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Abstract: Water injection in oilfield may break initial balance of reservoir 

and lead to re-distribute of stress and deformation of strata. For further 

research of the evolution characteristics of in-situ field by water injection, 

the influence on reservoir by water injection was analyzed and different 

variables were set to study the effects of depth, injection-withdraw ratio and 

elastic modulus on strain and stress of strata based on fluid-solid coupling 

theory. Research shows that: As the water injection, the formation pressure 

around injection well is greater than that of the production well and the 

effective stress around injection well is less than that of production well. 

The deeper the formation is, the smaller the normal strain and vertical 

displacement are. Besides, the largest shear strain is on the top of reservoir, 

while the smallest is in central reservoir and different injection-withdraw 

ratios have significant influence on formation pressure. Elastic modulus 

mainly influences the deformation of the formation and deformation size is 

negatively related to the elastic modulus. This study provides a reference 

for casing damage under the effect of water injection. 
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Introduction 

To maintain the reservoir pressure and improve 

recovery rate of crude oil, water injection is applied in 

oil field. The initial pore pressure field is in a balance 

state before production. However, the balance state 

becomes turbulent due to the water injection and oil 

production, which would cause the re-distribution of the 

pressure field.  

There are many researchers study about the responses 

of pore pressure and stress induced by water injection. 

Based on the strata damage caused by water injection, 

the shear failure mechanism was studied by Xiaolan and 

Jianjun (2010). Using dual-porosity model, Liu et al. 

(2016; Li, 2016) studied the pressure change and 

reservoir matrix deformation in the process of carbon 

dioxide injection. Tao (2011) analyzed the mechanics of 

casing damage and reservoir’s deformation induced by 

water injection and the mechanism of brittle fracture and 

fault activation of Sandstone during water injection was 

studied by Elli et al. (2015). Sun et al. (2015) carried out 

a study on the mechanism of generation and propagation 

of crack in unsaturated sandstone. Zhang et al. (2015) 

studied the mechanism of fracture seepage and analyzed 

the influence of injection velocity and fluid channel on 

seepage. Based on the fracture of rock mass, the 

propagation mechanism of crack under stress is analyzed 

by Chen and Liu (2015). Orlic’s study show that the 

chemical action of water would weaken the strength of 

rock mass (Orlic et al., 2011). 

The interaction between the seepage field and stress 

field brings about the deformation and destruction of 

strata and causes the reactivation and extension of faults. 

Besides, the strength of rocks declines when water 

immersed in rocks after water injection. With the 

reduction of strength, the rocks that is stable at initial 

balance stage would deform and come into instability. 

Meanwhile, when the swelling rocks meet water, the 

rock volume increases, which squeezes the surrounding 

rocks and changes the stress field. The dilation and 

internal damage of rocks induced by change of mineral 

compositions and micro structure can decline the macro 
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strength of rocks (Yanqing, 2009). Those instable 

behaviors give birth to casing damage which has a bad 

influence on normal production of oil field. So, it is 

critical to study the deformation response of strata 

induced by water injection.  

With the development of the multi fields coupling 

theory, a lot of researchers give their considerations to 

the stress and strain model under water injection with 

multi fields. Shanpo et al. (2011) established the stress-

seepage-creep damage model of mudstone. The thermal-

dynamic constitutive model of rock creep was 

established by Shuang et al. (2016). The fluid solid 

coupling model of reservoir was established and was 

applied to reservoir deformation and casing damage by 

Yu et al. (2015). Ji et al. (2011) established the model of 

temperature, seepage and stress field and the finite 

element method was applied to study about casing 

damage. Besides, a finite element method was used to 

establish the coupling model of seepage stress 

temperature chemistry in the process of injecting CO
2
 

into the formation by Yin et al. (2011). Luo et al. 

(2015) gave a semi-analytical model of temperature-

stress coupling in the process of geothermal 

exploitation. Based on the fluid-solid coupling theory, 

Yao and Liu (2015) analyzed the stress and 

deformation near the wellbore with water flooding. 

