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Injecting fluid into subsurface reservoirs is a hydromechanical coupling process that can induce heaving
of the ground surface. The presence of clayey interbeds in the reservoir can have considerable influence
on the surface uplift. We used a numerical method to investigate this process. We found that different
locations have different impacts on the surface uplift. We applied the orthogonal experimental design
using the Taguchi method for extensive parametric analysis and determined the most influential factor.
Finally, we analyzed the low-permeable effect of the interbed due to its low permeability, compared to
the reservoir.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

As is well known, extraction of underground fluid (e.g., water,
oil, or gas) can cause land subsidence [1–3]. The induced subsi-
dence results in a series of serious problems for the environment
and infrastructure on or in the ground [4]. Therefore, a large num-
ber of observations and studies about this issue have been success-
fully conducted by many researchers [5,6]. As an inverse process,
injecting fluid into the underground formations often causes sur-
face uplift [7–13]. Since the 1940s, for the various purposes of
the development of human society, a variety of underground fluid
(water, vapor, N2, CO2, etc.) injection projects have been widely
developed, such as CO2-enhanced oil recovery (CO2-EOR) [14,15],
CO2 geological storage combined with deep saline water/brine
recovery (CO2-EWR) [16], aquifer storage and recovery [17], cyclic
steam stimulation [18], the use of CO2 as the working fluid in
enhanced geothermal systems (CO2-EGS) [19,20], and CO2 capture
and storage (CCS) [21,22]. All these activities involve injecting fluid
into subsurface formations, which can cause the ground surface to
heave [23,24].

There is far less concern about the surface uplift caused by fluid
injection than the surface subsidence caused by underground fluid
extraction. There are several reasons for this. First, in most cases
measuring surface displacement was not a priority, in part due to
the large cost of leveling surveys. Second, in other instances the
uplift was so small that no environmental hazards were caused
and no monitoring scheme was really needed, or the area involved
was quite limited with no reported or even expected damage to
engineered structures or infrastructure [13]. However, investigat-
ing this can be of interest. One important reason is that using
inversion analysis applied to data on the surface uplift can help
us understand the fluid storage mechanisms and the characteris-
tics of the reservoir [25]. Thanks to the emergence and application
of Interferometric Synthetic Aperture Radar (InSAR) technology, it
is possible to observe small surface deformations, which has
aroused the research interests of many scholars [9,26–29].

Some researchers have studied related theories on the surface
uplift induced by fluid injection and proposed several theoretical
calculation methods [7,10,11,13]. However, almost all of the meth-
ods treat the reservoir as a homogeneous elastic body without any
inclusions. In fact, reservoirs are always complicated heteroge-
neous bodies. For example, clayey interbeds may exist in the reser-
voir and often result in non-reversible nonlinear deformation
behavior. Furthermore, minor faults and fractures may be present
in the reservoir, rendering it discontinuous. These features can
influence the distribution of the pore pressure and cause fracture
openings or faults to react during fluid injection, which causes
changes in the surface uplift. In the In Salah injection well
KB-502, a double-lobe uplift pattern was observed in the ground-
deformation data [30]. Then, the analytical calculation methods
become less applicable to calculate the surface uplift and
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numerical simulation becomes a better choice for solving these
problems. For example, Rinaldi et al. used the coupled fluid flow
and geomechanical simulator TOUGH-FLAC for a detailed analysis
of the double-lobe uplift of the In Salah injection well KB-502
[30]. Fei et al. developed an in-house program named ‘‘AEEA Cou-
pler” that linked two software packages, i.e., ABAQUS and ECLIPSE,
to analyze the interaction between CO2 geological storage and
underground coal mining. They found that the combined activities
achieve a surface subsidence reduction comparable to that of just
coal mining [31].

The existence of clayey interbeds in the reservoir can result in
great heterogeneity and exert a significant impact on the surface
uplift during fluid injection. It is very difficult to evaluate the
induced surface uplift using analytical calculations because of the
plastic deformation behavior of the clays. Zhou and Burbey inves-
tigated the hydrodynamic lag and the surface deformation
response caused by clayey interbeds during fluid injection [32].
However, there are some problems that need to be studied further:
(1) what effect do the location and aspect ratio of the interbed have
on the surface uplift during fluid injection; (2) what effects do the
mechanical properties of the interbed have on the surface uplift;
and (3) which of the properties is most influential. In this paper,
based on the work by Zhou and Burbey [25], a series of numerical
experiments using the orthogonal experimental design method
were designed to answer the above questions. The low-
permeable effect of the interbed due to its low permeability, com-
pared to the reservoir, was also studied in the paper.
2. Analytical solutions

Fluid injection is a process of hydro-mechanical coupling, with
fluid flowing through porous media. When pressure increases the
effective stress becomes lower and the reservoir expands. The
expansion of the reservoir causes the porosity and permeability
to change, thereby affecting the flow and its pressure. Effective
stress theory offers a common explanation for the induced surface
uplift during fluid injection. Injecting fluid into a reservoir leads
the reservoir to experience expansion deformation. Then the
expansion propagates to the ground surface, causing the surface
uplift. Another explanation involves shear dilation, which can be
easily understood with the aid of the schematic Mohr representa-
tion of the stress state shown in Fig. 1. The vertical effective stress
is reduced due to the increase in pore pressure during injection,
leading to the Mohr’s circle moving leftward. If the Mohr’s circle
intersects the failure line, a shear failure may occur. If it crosses
the s-axis, a tensile failure may take place. The failure can result
in new migration paths, and the shear can induce an increase in
Fig. 1. Mohr-Coulomb circle (after [13]). c is the cohesion (Pa) and u is the friction
angle (rad), r-axis is the normal effective stress and r1 and r3 are the maximum
and minimum effective principal stresses, respectively. The injection of fluid into
the reservoir causes a decrease in the effective stress, resulting in the circle moving
leftward and possibly intersecting the failure line or crossing the s-axis, which can
cause shear failure or tensile failure, respectively. Withdrawing fluid from the
reservoir is the reverse process, moving the circle rightward.
the volumetric strain, which leads to the expansion of the reservoir
and the uplift of the surface [13]. Additionally, reactivation of
existing fractures and faults are much more likely to occur before
failure. However, these two explanations cannot be used for quan-
titative calculation of the surface uplift.

There are several typical approaches, as follows.

2.1. One-dimensional approach

Assuming a thin and laterally extensive reservoir, Fjær et al.
proposed a one-dimensional uplift model (Fig. 2) to estimate the
uplift [33]:

Dhr ¼ a
ð1þ vÞð1� 2vÞ

ð1� vÞE Dp
� �

hr ð1Þ

where Dhr is the vertical expansion of the reservoir, m; hr is the
thickness of the reservoir, m; a is Biot’s coefficient; v is Poisson’s
ratio; E is Young’s modulus, Pa; and Dp is the change in pore pres-
sure, Pa.

