a /, = 200 m, [, =40 m. b
[,=400m,,=80m.cl,=600m,,=120m.d /,=800m, , =160 m

To generate random fields, the covariance function C(x) is decomposed by the
Karhunen-Loéve expansion method as previous studies [45, 46]. More details of this
method can be found in Ghanem and Spanos [19].

The land subsidence based on Biot’s consolidation is a coupled hydro-mechanical
problem. Therefore, two parameters, E, and k,, of strength and hydraulic conductivity
for the aquifer are modeled by random field to consider their spatial variability. Corres-
pondingly, two cases are used to illustrate the effects of spatial variability of soil
strength and hydraulic conductivity on the uncertainty of model responses. It is recog-
nized that the hydraulic properties of soil suffer from great uncertainty. According to
previous studies, the CoV of the saturated coefficient of hydraulic conductivity can be
ranged from 50 to 450% [9, 48]. Relatively, the CoVs of soil strength parameters are
small, around 5~50% [12, 28]. Therefore, the CoVs of k, and E, are assumed to be 80%
and 30% in this study, respectively. The first case considers the spatial variability of soil
strength. The mean and coefficient of variation (COV) of E, are 800 MPa and 0.3, re-
spectively. The same idea applies to &, for the second case, where it no longer goes into
details. Please refer to Table 2 accordingly.

The selection of the correlation lengths for the parametric study is mainly based on
the following facts: (1) For natural soil parameters, the vertical correlation length varies
from less than 1 m to more than 20 m [15, 17, 36]. The horizontal correlation length is
generally much larger than the vertical length due to the stratification of natural de-
posits. (2) For the practice of probabilistic study, many studies set the correlation
lengths as a ratio of the model size for uncertainty or reliability analysis [35, 50]. It is
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Fig. 8 Effects of the correlation length of k, on the uncertainty of displacement. a /, =200 m, /, = 40 m. b
L,=400m,,=80m.cl,=600m,,=120m.d /,=800m,/, =160 m

suggested that the correlation length of the soil parameters can be taken as 0.02~2
times the model size. 3. In geotechnical engineering, the site-scale models are gen-
erally adopted, and the model size is commonly less than 100 m, while the model
size in this study is in large basin-scale. The large-scale models, such as
watershed-scale, are considered as references. It is reported that the correlation
length can exceed 650 m [38, 39]. Therefore, in this study, /, and /, vary from 200
to approximately 800 m and 40 to approximately 160 m, respectively. Typical
realization of lognormal random fields with different correlation lengths is shown
in Fig. 2.

The uncertainty of the model responses can be determined by running the model
repeatedly with different random soil parameters to arrive at an estimate of the
standard deviation of the model responses, i.e., the so-called Monte Carlo simula-
tion. A sensitivity analysis is conducted to determine the number of random fields
for Monte Carlo simulation. Figure 3 presents the effect of the number of random
fields on the mean values of subsidence at surface nodes. There is almost no fluc-
tuation of the estimation of mean values when the number of random fields is less
than 500. Therefore, a total number of 500 random fields is generated to assess
the uncertainty of the model responses, which is also consistent with the previous
study suggested by Peng et al. [27].
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Results and discussions

Deterministic results

Figure 4 shows the deterministic results of displacement over the years. The displace-
ment at the upper boundary indicates the surface subsidence. The surface subsidence
exceeds 2 m, and it is gradually grown over the years. With the increase of depth, the
displacement is decreased and less sensitive to time.

Figure 5 shows the deterministic results of hydraulic heads over the years. The hy-
draulic head in the whole domain is reduced rapidly as a result of pumping. The hy-
draulic head around the bedrock is reduced from -4 to —40 m for 10 years, which
nearly drops 4 m per year due to pumping. Comparably, the change of deformation of
the aquifer is far less significant than the hydraulic head over these 10 years.

