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Water �ooding is a commonly used technology for enhancing oil recovery. Its main mechanism is to maintain higher pressure to
sweep oil towards productionwells. However, the strongwater �oodingwill cause higher compression pressure around the injection
wellbore.�is high pressure in the reservoir causes stress redistribution and higher stress near the wellbore which induces material
damage and permeability change. We developed a �uid-solid coupling 
nite element model to simulate and quantitatively analyze
the pressure evolution in the reservoir as well as damage and permeability change in the formation during long-termwater �ooding
process.�e obtained results o�er theoretical understanding of the bene
ts (pore pressure increase in the simulation domain), rock
damage, permeability change of long-termwater �ooding, and the insights of how to detect and preventwellbore failure and collapse
due to water �ooding.

1. Introduction

Water �ooding is a worldwide used technology for enhancing
oil recovery. Its main mechanism is to maintain higher
pressure to sweep oil towards production wells. �e e�-
ciency and key considerations about the technology have
been studied [1, 2]. However the injected water will cause
the pressure around the injection wellbore to be much
higher than that farther away from the well [3]. �is high
pressure in the reservoir causes stress redistribution and
higher stress near the wellbore which induces material
damage and permeability change. Experimental results show
that dramatic increase of permeability occurs a�er rock
damage [4–6]. Di�erent mechanical models of describing
the rock damage and permeability change have been estab-
lished. Rutqvist et al. [7] proposed that the permeability
is an exponential function of the equivalent strain based
on the 
eld measurement data of tunnel excavation prob-
lem. According to the uniaxial compression tests of rock
material, Tang et al. [5] found that permeability jumps up
steeply accompanying rock damage. Other damage models
can be consulted in the literature such as Loland damage

model, Mazars damage model, and Sidoro� damage model
[8].

In the present paper, an axial symmetrical �uid-solid
coupling 
nite element model is established to simulate
the water �ooding process. �e pressure evolution in the
reservoir as well as damage and permeability change in
the formation during long-term water �ooding procedure
is studied. �e numerical results demonstrate that a�er 5-
year water �ooding, the maximum pore pressure is increased
remarkably.�e formation damages gradually near the water
injection wellbore and in the damaged area, the reservoir
permeability jumps up.�e area of damage is enlarged during
the water �ooding process. �e e�ciency of water injection
is signi
cant. Rock damage and permeability change near
the wellbore should be considered when planning a water
injection well due to the potential risks.

Fully coupled �uid-solid 
nite element simulation of
water-injection is rarely seen in the literature to our knowl-
edge.�e present model can be used to predict the formation
pressure evolution and the formation property variation
caused by water injection. It is valuable for engineering
design.
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Figure 1: �e computational model (a meridian plane).

POR
+1.888� + 07

+1.814� + 07

+1.74� + 07

+1.666� + 07

+1.592� + 07

+1.518� + 07

+1.444� + 07

+1.37� + 07

+1.296� + 07

+1.222� + 07

+1.148� + 07

+1.074� + 07

+1� + 07

(a) One year

POR
+1.716� + 07

+1.597� + 07

+1.656� + 07

+1.537� + 07

+1.477� + 07

+1.418� + 07

+1.358� + 07

+1.239� + 07

+1.298� + 07

+1.179� + 07

+1.119� + 07

+1� + 07

+1.06� + 07

(b) Two years

POR
+1.381� + 07

+1.318� + 07

+1.349� + 07

+1.286� + 07

+1.254� + 07

+1.222� + 07

+1.191� + 07

+1.127� + 07

+1.159� + 07

+1.095� + 07

+1.064� + 07

+1.032� + 07

+1� + 07

(c) Five years

Figure 2: Pore pressure distributions at di�erent injection years (�e model is rotated by 90∘).

2. Mathematical Model

(1)Governing Equations of Stress-Seepage Flow Coupling Field
in Formation. In the current con
guration, the equilibrium
equation of porous formation can be written as [9]

∇ ⋅ � + f = 0, (1)

where � is the total stress matrix in the formation and f is the
body force vector.

�e e�ective stress couples solid deformation with �uid
�ow by the following formulation [10]:

� = � − ��I, (2)
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Figure 3: Pore pressure evolution along AD line.
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Figure 4: Pore pressure evolution along EH line.

where �, ��, and I are the e�ective stress matrix, the pore
pressure, and the identity matrix, respectively.

Continuity equation of seepage �ow considering large
deformation of porous formation is [9]

�
�� (��	�) + ∇ ⋅ (��	�k�) = 0, (3)

where ��, 	�, and k� are the porous �uid density, the rock
porosity, and the seepage �ow velocity vector, respectively.