The basic concept of this method involves the use of the vertical
expansion of the reservoir to estimate the surface uplift. It is a
rough approximation that can be used to estimate the order of
magnitude of the uplift. However, this method has some limita-
tions. It assumes that the horizontal displacement is negligible
and that the overburden rock does not restrict the expansion of
the reservoir. Thus, the value of the uplift will likely to be overes-
timated. More importantly, it cannot be used to calculate the uplift
distribution at different locations on the surface. It also cannot be
applied to estimate the influence of a clayey interbed in the reser-
voir on the surface uplift due to the inelastic and nonlinear defor-
mation behavior of the clay. Therefore, this approach cannot be
used to estimate the surface uplift due to fluid injection into a
reservoir with a clayey interbed.

2.2. Elastic plate approach

Selvadurai used an elastic plate approach to calculate the uplift
of the surface rock layer [11].

As shown in Fig. 3, the disc-shaped storage reservoir is assumed
to be embedded in an elastic half space, while the surface rock
layer is assumed to be a thin plate. The pressurized storage reser-
voir region is represented by a circular disc-shaped zone. The sur-
face layer undergoes bending deformation, and the deflection wðrÞ
is the surface uplift.

The modeling of the problem focused on the elastostatic analy-
sis of the interaction between the surface rock layer and the stor-
age reservoir. Two cases of the interaction were considered: fully
bonded and frictionless contact. The latter assumed that there
could be relative slip between the surface rock layer and the stor-
age reservoir, but there was continuity of normal traction and nor-
mal displacement at the interface.
Fig. 2. Vertical expansion of the reservoir due to pore pressure. Dp is the change in
pore pressure, Dhr is the vertical expansion of the reservoir, and hr is the thickness
of the reservoir.



Fig. 3. The elastic plate approach for surface uplift. The change in pressure occurs in a disc-shaped region of radius rd and thickness hr, located at a depth dl from the interface.
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Since the surface plate is not subjected to external loads, its
deflection wðrÞ is governed by the plate bending equation (in polar
coordinates):

D er2 er2wðrÞ þ qðsÞðrÞ ¼ 0 ð2Þ

where er2 is the axisymmetric form of Laplace’s operator in two
dimensions; D is the flexural rigidity of the plate, N m; wðrÞ is the
deflection, m; and qðsÞðrÞ is the contact stress at the interface
between the surface rock layer and the storage region, Pa.

The deflection of the surface rock layer is caused by two parts
(in polar coordinates): one is the surface displacement of the stor-

age reservoir (uðsÞp
z ðr;0Þ, m) due to the increase in pressure Dp, and

the other is the surface displacement (uðsÞq
z ðr;0Þ, m) due to contact

stress qðsÞðrÞ at the interface. Because the surface rock layer is
assumed to be either in bonded or frictionless contact with the
underlying storage reservoir, the respective interface conditions
are as follows:

wðrÞ ¼ uðsÞq
z ðr;0Þ þ uðsÞp

z ðr;0Þ
uðsÞq
r ðr;0Þ ¼ uðpÞ

r ðr;0Þ ¼ 0

(
ð3Þ

wðrÞ ¼ uðsÞq
z ðr;0Þ þ uðsÞp

z ðr;0Þ
rðsÞq

rz ðr;0Þ ¼ rðsÞðpÞ
rz ðr;0Þ ¼ 0

(
ð4Þ

Eqs. (3) and (4) represent the fully bonded and frictionless inter-
faces, respectively.

Using a procedure based on Hankel integral transforms [34],
Selvadurai [11] presented wðrÞ for either the frictionless (f) or the
fully bonded (b) interfaces in the general form:

wðrÞ ¼ Xirdhr
hs

R1
0

e�ðkdl=hsÞ

ð1þUik
3Þ J1ðkrd=hsÞJ0ðkr=rdÞ

h i
dkði ¼ f or bÞ

Xi ¼ asð1�2vsÞDp
Gs

;Ui ¼ ð1�vsÞ
6ð1�vcÞ

Gc
Gs

� �
ði ¼ f Þ

Xi ¼ asð1�2vsÞDp
2ð1�vsÞGs

;Ui ¼ ð3�4vsÞ
24ð1�vcÞð1�vsÞ

Gc
Gs

� �
ði ¼ bÞ

8>>>><>>>>: ð5Þ

where as is the Biot coefficient for the storage region; Dp is the
increase in pressure, Pa; Gs and Gc are the shear moduli of the stor-
age unit and the surface rock, respectively, Pa; and vs and vc are the
Poisson’s ratios of the storage unit and the surface rock, respec-
tively. The geometric properties dl, hs, rd and hr are shown in Fig. 3.

Details and numerical results of wðrÞ please refer to [11].
This approach can be used to calculate the uplift distribution in

the horizontal direction. However, the elastic plate idealization of
the surface rock layers has a significant limitation. Because the
injected formations are usually deep in the ground (e.g., CO2 is
sequestered in formations at depths greater than 800 m under-
ground in a supercritical state) and the size of caprock is far greater
than that of the storage region, the caprock cannot be idealized as a
thin elastic plate. Additionally, because the modeling of the prob-
lem focuses on the elastostatic analysis, this method is not suitable
when the reservoir has plastic inclusions. Thus, it cannot be used to
estimate the surface uplift due to fluid injection into a reservoir
with a clayey interbed.

2.3. Inhomogeneity and equivalent inclusion approach

Guido et al. (2015) used an inhomogeneity problem to model
the deformation profile of the surface due to withdrawal or injec-
tion of fluids in a ‘‘real world” reservoir-caprock system [35]. They
treated the reservoir as ellipsoidal inclusion in the reservoir. As
shown in Fig. 4a, an ellipsoidal domain X (with complex geome-
tries for the ellipsoid, i.e., three different semi-axes) in an infinite,
isotropic and elastic full space D. Because the domainX (reservoir)
has elastic properties differing from those of the domain D
(caprock), it is an inhomogeneity problem.

During withdrawal or injection of fluids in the reservoir (inclu-
sion X), the reservoir undergoes an eigenstrain e�ij due to the pres-
sure changes (Fig. 4b). Because the eigenstrain was considered
stress free (i.e., without the constraint of the matrix), it can be sub-
tracted from the total strain when calculating the stress in the
inclusion (Fig. 4c). Then, with the elastic moduli of domain X
(C�

ijkl, Pa) and domain D (Cijkl, Pa), the induced stress rijðxÞ can be
written as follows:

rijðxÞ ¼ C�
ijkl ekl � e�kl
� �

in X; rijðxÞ ¼ Cijklekl in D�X ð6Þ
With the equivalent inclusion method proposed by Eshelby in

[36], the problem of the ellipsoidal heterogeneous inclusion can
be transformed into an equivalent inclusion problemwhen the cor-
rect equivalent eigenstrain e��ij (a fictitious eigenstrain) is chosen.
The induced stress can then be written as follows:

rijðxÞ ¼ Cijkl ekl � e��kl
� �

in x; rijðxÞ ¼ Cijklekl in D�x ð7Þ
The equivalent eigenstrain e��ij can be obtained (Fig. 4d) by solv-

ing the stress equation for X in Eqs. (6) and (7).
Through the above process, the inhomogeneity problem of the

reservoir-caprock system was successfully transformed into an
equivalent homogeneous one.