Effects of correlation lengths

Case 1: Spatial variability of soil strength

The effect of the correlation length of E, on the standard deviation of displacement (o)
is illustrated in Fig. 6. With the increase in correlation length of E,, o, increases dra-
matically. The maximum value of o, for surface settlement is around 0.6 m with the lar-
gest correlation length. The effect of the correlation length of E, on the standard
deviation of displacement is significant. The land subsidence due to pumping suffers
from great uncertainty when the correlation length of soil strength properties is large.
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Fig. 10 Uncertainty of displacement over the years considering the spatial variability of £, (I, = 200 m, I, =
40 m, COV =023).a Year 1. b Year 4. ¢ Year 7. d Year 10
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Figure 7 shows the standard deviation of the hydraulic head (0;) considering the
spatial variability of E,. Although the ¢, rises with the increase of the correlation length
of E, the values of 0y, are very small compared to displacement. Even when /, = 800 m
and [, = 160 m, the maximum oy, is only 0.004 m. It is indicated that the spatial vari-
ability of E, has a slight influence on the uncertainty hydraulic head for land subsidence
due to pumping.

Case 2: Spatial variability of soil hydraulic conductivity

The effects of the correlation length of k, on the uncertainty of displacement are dis-
played in Fig. 8. The spatial variability of soil hydraulic conductivity has a minor influ-
ence on the uncertainty of displacement. The maximum o; is only 0.03 m in year 10. It
implies that the uncertainty of displacement is insignificant when dealing with the
spatial variability of soil hydraulic conductivity.

Figure 9 presents the effect of the correlation length of k, on the uncertainty of the
hydraulic head. When /, = 200 m and /, = 40 m changes to [, = 800 m and /, = 160 m,
respectively, the maximum value of ¢j, increases from 2 to 6 m, which is nearly tripled.
The correlation length of &, is strongly influential to o¢,. The o), increases markedly
along with the rise in the correlation length of k,. In addition, like Fig. 7, the o5, around
the bedrock is comparatively large, which illustrates that the uncertainty of the hy-
draulic head is mainly located near the bedrock.
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Effects of time

Case 1: Spatial variability of soil strength

Figure 10 shows the uncertainty of displacement over the years considering the spatial
variability of E,. The o; is steadily increased with years. In the tenth year, the maximum
o, is approximated to 0.30 m near the surface. It illustrates that the uncertainty of land
subsidence rises gradually over the years due to pumping.

The effects of spatial variability of E, on o, over the years are shown in Fig. 11. There
is no difference among them, indicating the oy, is constant with time. Although the hy-
draulic head is gradually increased, its uncertainty is invariable over the years if only
considering the spatial variability of E,. Besides, the values of ¢), are all around the
order of a millimeter, indicating the trivial effect on the uncertainty of the hydraulic
head. To conclude, the spatial variability of E, on the uncertainty of hydraulic head for
land subsidence due to pumping can be ignored.

Case 2: Spatial variability of soil hydraulic conductivity

The uncertainty of displacement over the years considering spatial variability of k, is
shown in Fig. 12. Obvious changes in the o), appeared, but o, is only approximated to
0.01 m even in the 10-year settlement for land subsidence. The contribution of spatial
variability of soil hydraulic conductivity to the uncertainty of displacement is
unimportant.
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In Fig. 13, the uncertainty of hydraulic head over the years considering the spatial
variability of k, is shown. In year 1, the maximum of o), is approximately 0.2 m, and it
is increased to 2 m in year 10. Therefore, besides the correlation length of hydraulic
conductivity, time is another important factor to increase the uncertainty of hydraulic
head for land subsidence due to pumping.

Effects of boundary conditions

The effect of boundary conditions on the uncertainty of land subsidence is further in-
vestigated. The results of two different boundary conditions are shown in Fig. 14. Fig-
ure 14a shows the hydraulic head and land subsidence at year 1 with hydraulic head
boundary condition. Figure 14b shows the corresponding result with flux boundary
condition in the final steady state. It can be seen that the two different boundary condi-
tions produce the same results.