�e kinetics equation of seepage �ow is the Darcy’s law in
the following form [11]:

k� = − 1	��k ⋅ (∇�� − ��g) , (4)
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Figure 5: Pore pressure evolutions of points I, J, and G.

where �, k, and g represent the �uid viscosity, the permeabil-
ity matrix, and the gravity acceleration vector, respectively.

(2) Damage Model and Permeability Change Description.
When the deformation of rock material reaches a criterion
value, the elastic modulus may degrade gradually as damage
progresses. Based on elastic damage mechanics, the damaged
elastic modulus � could be related to the original elastic
modulus �0 with the following formula [12]

� = (1 − 
) �0. (5)

D in the above formula is the damage factor of the material
and it can be written as [5]


 = {{{
0 � ≤ �0
1 − �0� �0 ≤ �,

(6)

where � and �0 are the minimum principle strain and the
threshold strain value of damage initiation.

Experimental results show that rock permeability may
change when su�ering external loading. Once the rock is
damaged, the permeability may jump up steeply. �ese
phenomena can be described as [5]

� = {�0 exp (−����) 
 = 0��0 exp (−����) 
 > 0, (7)

where �0 and ��� are the original permeability and the

rst invariant of e�ective stress matrix. � and � are 
tting
coe�cients.

�e deformation, strain, stress, and the �uid seepage
in the formation during water injection are described by
(1)–(7) which couple each other and are highly nonlinear.
�e 4 node quadrilateral elements are used for describing
deformation and seepage in formation. �ere are 3 nodal
unknowns at each node, that is, incremental displacements in
2 directions of cylindrical coordinate system and incremental
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Figure 6: Damage factor distributions (�e model is rotated by 90∘).

pore pressure. A corresponding incremental 
nite element
formula was derived in detail [13], and the formula should
be solved with the well-known Newton-Raphson iteration
scheme. In order to keep the convergence of the simulation,
the upper value of damage factor is set as 0.9.

3. Computational Model Description

Most of the wells (including water injection and production
wells) are perforated in the pay layer to weaken the casing
before normal operation starts. �e perforations are helically
distributed, and usually its density is rather high (e.g. 8–
16 perforations/meter). Each perforation in a set of helically
distributed perforations may develop a damage (or fracture)
zone during injecting. �e con
gurations of the damaged
zones are very di�erent.�edamaged zones connect together,
and 
nally a roughly circular dish-like distributed damaged
area forms [14]. �erefore in the paper article we proposed
an axial symmetrical �uid-solid coupling 
nite element
model to simulate the long-term water �ooding process.
Our self-developed user subroutines are incorporated into
ABAQUS code to solve (1)–(7) simultaneously. �is model

can essentially represent the mechanism of the process, but
the computation burden is greatly reduced compared to 3D
model.

�e rock type of the reservoir is sandstone. �e simu-
lation domain is constructed of three layers: one pay layer
sandwiched between two barrier layers. �e perforation is
in the middle of pay layer, and its diameter and length
are 8.8mm and 0.5m, respectively. �e thickness of pay
layer is 5m. Since the simulation domain is symmetric, the
computational model only takes the low half of the whole
model as shown in Figure 1.

�e radius and height of the computational model are
both 100m. Fluids can �ow throughout the whole simulated
domain. �e diameter of wellbore is 124mm. Other basic
model parameters are initial elastic modulus = 20GPa (for
pay layer) and 25GPa (for barrier layers), Poisson’s ratio = 0.2
(for pay layer) and 0.25 (for barrier layers), initial per-
meability = 1mD (for pay layer) and 0.01mD (for barrier
layers), void ratio = 0.1 (for pay layer) and 0.01 (for barrier
layers), initial pore pressure = 10MPa, the water injection rate

= 6.23m3/day, water injection duration = 5 years, threshold
strain value of damage initiation = 0.0001, and 
tting coe�-
cient � = 20.
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Figure 7: Damage factor evolutions of points A, B, and F.
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Figure 8: Damage factor evolution along AC line.

Ten points A, B, C, D, E, F, G, H, I, and J are designated
for the following discussion. A is located at the le� bound of
the model, and the distance from A to interface is 1.25m. B,
C, andD are in the same horizontal line with A.�e distances
from B and C to A are 0.5m and 30m, respectively. D is
located at the right bound of the model. E, F, G, and H are
in the same vertical line with B. �e distances from F and G
to interface are 1m and 52m, respectively. E andH are located
at the top and bottom bounds of the model, respectively. I, J,
and C are in the same vertical line. I and F are in the same
horizontal line. J and G are in the same horizontal line.
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Figure 9: Intersections of damaged area and undamaged area at
di�erent time.