Finally, the displacement field can be obtained by Eq. (11.30) in
[37] as follows:



Fig. 4. The inhomogeneity and equivalent inclusion approach for surface uplift. (a) The ellipsoidal domain X (inhomogeneity) in an infinite, isotropic and elastic full space D
(the matrix), with elastic moduli of C�

ijkl and Cijkl , respectively. (b) The inhomogeneity X undergoes an eigenstrain e�ij due to the pressure changes Dp. (c) Subtracting the
eigenstrain to calculate the stress in the inhomogeneity. (d) The equivalent eigenstrain e��ij can be obtained by the equivalent inclusion method [35].
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uiðxÞ ¼ 1
8pð1� vÞ W;jlie�jl � 2ve�mm/;i � 4ð1� vÞe�il/;l

� �
ð8Þ

where v is the Poisson’s ratio measured under ‘‘drained” conditions;
the integral functions W and / are defined in Eq. (11.30) of [37], as

WðxÞ¼
1

jx�x0 j
X dx0 and /ðxÞ ¼ RX jx� x0jdx0.

Eq. (8) is a quasi-analytical expression of the displacement field
and can be solved by the numerical method. Meng et al. presented
a MATLAB code that evaluates the quasi-static elastic displacement
strain and stress fields for the ellipsoidal inclusion and heterogene-
ity. For more information on the explicit calculations, please refer
to [38].

This approach is a good approximation for predicting the profile
of the surface deformation. However, it has some limitations.
Although it is a solution to the inhomogeneity problem by treating
the reservoir as an elastic inclusion in the infinite full space, it can-
not solve the problem when the elastic inclusion (the reservoir)
itself is inhomogeneous (e.g. contains inelastic inclusions). Thus,
when the reservoir is heterogeneous (e.g. a clayey interbed exists
in the reservoir), the reservoir-caprock system cannot be trans-
formed into an equivalent homogeneous one by the above equiva-
lent inclusion method. Therefore, the approach cannot be used to
estimate the influence of the clayey interbeds on surface uplift dur-
ing fluid injection into the reservoir.
2.4. Volumetric strain approach

Nanayakkara and Wong assumed that the caprock is imperme-
able and does not swell or contribute to surface heave and that the
surface uplift is therefore contributed only by the volumetric
dilatation of the reservoir (Fig. 5) [10]. Firstly, the reservoir was
Surface uplift

Volume change at a
 source point (a, b) Y

Observation point (x, y=0)

X

R
es

er
vo

ir

Fig. 5. Volumetric strain approach for surface uplift [10].
divided into a number of elements at dimensions that are small
enough that each element undergoes a uniform volumetric strain.
Secondly, a dilatation of the point center, referred to as a ‘‘point
source”, was used to displace the volumetric strain of each ele-
ment. Thirdly, the contribution from each point source for the dis-
placement field (uy, m) was summed to obtain the total
displacement field at a given observation point (x, y = 0), as
follows:

uyðx;0Þ ¼ 1
p

Z
v
ev

�b

b2 þ ðx� aÞ2
" #

dV ð9Þ

where ev is the volumetric strain. The volume integration in Eq. (9)
is with respect to point source coordinates a and b.

Finally, the integral equation needs to be solved numerically by
the relevant discretization and quadrature rule in [10].

In this approach, the surface displacement field (uy) is given in
terms of the subsurface volumetric strains. The plane is considered
to be saturated, homogeneous, isotropic and elastic. This approach
cannot be used to calculate the surface uplift when the reservoir is
heterogeneous and inelastic. The approach cannot be used to esti-
mate the influence of clayey interbeds on surface uplift during fluid
injection into a reservoir.
3. Numerical approach

In the above approaches, the reservoirs are all considered to be
homogeneous elastic bodies. When the reservoir contains a clayey
interbed, it produces irreversible and nonlinear deformation
behavior. The above approaches cannot be used to calculate the
surface uplift during fluid injection into the reservoir with a clayey
interbed, and numerical simulations become important for solving
this problem.

We used a finite-element software package (ABAQUS) to esti-
mate the induced surface uplift. It has advantages in solving the
inelastic, nonlinear, anisotropic and heterogeneous problems.
One reason is that it has abundant constitutive material models,
such as the Linear Elasticity model, Porous Elasticity model,
Mohr-Coulomb plasticity, Extended Drucker-Prager models, Cam
clay model and many others [39]. The Cam clay model contains
three parts: (1) a yield criterion, (2) strain hardening and (3) a plas-
tic flow rule, which can describe the entire range of expected
inelastic behaviors of the material (e.g., clays) [40]. Another reason
is that the numerical model can be divided into different regions,
and each region can be independently described by an appropriate
model. Thus, it can accurately simulate the mechanical and defor-
mation behaviors of the clayey interbeds in an elastic reservoir. A
coupled pore fluid diffusion/stress analysis is used to model
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single-phase fluid flow through fully saturated porous media. In
this paper, we used a 2-D Cam clay model to estimate the surface
uplift due to fluid injection into a reservoir with a clayey interbed.

3.1. Fluid flow in the porous medium

The fluid-filled porous-medium theory was used to analyze the
coupled fluid and mechanical behavior of these system. The consti-
tutive equations for an isotropic fluid-saturated porous elastic
medium are as follows [41]:

eij ¼ 1
2G

rij � v
2Gð1þ vÞrkkdij þ 3ðvu � vÞ

2GBð1þ vÞð1þ vuÞpdij ð10Þ

DK ¼ 3q0ðvu � vÞ
2GBð1þ vÞð1þ vuÞ rkk þ 3

B
p

� 	
ð11Þ

where eij represents the strain; p and r are the pore pressure and
mean stress deviation from the prefaulting state, respectively; G is
the shear modulus, Pa; vu and v are the undrained and drained
Poisson’s ratios, respectively; a is the Biot pore pressure coefficient;
dij is the Kronecker delta; DK is the change in fluid mass per unit
volume, kg/m3; q0 is the density of the pore fluid in the reference
state, kg/m3; and B is Skempton’s coefficient.

The flow is described by a mass conservation equation and
Darcy’s law. The Darcy’s law was used to simulate the pore fluid
flow in a porous medium:

f ¼ �j
l
rp ð12Þ

where f is the volumetric flux vector, m3/(m2 s); l is the viscosity,
Pa s; j is the intrinsic permeability of the medium (m2) and relates
with hydraulic conductivity k (m/s) by j ¼ kl=qf g, qf (kg/m

3) is the
fluid density; rp is the pressure gradient vector, Pa/m.