The effects of boundary conditions on the uncertainty of hydraulic head considering
spatial variability of k, are shown in Fig. 15. When choosing head boundary condition,
a large uncertainty appeared around the bedrock (Fig. 15(a)). However, in Fig. 15(b),
the uncertainty around the flux boundary condition is large. The standard deviation of
the hydraulic head exceeds 0.25 m. Therefore, flow boundary condition has an obvious
impact on the uncertainty of the hydraulic head.
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Conclusions

In this study, the probabilistic analysis of land subsidence due to pumping is performed
by Biot’s poroelasticity and random field theory based on a case study. First, the numer-
ical model of an aquifer underlain by a bedrock step and pumping is established. Sec-
ond, to consider soil spatial variability, two key parameters in Biot’s equations
controlling deformation and hydraulic head are viewed as heterogeneous properties

and generated by random field theory. Finally, the influences of correlation length and
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Fig. 14 Effects of the boundary conditions on the deterministic results. a Hydraulic head boundary
condition. b Flux boundary condition
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Fig. 15 Effects of the boundary conditions on the uncertainty of hydraulic head considering the spatial
variability of k, (,, = 200 m, [, = 40 m, COV = 0.8). a Hydraulic head boundary condition. b Flux
boundary condition

time on the uncertainty of pumping responses are investigated. Major conclusions were
summarized as follows:

1. The total surface settlement exceeds 2 m for 10 years of land subsidence due to
pumping. The hydraulic head around the bedrock nearly drops 4 m per year due
to pumping. In general, the change of deformation of the aquifer is far less
significant than the hydraulic head over these 10 years.

2. When considering the spatial variability of soil strength, it suffers from great
uncertainty when the correlation length is large. The uncertainty of displacement
gradually rises over the years. Nevertheless, the spatial variability of Young’s
module on the uncertainty of hydraulic head can be ignored.

3. When considering the spatial variability of soil hydraulic conductivity, the
uncertainty of the hydraulic head is mainly located near the bedrock and increases
markedly along with the rise of the correlation length. Time is another important
factor to increase the uncertainty of the hydraulic head. However, its contribution
to the uncertainty of displacement is insignificant.

Abbreviations

C(x): Covariance function; c: Elasticity matrix of solid; COV: Coefficient of variation; COVg Coefficient of variation of £,
COV,: Coefficient of variation of k; £: Young's modulus; E,: Young's modulus of the aquifer; £: Young's modulus of the
semi-confined layer; g: Acceleration of gravity; I: Identity matrix; k: Hydraulic conductivity; k,: Hydraulic conductivity of
the aquifer; Kz Fluid bulk modulus; k: Hydraulic conductivity of the semi-confined layer; K;: Solid bulk modulus;

| Horizontal correlation length; ,: Vertical correlation length; Mg Mean of E,; My: Mean of kg, p: Fluid pore pressure;
Sp: Storage coefficient of Biot's poroelasticity; t: Time; x: Coordinates of two points in a domain; ay: Biot-Willis
coefficient; & Strain tensor; €,: Volumetric strain; u: Mean value of soil parameters; uy,: Mean value of natural logarithm
of soil parameters; v: Poisson'’s ratio; p: Average density; oz Fluid density; ps: Solid density; o: Standard deviation of soil
parameters; o: Total stress matrix; 0,: Standard deviation of hydraulic head; oy,: Standard deviation natural logarithm of

soil parameters; o, Standard deviation of displacement; ¢: Porosity; ¢,: Porosity of the aquifer; ¢;: Porosity of the semi-
confined layer; xz Fluid compressibility

Acknowledgements
Not applicable.

Authors’ contributions
SD analyzed and interpreted the data and wrote the manuscript. HY developed the ideas and frameworks and revised
the manuscript. The authors have read and approved the final manuscript.

Funding
The research received no specific grant from any funding agency in the public, commercial, or non-profit sectors.



Deng et al. Journal of Engineering and Applied Science (2022) 69:18 Page 17 of 18

Availability of data and materials
All data generated or analyzed during this study are included in this published article.

Declaration

Competing interests
The authors declare that they have no competing interests.