4. Results and Discussion

Figure 2 shows the pressure distributions in the model a�er
di�erent injection years. Figures 3 and 4 depict the pore
pressure evolution along AD line and EH line, respectively.
�e following observation can be conducted from the 
gures.
Pore pressure increases (compared to the initial value) due
to water injection. �e maximum values of pore pressure
decrease, and the in�uenced area enlarges during water
injecting. �e in�ection points in Figures 3 and 4 are
the intersection points of damaged and undamaged areas.
Figure 5 depicts the pore pressure evolution of points I, J, and
G. A�er 5-year water injection, the maximum pore pressure
is 13.8MPa, which is 38% higher than the initial value. In the
area that is 30m far away from wellbore (such as points I and
G), the pressure is higher than the initial value by over 10%.
Higher pressure in reservoir is maintained, and the oil could
be swept from the reservoir and pushed towards production
wells. �is is the main purpose of water �ooding.

Figure 6 shows the damage factor distributions a�er
di�erent injection years. Figure 7 depicts the damage fac-
tor evolutions of points A, B, and F. Figure 8 depicts the
damage factor distribution along AC line (the horizontal
axis represents the distance to point A). Figure 9 depicts
the intersection of damaged area and undamaged area.
Obviously, the damaged zone is enlarging as water �ooding
proceeds. Point A is located on the wall of wellbore, where
the compression stress is a lot higher, leading to the damage
factor that 
rstly reaches the maximum value. In the region
far away from wellbore, the damage factor is comparatively
smaller.

Figure 10 presents the 
rst invariant of e�ective stress dis-
tribution a�er di�erent injection years. It should be pointed
out that the values in the 
gure are the increased parts caused
by water injection. With careful observations of the 
gures
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Figure 10: �e 
rst invariant of e�ective stress distribution induced by water injection (�e model is rotated by 90∘).
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Figure 11: �e permeability distribution along AC line.

we can 
nd that the maximum values of the 
rst invariant
are 17.9MPa, 18.9MPa, and 20.4MPa at the injection point

a�er one, two, and 
ve years of injection, respectively. �is
high stress concentration results in material damage andmay
cause casing failure.

Figures 11 and 12 show the permeability along AC and FG
lines, respectively. It can be seen that as the distance increases,
the permeability 
rstly increases and then drops. In the zone
near wellbore, the stress is higher and accompanyingmaterial
damage; as a result, the permeability jumps up. But in the
undamaged zone, the permeability drops and the value is
close to the initial value.

5. Conclusions

An axial symmetrical �uid-solid coupling 
nite element
model is established to simulate water �ooding process. Our
developed user subroutines are incorporated into ABAQUS
code to solve the mathematical equations.

Compared to the initial value, water �ooding will cause
the pore to pressure increase, and the in�uence area enlarges
gradually. A�er 5-year water injection, the maximum pore
pressure may be 38% higher than the initial value. In the area
that is 30m far away from wellbore, the pressure is higher
than the initial value by over 10%. �e purpose of water
injection is achieved.
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Figure 12: �e permeability distribution along FG line.

Water injection may cause the formation property
change. As water injection proceeds, the compression stress
will redistribute and enlarge. As a result the rockmaterialmay
damage, and the damaged area enlarges during water inject-
ing. In this area, the formation permeability jumps up, leading
to the pore pressure decrease. High stress concentration near
injection point exists. Attention should be paid on the risk
related to casing failure and/or formation fracture in design
and performance of water injection.

Nomenclature

D: Damage factor, dimensionless

E: Damaged elastic modulus of the rock material, m/Lt2,
Pa

E0: Original elastic modulus of the rock material, m/Lt2, Pa
f : Body force vector, m/L2t2, Pa/m
g: Gravity acceleration vector, L/t2, m/s2

I: Identity matrix, dimensionless

k: Permeability matrix, L2, m2

k0: Initial permeability, L2, m2

n�: Porosity, dimensionless

p�: Porous pressure, m/Lt2, pa
vw: Seepage �ow velocity vector, L/t, m/s� : Fitting coe�cient, dimensionless� : Minimum principle strain and the threshold value of

damage initiation, dimensionless�0: �reshold value of �, dimensionless� : Fluid viscosity, m/Lt3, Pa.s��: Density of porous �uid, m/L3, kg/m3

�: Total stress matrix, m/Lt2, Pa
�: E�ective stress matrix, m/Lt2, Pa���: First invariant of e�ective stress tensor, m/Lt2, Pa� : Fitting coe�cient, dimensionless.
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