The governing equation of mass conservation for the incom-
pressible pore fluid is as follows [32]:

dK
dt

þrðq0 � f Þ ¼ 0 ð13Þ

where K is fluid mass given by Eq. (11).

3.2. Cam clay model

In the Cam clay model, elastic deformation is achieved by the
porous elastic model. The elastic part is defined by the stress state
inside the yield surface in Fig. 6. Plasticity occurs when the stress
state is outside the yield surface.

The elastic volumetric behavior of porous materials is defined
as follows:
Fig. 6. Cam clay yield surfaces in the p–t plane.
m
ð1þ e0Þ ln

rA0 þ Pel
t

rA þ Pel
t

 !2

¼ Rel � 1 ð14Þ

where m is the logarithmic elastic bulk modulus, dimensionless; e0
is the initial void ratio; rA ¼ � 1

3 ðr1 þ r2 þ r3Þ is the mean stress,

Pa; rA0 is the initial value of the mean stress, Pa; Rel is the elastic
part of the volume ratio between the current and reference config-

urations; and Pel
t is the elastic tensile strength, Pa.

The plastic deformation is modeled using the clay plasticity
model, which is based on the Cam clay yield surface (Fig. 6):

1
b2
0

P
a0

� 1
� 	2

þ t
Ma0

� 	2

� 1 ¼ 0 ð15Þ

where t ¼ � rM
2 1þ 1

F � ð1� 1
FÞ I3

rM

� �3� �
is a deviatoric stress measure,

Pa; rM is the Mises equivalent stress, Pa; I3 is the third stress invari-
ant; M is a constant that defines the slope of the critical state line;
b0 is a constant, being equal to 1.0 on the ‘‘dry” side of the critical
state line but may be different from 1.0 on the ‘‘wet” side; a0 is
the size of the initial yield surface, Pa; F is the ratio of the flow stress
in triaxial tension to that in triaxial compression, and
0:778 6 F 6 1:0 is required to ensure that the yield surface remains
convex [39].

The hardening law of Cam clay model in exponential form is as
follows:

a ¼ a0 exp ð1þ e0Þ 1� JPl

l�mJPl

" #
ð16Þ

where a is the size of the yield surface, Pa; JPl is the plastic volume
change; l is the logarithmic plastic bulk modulus, dimensionless;
and e0 and m are the same as in Eq. (14).

3.3. Orthogonal experimental design method

We used the orthogonal experimental design method to per-
form the sensitivity analysis of several model parameters. In gen-
eral, extensive parametric analysis usually involves more than
three parameters, which need many experiments in full factorial
design analysis. For a full factorial design of 5 influential parame-
ters and 4 levels, for example, the number of experiments is 45

(1024). It is often not feasible to implement such a large number
of experiments in reality. Additionally, it would be difficult to ana-
lyze such a large number of experimental results. Thus, the exper-
iments must be reduced by an appropriate experimental design
method. The orthogonal experimental design (also called the
‘‘Taguchi method” [42]) is regarded as a modern approach to char-
acterizing and optimizing system performance in many research
areas [43,44].

The Japanese statistician Genichi Taguchi [45,46] tabulated the
selected levels of the orthogonal experiment to form the standard

orthogonal arrays in the format LnðabF
L Þ, where n is total number of

experiments, bF is the number of factors, and aL is the number of
levels of each factor. The Taguchi method is to use the arrays to
conduct parameter design experiments. In the orthogonal array,
each factor occupies a column. The orthogonal array has the fol-
lowing two properties: (1) in each column, all levels of the factor
occur and the numbers of occurrences of each level are equal,
and (2) in any two columns, all possible combinations of different
levels occur and the numbers of each combination are equal (refer
to Appendix A). These two properties reflect the advantages of the
orthogonal array: orthogonality, uniform distribution and compa-
rability. In other words, all experiments designed by orthogonal
array are very representative [47].



Table 1
Material properties.

Overburden (Linear Elasticity model)
Density, q (kg/m3) 2100 Poisson’s ratio, v 0.15
Young’s modulus, E (MPa) 500

Underburden (linear elasticity model)
Density, q (kg/m3) 2100 Poisson’s ratio, v 0.15
Young’s modulus, E (MPa) 500

Reservoir (Porous Elasticity model)
Density, q (kg/m3) 2000 Fluid specific weight, cw

(kN/m3)
10

Hydraulic conductivity, k
(m/s)

1 � 10�5 Void ratio, e0 0.58

Log elastic bulk modulus, m 0.035 Poisson’s ratio, v 0.30

Elastic tensile strength, Pel
t

(MPa)

5

Interbed (Cam clay model)
Density, q (kg/m3) 2000 Fluid specific weight, cw

(kN/m3)
10

Hydraulic conductivity, k
(m/s)

1 � 10�12 Void ratio, e 0.45

Poisson’s ratio, v 0.25 Log elastic bulk modulus, m 0.01

Elastic tensile strength, Pel
t

(MPa)

0 Log plastic bulk modulus, l 0.05

Flow stress rate, F 1.0 Initial yield surface size, a0
(kPa)

5.0

Stress ratio, M 1.0 Wet yield surface size, b0 1.0
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Orthogonal experimental design is a High efficiency method for
multiple factors and levels to obtain the most influential level of
each factor and the optimal level combination of the factors. It also
proposed a very good analysis method (i.e., range analysis) for the
experimental results. The range of a factor is the difference
between the maximum andminimum response values of the factor
at all levels. The range analysis assumes that, when analyzing the
impact of a factor, the influence of other factors on the result is bal-
anced, meaning that the difference in one factor at different levels
depends on itself. The value of the range can reflect the significance
of the factor in the response. The larger the range is, the more sig-
nificant the factor is. Based on the range analysis of the experimen-
tal results, the following results can be obtained: (1) the
prominently influential and irrelevant factors for the response;
(2) the optimal operation conditions for the experiment (with
appropriate arrangement of factors and levels); (3) the approxi-
mate value of the response based of the optimal level combination;
and (4) the direction for further experiment [47].

4. Model setup

We used a 2-D overburden-reservoir-underburden model to
simulate the inclusion (i.e., a clayey interbed) in the reservoir.
The dimensions of the basic model are 13,000 m � 1200 m, and
the thicknesses of the overburden, reservoir and underburden are
800 m, 100 m and 300 m, respectively (Fig. 7). The overburden
and underburden are assumed to be impermeable and composed
of a linear elastic material. The material properties for a basic anal-
ysis are listed in Table 1.