Author details

'School of Naval Architecture, Ocean & Civil Engineering, Shanghai Jiao Tong University, 800 Dongchuan Road,
Shanghai 200240, China. *School of Civil and Environmental Engineering, Nanyang Technological University, 50
Nanyang Avenue, Singapore 639798, Singapore. *School of Earth Sciences and Engineering, Nanjing University, 163
Xianlin Road, Nanjing 210023, China.

Received: 20 September 2021 Accepted: 16 December 2021
Published online: 07 March 2022

References

1. Baecher GB, Christian JT (2005) Reliability and statistics in geotechnical engineering. John Wiley and Sons

2. Barucq H, Madaune-Tort M, Saint-Macary P (2005) On nonlinear Biot's consolidation models. Nonlinear Anal. Theory
Methods Appl. 63(5-7):2985-e995. https://doi.org/10.1016/j.na.2004.12.010

3. Bear J, Corapcioglu MY (1981) A mathematical model for consolidation in a thermoelastic aquifer due to hot water
injection or pumping. Water Resour. Res. 17(3):723-736. https://doi.org/10.1029/WR017i003p00723

4. Biot MA (1941) General theory of three-dimensional consolidation. J. App. Phys. 12(2):155-164. https://doi.org/10.1
063/1.1712886

5. Biot MA (1955) Theory of elasticity and consolidation for a porous anisotropic solid. J. App. Phys. 26(2):182-185. https://
doi.org/10.1063/1.1721956

6. Biot MA (1962) Mechanics of deformation and acoustic propagation in porous media. J. App. Phys. 33(4):1482-1498.
https://doi.org/10.1063/1.1728759

7. Biot MA, Willis DG (1957) The Elastic Coefficients of the Theory of Consolidation. In: The elastic coefficients of the theory
of consolidation

8. Budhu M, Adiyaman IB (2010) Mechanics of land subsidence due to groundwater pumping. Int. J. Numer. Anal.
Methods Geomech. 34(14):1459-1478. https://doi.org/10.1002/nag.863

9. Carsel RF, Parrish RS (1988) Developing joint probability distributions of soil water retention characteristics. Water
Resour. Res. 24(5):755-769. https.//doi.org/10.1029/WR024i005p00755

10.  Cheng Y, Zhang LL, Li JH, Zhang LM, Wang JH, Wang DY (2017) Consolidation in spatially random unsaturated soils
based on coupled flow-deformation simulation. Int. J. Numer. Anal. Methods Geomech. 41(5):682-706. https.//doi.org/1
0.1002/nag.2572

11, Chiou Y, Chi S (1994) Boundary element analysis of Biot consolidation in layered elastic soils. Int. J. Numer. Anal.
Methods Geomech. 18(6):377-396. https.//doi.org/10.1002/nag.1610180603

12. Ching J, Phoon KK, Pan YK (2017) On characterizing spatially variable soil Young's modulus using spatial average. Struct.
Saf. 66:106-117. https.//doi.org/10.1016/j.strusafe.2017.03.001

13. COMSOL, A. B. (2018). COMSOL multiphysics reference manual. COMSOL AB.

14.  Corapcioglu MY, Bear J (1984) Land Subsidence — B. A Regional Mathematical Model for Land Subsidence due to
Pumping. In: Land subsidence - B. A regional mathematical model for land subsidence due to pumping, Springer,
Dordrecht

15.  Ferronato M, Gambolati G, Teatini P, Bati D (2006) Stochastic poromechanical modeling of anthropogenic land
subsidence. Int. J. Solids Struct. 43(11-12):3324-3336. https://doi.org/10.1016/j.ijsolstr.2005.06.090

16.  Ferronato M, Gazzola L, Castelletto N, Teatini P, Zhu L. (2017). A coupled mixed finite element Biot model for land
subsidence prediction in the Beijing area. In Poromechanics VI (pp. 182-189).