For the prevention of casing damage, the stress and 

deformation of strata during steam drive were 

analyzed by Zheng (2009). Jinsheng (2012) analyzed 

the site deformation with interaction theory. With the 

help of multi field coupling method, using reservoir-

cap rock model, Rutqvist et al. (2009) studied the 

stress change of reservoir in the process of injection, 

gave focus on the influence of liquid migration on 

stress changes and then analyzed the tensile failure 

and shear failure mechanism. Shen et al. (2015a; 

2015b; Kim and Moridis, 2015) thought that the 

anisotropy, rock strength parameters, initial porosity, 

initial saturation and injection condition had an important 

influence on strata deformation and fault activity. To sum 

up, the stress and deformation responses by water 

injection are the results of multiple factors. 

The strata deformation and destruction is the main 

reason for casing damage in oilfield. Therefore, the 

response of formation induced by injection is the key 

points to prevent casing damage. In order to further 

study about the influence of water injection on stress 

and deformation, according to the production 

conditions of oil field, this paper first analyzed the 

overall effect of water injection on reservoir based on 

the fluid solid coupling theory. Then according to the 

formation depth, production control and rocks’ 

strength parameter, three different variables, depth, 

Injection-Withdraw Ratio (IWR) and elastic modulus, 

were set respectively to study the stress and 

deformation response. 

Model and Experiment 

Mathematical Model 

The mathematical model of the stress and strain field 

of fluid-solid coupling theory of the continuous medium 

under the condition of vertical compression and 

permeability change is as follows: 
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Where: 

KV = The volume elastic modulus (KPa) 

G = The shear modulus (KPa) 

σe = The effective stress (KPa) 

εv = The volume strain (1) 

p = The pore pressure (KPa) 

Fi = The stress of body (KPa) 

E = The elastic modulus (KPa) 

Ν = The passion’s ratio (1) 

 

Due to E = E (σe) is a function of effective stress, so 

KV(σe) and G(σe) are the function of effective stress. The 

mathematical model of seepage field is as follows: 

 

( )( )
( )e V

e p

k p
p gz n

t t

σ ε
ρ σ β

µ
  ∂ ∂

∇ ⋅ ⋅∇ + = −  ∂ ∂ 
 (2) 

 

Where: 

k = The permeability (mD) 

µ = The dynamic viscosity coefficient (cp) 

ρ = The density of fluid (kg/m
3
) 

g  =   The gravitational acceleration, 9.8×10
−3

kg/(m
2
·s

2
) 

z = The potential head (m) 

n = The porosity (1) 

β = The correction factor (1) 

 

and: 

 

( ), ( )e ek k n nσ σ= =  

 

Both of them are function of effective stress. 

Equation 3 and 4 describe the relationship of stress and 

seepage: 

 

0 1( ) exp( )e ek kσ α σ= −  (3) 

 

0 2( ) exp( )e en nσ α σ= −  (4) 



Jianjun Liu et al. / American Journal of Engineering and Applied Sciences 2017, 10 (2): 449.456 

DOI: 10.3844/ajeassp.2017.449.456 

 

451 

Where: 

k0 = The initial permeability (mD) 

n0 = The initial porosity (1) 

α = An undetermined coefficient (1) 

 

According to effective stress theory, the effective 

stress is related to total stress and pore pressure of 

reservoir, which is described by Equation 5: 

 

e pσ σ α= −  (5) 

 

where, σ is the total stress (KPa). 

According to Hooke’s elastic law: 

 

V( )e eEσ σ ε=  (6) 

 

Combined Equation 1 ~ 6 with the boundary 

condition and initial condition, the mathematical model 

is described based on fluid-solid coupling theory.  

Numerical model 

A quarter of five spots reservoir model containing 

20×20×11 grids is shown in Fig. 1. There are an 

Injection well (INJ1) and a Production well (PRO1). 

The top depth of model is 1200 m and the thickness of 

model is 60 m. The porosity is 0.25. Besides, the 

horizontal permeability is 100 mD, while vertical 

permeability is 10 mD. An initial stress condition, 35 

MPa in horizon and 42 MPa in vertical, is set. As for 

strength parameters, the elastic modulus is 2.9e5 MPa 

and the Poisson’s ratio is 0.25. For the 1/4 five spots 

pattern, the boundary of the model is symmetrical, so 

the boundary conditions of the model are that the 

bottom bedrock of the model and the displacement of 

the four lateral boundaries are restricted, while the top 

of the reservoir is a stress boundary. 