In a poroelastic model, as used in ABAQUS, Young’s modulus E is
related to the logarithmic bulk modulus m, Poisson’s ratio m and

elastic tensile strength Pel
t as follows [39]:

E ¼ 3ð1� 2vÞð1þ eelÞ
m

�rþ Pel
t

� �
ð17Þ

where eel is the elastic change in the void ratio; �r is the effective
stress.

Nanayakkara and Wang studied the boundary effects of the
numerical model. At the bottom boundary, two boundary condi-
tions were compared: fixed (i.e., both vertical and lateral displace-
ments are not allowed) and rollers (only parallel displacement is
allowed) [10]. They found that there was a significant difference
between the surface heaves for the two different boundary condi-
tions. Based on the analytic results, the results obtained by the
fixed bottom boundary are more realistic. The reason is that the
rollers boundary condition does not apply any shear forces to the
formation, and sliding is thus allowed over the boundary, resulting
in smaller surface heaves than the real values. Therefore, we used
Fig. 7. Basic numerical model of the reservoir-interbed system. L is length of the long axis
to the interface between overburden and reservoir, d is horizontal distance from the left e
the interbed, and AA0 is the survey line on the ground surface that is used to monitor th
fixed boundary conditions at the bottom to reduce the effects on
the surface heave from the lateral boundary conditions. Further-
more, when the fixed boundary condition is applied, the thickness
of the bottom layer (the underburden) can have a large effect on
the surface uplift. Smaller underburden thicknesses are associated
with larger maximum surface uplift. The bottom of the reservoir
has no deformation when the model has no underburden, causing
the entire dilation near the injector to be transferred to the ground
surface immediately above it, resulting in the largest maximum
surface uplift results. Therefore, we used an overburden-reser
voir-underburden model, not an overburden-reservoir model
[32], to simulate the system in order to obtain a more realistic
result for the surface uplift. The left and right boundaries were
modeled as rollers, and the top boundary was allowed to deform
freely.

Geostatic stress was applied in the form of a body force; hence,
the analysis was based on excess pore pressure. The initial stresses
are effectively geostatic: the vertical stress in the reservoir is equal
to the effective weight of the overlying strata, and the horizontal
stress is equal to 0.8 of the value of the vertical stress.

The right boundary of the reservoir was set as the drainage
boundary. Then, the fluid was injected into the reservoir from a
, s is length of the short axis, h is vertical distance from the center line of the interbed
nd point O of the interbed to the midpoint of injection well, j is length of the end of
e surface uplift.
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vertical injection well located at the left boundary of the model,
and the pore pressure at the target reservoir (20 m) was stable at
0.8 MPa for a period of 50 years. We can obtain the vertical dis-
placement (i.e., the surface uplift) curves along the survey line
AA0 in Fig. 7.

5. Numerical experiments

5.1. Interbed location

To fully study the effect of the interbed location on the surface
uplift, as shown in Fig. 7, we designed a total of 10 numerical
experiments (L1-L10) by just changing the location (i.e., changing
the value of d and h) of the interbed while keeping the value of
L, s and j unchanged. Table 2 presents the details of the numerical
experiments (refer to Fig. 7).

To fully demonstrate the influence of the clayey interbed on
surface uplift, we designed a comparison model without an
interbed in the reservoir. In this case, the reservoir is homogeneous
and based on the porous elastic model in Table 1.

5.2. Interbed aspect ratio

To study the effect of the interbed aspect ratio on the surface
uplift, we designed four numerical experiments by only changing
the interbed aspect ratio (L/s) while keeping its shape, area
(18,000 m2) and central point unchanged. In these four numerical
experiments, the interbed was located at the center of the reser-
voir, and the distance between the midpoint of the long axis of
the interbed and the injection well was 1000 m. The aspect ratios
(L/s) were 3:1, 12:1, 22:1 and 50:1 (Fig. 8).

5.3. Sensitivity analysis

The surface uplift may be greatly affected by the clayey interbed
due to its complex elastoplastic deformation characteristics (non-
reversible and nonlinear). A detailed study of the surface uplift cor-
related with the clay types was needed. Thus, we conducted a
parameter sensitivity analysis of the elastoplastic properties of
the clayey interbed. Two key parameters of the Cam clay model
are the logarithm plastic bulk modulus (l) and logarithm elastic
bulk modulus (m). The flow stress rate (F) of the Cam clay model
is also an important parameter. Because F controls the shape of
the yield surface in the p-plane (i.e. the p-plane is the plane in
principal stress space that passes through the ordinate origin with
the isoclinic of r1 ¼ r2 ¼ r3 as its external normal line), determin-
ing when the clay material enters the yield state. Poisson’s ratio (v)
is a key elastic constant of the material that reflects the lateral
deformation. In addition to the above parameters, the hydraulic
conductivity (k) of the interbed is also a very important parameter.
We therefore chose five factors (l, m, F, v, and k) for the sensitivity
analysis, and each factor had four levels (Table 3). If a full test (con-
Table 2
Location numerical experiments.

Location experiment no. d (m) h (m)

L1 100 30
L2 100 50
L3 100 70
L4 500 30
L5 500 50
L6 500 70
L7 1000 30
L8 1000 50
L9 1000 70
L10 1500 50
taining all of the factors and levels) is used for the analysis, a total
of 45 (1024) numerical experiments need to be performed. It is
very difficult to analyze such a large number of experimental
results, let alone to obtain the optimal level combination of the fac-
tors for the response. Hence, we decided to design an orthogonal
experiment using the Taguchi method to perform the parameter
sensitivity analysis. For the orthogonal experiment of five factors
and four levels, we used the orthogonal array L16 (45) (refer to
Appendix A) to design the sensitivity experiments. Only 16 exper-
iments were needed, and the arrangements (Nos. S1-S16) are
shown in Table 4.

5.4. Hydraulic conductivity contrast between reservoir and interbed

Because the hydraulic conductivity of the clayey interbed is
always lower than the reservoir, the interbed has a low-
permeable effect on the flow (i.e., the fluid in the reservoir will flow
around the interbed and the pore pressure in the interbed will be
lower than that in the reservoir). Zhou and Burbey have investi-
gated the low-permeable effect caused by clayey interbeds during
fluid injection and found that the pore pressure increases quickly
in the aquifer but changes only minimally near the margins of
the interbed [32]. However, their study focused only on a particu-
lar case with specific permeability for the reservoir and interbed.
Considering the low-permeable effect is more likely to be affected
by the permeability of both the reservoir and the interbed, we
designed another set of experiments that involved changing only
the hydraulic conductivity of the interbed and keeping other fac-
tors unchanged to investigate it.

We considered three different scenarios for the hydraulic con-
ductivity of the reservoir (kr): 1 � 10�5 m/s (High k case),
1 � 10�7 m/s (Medium k case), and 1 � 10�9 m/s (Low k case).
Then, we defined the logarithm hydraulic conductivity ratio kl as
follows:

kl ¼ log10
kr
ki

ð18Þ

where kr and ki are the hydraulic conductivity of the reservoir and
of the interbed, respectively.