17.  Firouzianbandpey S, Ibsen LB, Griffiths DV, Vahdatirad MJ, Andersen LV, Serensen JD (2015) Effect of spatial correlation
length on the interpretation of normalized CPT data using a kriging approach. J. Geotech. Geoenviron. Eng. 141(12):
04015052. https://doi.org/10.1061/(ASCE)GT.1943-5606.0001358

18.  Galloway, D. L, Jones, D. R, & Ingebritsen, S. E. (Eds.). (1999). Land subsidence in the United States (Vol. 1182). US
Geological Survey.

19.  Ghanem RG, Spanos PD (2003) Stochastic finite elements: a spectral approach. Courier Corporation

20. Gudala M, Govindarajan SK (2020) Numerical modeling of coupled fluid flow and geomechanical stresses in a
petroleum reservoir. J. Energy Resour. Technol. 142(6):063006. https://doi.org/10.1115/1.4045832

21. Hanson RT (1989) Aquifer-system compaction. Tucson Basin and Avra Valley, Arizona

22. Holzbecher, E. (2013). Poroelasticity benchmarking for FEM on analytical solutions. In Excerpt from the Proceedings of
the COMSOL Conference Rotterdam (pp. 1-7).

23. Houmadi Y, Ahmed A, Soubra AH (2012) Probabilistic analysis of a one-dimensional soil consolidation problem. Georisk
6(1):36-49. https.//doi.org/10.1080/17499518.2011.590090

24. Houmadi Y, Benmoussa MYC, Cherifi WNEH, Rahal DD (2020) Probabilistic analysis of consolidation problems using
subset simulation. Comput. Geotech. 124:103612. https://doi.org/10.1016/j.compgeo.2020.103612

25. Huang J, Griffiths DV, Fenton GA (2010) Probabilistic analysis of coupled soil consolidation. J. Geotech. Geoenviron. Eng.
136(3):417-430. https;//doi.org/10.1061/(ASCE)GT.1943-5606.0000238

26. Leake S, Hsieh PA (1995) Simulation of deformation of sediments from decline of ground-water levels in an aquifer
underlain by a bedrock step. In US Geological Survey Subsidence Interest Group Conference, Proceedings of the
Technical Meeting, Las Vegas, Nevada, February 14-16:1995 (Vol. 97, p. 10)


https://doi.org/10.1016/j.na.2004.12.010
https://doi.org/10.1029/WR017i003p00723
https://doi.org/10.1063/1.1712886
https://doi.org/10.1063/1.1712886
https://doi.org/10.1063/1.1721956
https://doi.org/10.1063/1.1721956
https://doi.org/10.1063/1.1728759
https://doi.org/10.1002/nag.863
https://doi.org/10.1029/WR024i005p00755
https://doi.org/10.1002/nag.2572
https://doi.org/10.1002/nag.2572
https://doi.org/10.1002/nag.1610180603
https://doi.org/10.1016/j.strusafe.2017.03.001
https://doi.org/10.1016/j.ijsolstr.2005.06.090
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001358
https://doi.org/10.1115/1.4045832
https://doi.org/10.1080/17499518.2011.590090
https://doi.org/10.1016/j.compgeo.2020.103612

Deng et al. Journal of Engineering and Applied Science (2022) 69:18

27.

28.

29.
30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Peng XY, Zhang LL, Jeng DS, Chen LH, Liao CC, Yang HQ (2017) Effects of cross-correlated multiple spatially random soil
properties on wave-induced oscillatory seabed response. Appl. Ocean Res. 62:57-69. https://doi.org/10.1016/j.apor.201
6.11.004

Phoon KK, Kulhawy FH (1999) Characterization of geotechnical variability. Can. Geotech. J. 36(4):612-624. https://doi.
0rg/10.1139/t99-038

Réthati L (2012) Probabilistic solutions in geotechnics. Elsevier

Sawvides AA, Papadrakakis M (2020) A probabilistic assessment for porous consolidation of clays. SN App. Sci. 2(12):2115.
https.//doi.org/10.1007/542452-020-03894-6