In each case, keeping the hydraulic conductivity of the reservoir,
kr , and the values of m, l, v and F (0.01, 0.05, 0.25 and 1.0, respec-
tively) of the interbed constant, we designed 12 numerical exper-
iments by changing the hydraulic conductivity of the interbed,
with the value of kl ranging from 0 to 11.

As an indicator of the low-permeable effect, we used the ratio of
the average pore pressure of the adjacent reservoir region divided
that of the interbed (Fig. 9). The average pore pressure of the
interbed decreases when the low-permeable effect increases,
resulting in a larger ratio. Thus, we can use the pressure ratio to
study the low-permeable effect of the interbed. We can also inves-
tigate the influence of the low-permeable effect of interbed on
surface.
L (m) s (m) j (m)

500 40 50



Fig. 8. Interbed aspect ratio experiments.

Table 3
Influence factors and level values.

Factor Levels

1 2 3 4

k (m/s) 1 � 10�12 1 � 10�15 1 � 10�6 1 � 10�9

m 0.010 0.015 0.020 0.005
l 0.05 0.20 0.15 0.10
v 0.35 0.25 0.20 0.30
F 0.90 0.85 0.95 1.0

Table 4
Orthogonal experiment and the response range analysis results.

Sensitivity analysis experiment no. Factors

k (m/s) m l v F

S1 1 � 10�12 0.010 0.05 0.35 0.90
S2 1 � 10�12 0.015 0.20 0.25 0.85
S3 1 � 10�12 0.020 0.15 0.20 0.95
S4 1 � 10�12 0.005 0.10 0.30 1.00
S5 1 � 10�15 0.010 0.20 0.20 1.00
S6 1 � 10�15 0.015 0.05 0.30 0.95
S7 1 � 10�15 0.020 0.10 0.35 0.85
S8 1 � 10�15 0.005 0.15 0.25 0.90
S9 1 � 10�6 0.010 0.15 0.30 0.85
S10 1 � 10�6 0.015 0.10 0.20 0.90
S11 1 � 10�6 0.020 0.05 0.25 1.00
S12 1 � 10�6 0.005 0.20 0.35 0.95
S13 1 � 10�9 0.010 0.10 0.25 0.95
S14 1 � 10�9 0.015 0.15 0.35 1.00
S15 1 � 10 -9 0.020 0.20 0.30 0.90
S16 1 � 10�9 0.005 0.05 0.20 0.85

Fig. 9. The interbed and adjacent reservoir region.
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After 50 years of fluid injection with the pore pressure of
0.8 MPa, we obtained the average pore pressures of the interbed
region and the adjacent reservoir region from the simulation
results. We also obtained the drop height at different time steps
for the three cases.
6. Results and discussion

6.1. Interbed location

6.1.1. Horizontal location
We chose the surface uplift curves of the experiments No. L2,

L5, L8 and L10 (h is constant: 50 m) to estimate the influence of
the horizontal location of the interbed with respect to the injection
well (Fig. 10).

From Fig. 10a, we see that when there is no interbed in the
reservoir, the surface uplift curve monotonically decreases with
distance from the injection well and that the maximum surface
uplift occurs just above the injection well. The uplift of the region
above the interbed deviates significantly from the curve without
the interbed. In general, the uplift is lower with an interbed pres-



Fig. 10. Surface uplift curves of different horizontal locations of the interbed during fluid injection after a period of 20 years (a and b) and 50 years (c and d). Point n is the
minimal surface uplift point above the interbed, and point n0 is the corresponding point on the surface uplift curve without the interbed (a and c). The vertical distance of n0n
(b and d) is a function of horizontal distance d.
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ence. When the uplift of the region above the interbed is smaller
than the adjacent region, it may exert different effects on ground
structures depending on the horizontal distance from the interbed
to the injection well. When the interbed is close to the injection
well, very beneficial effects can be exerted. As seen from curves
No. L2 (d = 100 m) and No. L5 (d = 500 m), the surface uplift above
the injection becomes smaller, which is conducive to protecting
wellhead facilities. However, harmful effects can occur if the
interbed is far from the injection well. As shown by curves No.
L8 (d = 1000 m) and No. L10 (d = 1500 m), when the horizontal dis-
tance d is approximately more than two times that of the length of
its long axis, the smaller uplift induced by the interbed cannot off-
set the maximum surface uplift above the injection well. On the
contrary, the surface undergoes a certain amount of tilt that may
pose potential problems to the facilities on the ground. Fig. 10b
reveals that the vertical distance n0-n decreases with the increase
in horizontal distance. That is to say, the influence of the interbed
on the surface uplift decreases with increasing distance in the hor-
izontal direction from the injection well. From Fig. 10c and d, we
can see that this behavior remains almost unchanged with time.
6.1.2. Vertical location
From Fig. 11, we see that the change in the location of the

interbed in the vertical direction has little influence on the surface
uplift. The closer the interbed is to the interface between the reser-
voir and the overburden, the steeper the surface uplift curve is.
However, the degree of change is very small, and the influence of
the vertical location can therefore be ignored.

6.2. Interbed aspect ratio

When the aspect ratios changes from 3:1, 12:1, 22:1 to 50:1, the
curves of surface uplift are very similar (Fig. 12). With the decrease
of the aspect ratio, the minimal surface uplift above the interbed
decreases and the surface uplift curve becomes relatively steep.
But the changes are not very obvious. That is to say the changing
of interbed aspect ratio has only a small impact on surface uplift.

6.3. Sensitivity analysis

The drop height (i.e., dh, as shown in Fig. 11c) of the surface is an
important indicator of the influence of the clayey interbed on sur-
face uplift. The larger the value of dh is, the more adverse the
effects on the surface environment are. Therefore, we used the
drop height as the response result of the orthogonal experiments.

The location, aspect ratio, shape and area of the interbed in the
orthogonal experiments are all the same as those in No. L5 in
Table 2. We obtained the response and its range analysis results



Fig. 11. Surface uplift curves of different vertical locations of the interbed during fluid injection after a period of 20 years when d is 100 m (a), 500 m (b) and 1000 m (c).

Fig. 12. Surface uplift curves for different interbed aspect ratios during fluid
injection after a period of 20 years.
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of the experiments after a 20-year injection with a pore pressure of
0.8 MPa, as shown in the bottom part of Table 5.