Shen SL, Xu YS (2011) Numerical evaluation of land subsidence induced by groundwater pumping in Shanghai. Can.
Geotech. J. 48(9):1378-1392. https://doi.org/10.1139/t11-049

Shen Z, Jin D, Pan Q, Yang H, Chian SC (2021a) Effect of soil spatial variability on failure mechanisms and undrained
capacities of strip foundations under uniaxial loading. Comput. Geotech. 139:104387. https://doi.org/10.1016/j.
compgeo.2021.104387

Shen Z, Jin D, Pan Q, Yang H, Chian SC (2021b) Reply to the discussion on “Effect of soil spatial variability on failure
mechanisms and undrained capacities of strip foundations under uniaxial loading” by Zhe Luo. Comput. Geotech. 142:
104539. https://doi.org/10.1016/j.compgeo.2021.104539

Sloan SW, Abbo AJ (1999) Biot consolidation analysis with automatic time stepping and error control part 1: theory and
implementation. Int. J. Numer. Anal. Methods Geomech. 23(6):467-492. https://doi.org/10.1002/(SICI)1096-9853
(199905)23:6<467:AID-NAG949>3.0.CO;2-R

Srivastava A, Babu GS, Haldar S (2010) Influence of spatial variability of permeability property on steady state seepage
flow and slope stability analysis. Eng. Geol. 110(3-4):93-101. https://doi.org/10.1016/j.enggeo.2009.11.006

Sun YX, Zhang LL, Yang HQ, Zhang J, Cao ZJ, Cui Q, Yan JY (2020) Characterization of spatial variability with observed
responses: application of displacement back estimation. J. Zhejiang Univ. Sci. 21(6):478-495. https://doi.org/10.1631/
jzus.A1900558

Tabarroki M, Ching J (2019) Discretization error in the random finite element method for spatially variable undrained
shear strength. Comput. Geotech. 105:183-194. https://doi.org/10.1016/j.compgeo.2018.10.001

Western AW, Bloschl G, Grayson RB (1998) Geostatistical characterisation of soil moisture patterns in the Tarrawarra
catchment. J. Hydro. 205(1-2):20-37. https.//doi.org/10.1016/50022-1694(97)00142-X

Western AW, Zhou SL, Grayson RB, McMahon TA, Bléschl G, Wilson DJ (2004) Spatial correlation of soil moisture in small
catchments and its relationship to dominant spatial hydrological processes. J. Hydro. 286(1-4):113-134. https://doi.org/1
0.1016/jjhydrol.2003.09.014

Xu J, Zhang L, Li J, Cao Z, Yang H, Chen X (2021) Probabilistic estimation of variogram parameters of geotechnical
properties with a trend based on Bayesian inference using Markov chain Monte Carlo simulation. Georisk 15(2):83-97.
https://doi.org/10.1080/17499518.2020.1757720

Xu J, Zhang L, Wang Y, Wang C, Zheng J, Yu Y (2020) Probabilistic estimation of cross-variogram based on Bayesian
inference. Eng. Geol. 277:105813. https://doi.org/10.1016/j.enggeo.2020.105813

Xu YS, Shen SL, Cai ZY, Zhou GY (2008) The state of land subsidence and prediction approaches due to groundwater
withdrawal in China. Nat. Hazards 45(1):123-135. https://doi.org/10.1007/511069-007-9168-4

Xue YQ, Zhang Y, Ye SJ, Wu JC, Li QF (2005) Land subsidence in China. Environ. Geol. 48(6):713-720. https://doi.org/10.1
007/500254-005-0010-6

Yang HQ, Zhang LL, Xue J, Zhang J, Li X (2019) Unsaturated soil slope characterization with Karhunen-Loeve and
polynomial chaos via Bayesian approach. Eng. Comput. 35(1):337-350. https://doi.org/10.1007/500366-018-0610-x

Yang HQ, Chen X, Zhang L, Zhang J, Wei X, Tang C (2020) Conditions of hydraulic heterogeneity under which Bayesian
estimation is more reliable. Water 12(1):160. https://doi.org/10.3390/w12010160