The bottom half of Table 5 is the range analysis results of the
orthogonal experiments. (1) The ‘‘Average value” represents the
average of the drop heights. Each factor has four levels and, corre-
spondingly, has four average values. Such as the first factor (i.e., k)
in Table 5, the four average values from top to bottom (0.0060 m,
0.0062 m, 0.0048 m and 0.0051 m) are the average values of the
drop heights when k is 1 � 10�12 m/s, 1 � 10�15 m/s, 1 � 10�6 m/
s and 1 � 10�9 m/s (from top to bottom). For the other factors
(m, l, v, and F), based on the first four levels (i.e., S1-S4) of each fac-
tor, the four average values from top to bottom are the average
drop heights of the corresponding level. Taking the third average
value of the factor l (i.e., 0.0052) for example, the third level of
the first four levels in S1-S4 is 0.15. Four experiments (S3, S8, S9
and S14) include an l value of 0.15, and the drop heights are
0.0055, 0.0081, 0.0046 and 0.0026, respectively. Thus, the average
value is 0.0052. (2) The ‘‘Range” of one factor is the difference
between the maximum and minimum average values of all levels
of the factor. (3) The ‘‘Highest level” is the level of the factor that
generates the maximum average value. From Table 5, we obtained
the highest and lowest level combination of the factors.

According to the results in Table 5, we can obtain a range chart
(Fig. 13) that can directly illustrate the significance of the factors.
In the figure, each factor has four levels, and each level has a drop
height (i.e., the average value obtained from Table 5). The value of
the range can reflect the significance of the factor. The larger the
range, the more significant influence the factor has on the
response. Thus, we can see that the five factors affecting the sur-
face uplift in descending order are m > v > k > F > l. The logarithmic
elastic bulk modulus (m) and Poisson’s ratio (v) of the clayey
interbed are prominently influential factors. The drop height
monotonically decreases with increasing m, revealing that the



Table 5
Orthogonal experiment and the response range analysis results.

Sensitivity analysis experiment no. Factors Drop height (m)

k (m/s) m l v F

S1 1 � 10�12 0.010 0.05 0.35 0.90 0.0052
S2 1 � 10�12 0.015 0.20 0.25 0.85 0.0057
S3 1 � 10�12 0.020 0.15 0.20 0.95 0.0055
S4 1 � 10�12 0.005 0.10 0.30 1.00 0.0079
S5 1 � 10�15 0.010 0.20 0.20 1.00 0.0076
S6 1 � 10�15 0.015 0.05 0.30 0.95 0.0047
S7 1 � 10�15 0.020 0.10 0.35 0.85 0.0045
S8 1 � 10�15 0.005 0.15 0.25 0.90 0.0081
S9 1 � 10�6 0.010 0.15 0.30 0.85 0.0046
S10 1 � 10�6 0.015 0.10 0.20 0.90 0.0047
S11 1 � 10�6 0.020 0.05 0.25 1.00 0.0030
S12 1 � 10�6 0.005 0.20 0.35 0.95 0.0069
S13 1 � 10�9 0.010 0.10 0.25 0.95 0.0063
S14 1 � 10�9 0.015 0.15 0.35 1.00 0.0026
S15 1 � 10 -9 0.020 0.20 0.30 0.90 0.0016
S16 1 � 10�9 0.005 0.05 0.20 0.85 0.0098

Average value (m) 0.0060 0.0060 0.0057 0.0048 0.0049 –
Average value (m) 0.0062 0.0045 0.0055 0.0058 0.0062 –
Average value (m) 0.0048 0.0038 0.0052 0.0069 0.0059 –
Average value (m) 0.0051 0.0082 0.0059 0.0047 0.0053 –
Range (m) 0.0014 0.0066 0.0007 0.0022 0.0013 –
Order by significance m > v > k > F > l
Highest level k2 m4 l4 v3 F2 –

1 � 10�15 0.005 0.10 0.20 0.85 –
Highest level combination k2m4l4v3F2
Lowest level k4 m3 l3 V4 F4 –

1 � 10�6 0.02 0.15 0.30 1.0 –
Lowest level combination k4m3l3v4F4

Fig. 13. The range chart of the factors.

Fig. 14. The maximum and minimum drop heights during fluid injection after a
period of 20 years.
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effect of the interbed on surface uplift reduces along with m
increasing. The range of m is the largest among the five factors.
Fluid injection leads to the reduction of effective stress, keeping
the reservoir and interbed in an unloading stage and generating
expansion deformation. Consequently, it is m, not l, that plays a
leading role in the surface uplift during fluid injection. It may be
necessary to pay particular attention to the logarithmic elastic bulk
modulus of interbeds before injecting fluid into a reservoir.

To estimate the most adverse effects that a clay interbed can
have on the ground surface, we looked closer at two extreme
numerical experiments within the selected range of each factor
in the above orthogonal experimental design. We used the proper-
ties of the highest level combination in Table 5 to estimate the
maximum drop height (highest level case). For comparison, we
also used the properties of the lowest level combination to esti-
mate the minimum drop height (lowest level case). The results of
the two extreme cases are shown in Fig. 14. The drop height of
the surface uplift is 10.2 mm in the highest level case. In contrast,
the curve of the surface uplift in the lowest level case is almost
coincident with the one without an interbed. Therefore, the
interbed in the lowest level case has almost no effect on the surface
uplift.

6.4. Hydraulic conductivity contrast between reservoir and interbed

Fig. 15 shows the curve of the average pore pressure ratio (adja-
cent reservoir region/interbed region) along with the logarithmic
hydraulic conductivity ratio kl (reservoir/interbed) after a period
of 20 years (a) and 50 years (b). From Fig. 15a, we can see that after



Fig. 15. Pore pressure ratio during fluid injection after a period of 20 years (a) and 50 years (b).
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20 years of fluid injection the low-permeable effect of the interbed
in the reservoir shows stage characteristics and mutability with
respect to changes in its hydraulic conductivity. Taking the High
k case as an example, the average pore pressure ratio of the reser-
voir to the interbed region is almost 1.0 (shows no change) when
the hydraulic conductivity of the interbed changes from
1� 10�5 m=s to 1� 10�11 m=s (i.e., the value of kl is 0–6). However,
when it decreases from 1� 10�12 m=s to 1� 10�14 m=s, the pore
pressure ratio increases rapidly. With the interbed hydraulic con-
ductivity continuing to decrease from 1� 10�14 m=s to
1� 10�16 m=s, the pore pressure ratio again shows no change
again. That is to say, only when the hydraulic conductivity of the
clayey interbed changes within a certain range does the pore pres-
sure ratio exhibit an obvious change, showing some stage charac-
teristics and abrupt change (mutability). In the High k case, the
value of kl is 0–6 when the pore pressure ratio is 1.0 (the average
pore pressure of the interbed region is equal to that of the adjacent
reservoir region, showing no low-permeable effect). However, the
value is 1–4 in the Medium k case and 0–2 in the Low k case.
The ranges of kl that cause an abrupt low-permeable effect are
3–5, 5–7 and 7–9 in the Low, Medium and High k case, respec-
tively. The clayey interbed is more likely to have a low-
permeable effect on the flow when the hydraulic conductivity of
the reservoir is low. To investigate the change behavior of the
low-permeable effect of the interbed with time, we obtained the
pore pressure ratio after a 50-year injection (Fig. 15b). We can
see that the results are almost the same as those of the 20-year
injection.

Fig. 16, we can see the hydraulic conductivity of interbed has
great influence on the surface uplift. And the influence also shows
some stage characteristics and abrupt change (mutability). Take
the drop height curve of 10 years in High k case as an example,
the drop height of the surface uplift are almost the same when
the hydraulic conductivity of the interbed changes within the
range of 1� 10�5 m=s� 1� 10�11 m=s and
1� 10�14 m=s� 1� 10�16 m=s (i.e., kl is 0–6 and 9–11). It shows
apparent change only when the hydraulic conductivity changes
in the range of 1� 10�11 m=s� 1� 10�14 m=s (i.e., kl is 6–9). The
drop height are 7.4 mm and 9.4 mmwhen the hydraulic conductiv-
ity of the interbed are 1� 10�11 m=s and 1� 10�14 m=s, respec-
tively. The change of drop height is 2 mm. In the Medium k case,
the change of drop height is about 5 mm, with the apparent chang-
ing range of kl is 4–7. In Low k case, the influence of the clay
interbed on surface is low because the fluid flows slowly in the
reservoir and interbed. But drop height still shows some apparent
change with kl changing from 1 to 3. Overall, when the hydraulic
conductivity of the clayey interbed changes within the mutability
range, the drop height has an obvious change. Thus, when fluid is
injected into the subsurface, we may need to reduce the injection
pressure to minimize the effects of the interbed on the surface
uplift if the logarithmic hydraulic conductivity ratio kl is in the
mutability range.

7. Conclusions

The existence of clayey interbeds can cause great heterogeneity
in a reservoir and may exert a significant influence on the surface
uplift during fluid injection. The estimation of the surface uplift can
help us understand the fluid storage mechanisms and the charac-
teristics of the reservoir with the help of some related observation
techniques. For instance, it could be useful in identifying the exis-
tence of clayey interbeds from InSAR measurements. We used a 2-
D Cam clay model to estimate the induced uplift. The effects of the
location and aspect ratio of the interbed were studied. For a more
detailed study of the surface uplift associated with the clay type
and content, we used the orthogonal experimental design method
(Taguchi method) to conduct an extensive parametric analysis. The
prominently influential and irrelevant factors were then obtained
from a small number of numerical experiments. Additionally, the
optimal level combination of the factors of the clayey interbed
was obtained to estimate the most adverse effect on the surface
uplift within the range of the given parameters values. We also
designed another set of numerical experiments to study the char-
acteristics of the low-permeable effect of the interbed due to the
hydraulic conductivity ratio between the reservoir and the
interbed. This study produced the following conclusions:

1. The surface uplift curve of the region above the interbed may
deviate considerably from that without the interbed. In general,
the uplift is lower with an interbed presence because it is a
heterogeneity in the reservoir and it has plastic deformation.
When the uplift of the region above the interbed is smaller than
that of the adjacent region, it exerts a very different effect on
the surface depending on the horizontal distance between the
interbed and the injection well. (1) When the interbed is far
from the injection well, the surface may undergo a certain
amount of tilt due to the smaller uplift of the region above



Fig. 16. The changes of the drop height at different time steps for the three cases: (a) a high permeable reservoir (kr = 1 � 10�5 m/s), (b) a medium permeable reservoir
(kr = 1 � 10�7 m/s) and (c) a low permeable reservoir (kr = 1 � 10�9 m/s).
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the interbed. (2) When the interbed is close to the injection
well, the smaller surface uplift induced by the interbed can off-
set the maximum surface uplift above the injection well, which
is conducive to protecting the wellhead facilities.

2. When the aspect ratios changes from 3:1, 12:1, 22:1 to 50:1, the
curves of surface uplift are very similar. The changing of
interbed aspect ratio has only a small impact on surface uplift.

3. The results of the orthogonal experiment analysis on the clay
type demonstrate that the five factors affecting surface uplift
are as follows in a descending order: m > v > k > F > l. The elastic
(m and v) and hydraulic (k) parameters are more significant
compared to plastic (F and l).

4. From the curves of the range chart, Fig. 13, we find that the
effect of an interbed on the surface drop height reveals some
stage characteristics and mutability with the change of the
interbed’s hydraulic conductivity. And the low-permeable effect
of the interbed with changing in its hydraulic conductivity also
reveals some stage characteristics and mutability. When fluid is
injected into the subsurface, for protecting the extremely sensi-
tive structures (e.g., military and nuclear facilities), we may
need to reduce the injection pressure to minimize the effects
of the interbed on the surface uplift if the logarithmic hydraulic
conductivity ratio kl is in the mutability range.

5. The orthogonal design method can be an effective approach to
analyze the behavior of a system with many unknown parame-
ters. When there is a large clayey interbed in the reservoir, we
can estimate its influence on the surface uplift by the method
before determining the location of the storage site and the
injection scheme. This can provides some references for the
evaluation of the mechanical stability of the storage site and
be important for assessing the environmental/geological risk.
When the region above the clayey interbed has a much smaller
uplift than the adjacent areas, it is necessary to take some of the
following measures to reduce the effects of the interbed on the
surface uplift due to fluid injection: (1) Setting the injection
well near (not in) the interbed will reduce the surface uplift
at the injection well. (2) For extremely sensitive structures,
the injection pressure should be chosen with care when the log-
arithmic hydraulic conductivity ratio is in the mutability range.
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Appendix A

Orthogonal array L16 (45) according to the Taguchi method
Experiment no.
 Factor no.
1
 2
 3
 4
 5
1
 1
 1
 1
 1
 1

2
 1
 2
 2
 2
 2

3
 1
 3
 3
 3
 3

4
 1
 4
 4
 4
 4

5
 2
 1
 2
 3
 4

6
 2
 2
 1
 4
 3

7
 2
 3
 4
 1
 2

8
 2
 4
 3
 2
 1

9
 3
 1
 3
 4
 2

10
 3
 2
 4
 3
 1

11
 3
 3
 1
 2
 4

12
 3
 4
 2
 1
 3

13
 4
 1
 4
 2
 3

14
 4
 2
 3
 1
 4

15
 4
 3
 2
 4
 1

16
 4
 4
 1
 3
 2
The Japanese statistician Genichi Taguchi tabulated the selected
levels of the orthogonal experiment to form the standard orthogo-

nal arrays in the format LnðabF
L Þ, where n is the total number of

experiments, bF is the number of factors, and aL is the number of
levels of each factor. The array L16 (45) is one of the standard
orthogonal arrays in terms of coded factor levels (values 1–4) pro-
vided by Taguchi [45]. These arrays were constructed using the
combinatorial mathematics theory on the basis of an orthogonal
Latin square. The detailed construction process can be found in [46].
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