Yang HQ, Zhang L, Li DQ (2018) Efficient method for probabilistic estimation of spatially varied hydraulic properties in a
soil slope based on field responses: a Bayesian approach. Comput. Geotech. 102:262-272. https.//doi.org/10.1016/].
compgeo.2017.11.012

Zhang J, Cui X, Huang D, Jin Q, Lou J, Tang W (2016a) Numerical simulation of consolidation settlement of pervious
concrete pile composite foundation under road embankment. Int. J. Geomech. 16(1):84015006. https://doi.org/10.1061/
(ASCE)GM.1943-5622.0000542

Zhang LL, Li JH, Li X, Zhang J, Zhu H (2016b) Rainfall-induced soil slope failure: stability analysis and probabilistic
assessment. CRC Press

Zhang LL, Wu F, Zheng Y, Chen L, Zhang J, Li X (2018) Probabilistic calibration of a coupled hydro-mechanical slope
stability model with integration of multiple observations. Georisk 12(3):169-182. https.//doi.org/10.1080/17499518.201
8.1440317

Zhu H, Zhang LM, Zhang LL, Zhou CB (2013) Two-dimensional probabilistic infiltration analysis with a spatially varying
permeability function. Comput. Geotech. 48:249-259. https://doi.org/10.1016/j.compgeo.2012.07.010

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 18 of 18


https://doi.org/10.1016/j.apor.2016.11.004
https://doi.org/10.1016/j.apor.2016.11.004
https://doi.org/10.1139/t99-038
https://doi.org/10.1139/t99-038
https://doi.org/10.1007/s42452-020-03894-6
https://doi.org/10.1139/t11-049
https://doi.org/10.1016/j.compgeo.2021.104387
https://doi.org/10.1016/j.compgeo.2021.104387
https://doi.org/10.1016/j.compgeo.2021.104539
https://doi.org/10.1002/(SICI)1096-9853(199905)23:6<467::AID-NAG949>3.0.CO;2-R
https://doi.org/10.1002/(SICI)1096-9853(199905)23:6<467::AID-NAG949>3.0.CO;2-R
https://doi.org/10.1016/j.enggeo.2009.11.006
https://doi.org/10.1631/jzus.A1900558
https://doi.org/10.1631/jzus.A1900558
https://doi.org/10.1016/j.compgeo.2018.10.001
https://doi.org/10.1016/S0022-1694(97)00142-X
https://doi.org/10.1016/j.jhydrol.2003.09.014
https://doi.org/10.1016/j.jhydrol.2003.09.014
https://doi.org/10.1080/17499518.2020.1757720
https://doi.org/10.1016/j.enggeo.2020.105813
https://doi.org/10.1007/s11069-007-9168-4
https://doi.org/10.1007/s00254-005-0010-6
https://doi.org/10.1007/s00254-005-0010-6
https://doi.org/10.1007/s00366-018-0610-x
https://doi.org/10.3390/w12010160
https://doi.org/10.1016/j.compgeo.2017.11.012
https://doi.org/10.1016/j.compgeo.2017.11.012
https://doi.org/10.1061/(ASCE)GM.1943-5622.0000542
https://doi.org/10.1061/(ASCE)GM.1943-5622.0000542
https://doi.org/10.1080/17499518.2018.1440317
https://doi.org/10.1080/17499518.2018.1440317
https://doi.org/10.1016/j.compgeo.2012.07.010

	Abstract
	Introduction
	Methods
	Biot’s poroelasticity
	Numerical model of an aquifer
	Random field

	Results and discussions
	Deterministic results
	Effects of correlation lengths
	Case 1: Spatial variability of soil strength
	Case 2: Spatial variability of soil hydraulic conductivity

	Effects of time
	Case 1: Spatial variability of soil strength
	Case 2: Spatial variability of soil hydraulic conductivity

	Effects of boundary conditions

	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declaration
	Competing interests
	Author details
	References
	Publisher’s Note