The Stress and Deformation Response of Strata 

with Different Variables  

The formation deformation caused by water injection 

is affected by many factors. Because the stress field and 

deformation field caused by water injection are in a 

certain symmetry and casing damage are found more 

frequently around the injection well in site field. The 

grid (5, 5) around the injection well is set as the research 

object to study the influence of different factors on the 

formation deformation. 

The Strata Response of Depth  

The strata response of different depth, the top, center 

and bottom of reservoir, are obtained after numerical 

simulation to conclude the regularity of stress field and 

seepage field considering depth based on fluid-solid 

coupling theory. 

 
 
Fig. 1. Numerical model 

 

The Strata Response of Injection-Withdraw Ratio 

(IWR) 

Water injection breaks the original balance of 

reservoir, which results in the redistribution of pressure. 

Different injection conditions have a significant 

influence on pore pressure. Three designs of different 

IWRs, 3/2, 1 and 2/3, are set to study the influence of 

IWR on the reservoir pressure and deformation. 

The Strata Response of Elastic Modulus 

The deformation of the rock mass is affected by the 

stress. Because of the deep buried depth, rocks can be 

considered as elastic medium at a certain stage. The 

relationship between stress and strain can be expressed 

by the elastic modulus of rocks. Therefore, the elastic 

modulus of E = 1.5e5 MPa and E = 2.9e5 MPa were set 

up to study the stress and strain of the formation. 

Results and Analysis 

Distribution of Pore Pressure after Water Injection 

The initial pressure of reservoir in equilibrium is 

broken by the water injection with high pressure in the 

injection well and the pressure relief in the oil well, 

resulting in the re-distribution of formation pressure. 

Under a certain condition of injection and production, 

the formation pressure reaches at new equilibrium 

after a certain period of injection time. At the same 

time, the pressure value around the injection well is 

the largest and the pressure value around the oil 

production well is the smallest. The formation 

pressure between the injection well and the production 

well is gradually changed from large to small, besides 

the pressure gradient is the largest near two wells. 

Figure 2 shows the spatial distribution of formation 

pressure around oil well. It can be seen that the influence 

degree of pore pressure affected by injection is positively 

correlated with the strata depth and the spatial pressure 
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distribution is in a pyramid shape, that is, the degree is 

larger in the lower part. The pore pressure distribution 

around the oil well is shown in Fig. 3. On the contrary, 

the spatial distribution is in an inverted-pyramid shape 

which means that the influence degree of pore pressure is 

larger on the top. 

With the increase of the formation depth, the pressure 

in the wellbore and reservoir increases. The injection 

pressure at the bottom of the wellbore is higher than that 

in the upper part of injection well, which leads to bigger 

pressure influence degree the bottom of the well. When 

the crude oil is produced from the upper part of reservoir 

near the production wellbore, the fluid cannot be 

supplemented in time, resulting in a fast drop rate of 

pressure, which leads to bigger pressure influence degree 

at the upper part of the producing well.  

To sum up, for injection well, the deeper the 

formation depth is, the larger the influence range of pore 

pressure is. On the contrary, for production well, the 

deeper the formation depth is, the smaller the influence 

range of pore pressure is. 

Analysis of Formation Deformation after Water 

Injection 

Figure 4 shows the normal strain on the horizontal 

plane. As can be seen from the figure, the strain around 

the two wells is larger than that the region between the 

two wells and the strain gradient near two wells is the 

largest. In the vicinity of the oil production well, the 

strain reaches at the maximum positive value, because 

the effective stress increases caused by the decrease of 

formation pressure around the oil well, which results in 

the compression of the rock mass. In the same way, the 

effective stress decreases around the injection well, 

which results in a large strain with dilation. 

The distribution of shear strain on the horizontal 

plane is displayed in Fig. 5. The shear strain around 

the two wells is larger than that in the region between 

the two wells and there exists a value of 0, which 

means that no shear deformation occurs, in the middle 

part of the two wells. The absolute value of the shear 

strain around the wellhead is larger, however the 

extreme value is not exactly at but near the wellhead. 

Besides, shear strain is in approximate symmetric 

distribution in horizon plane. 

Figure 6 shows the change of the ground settlement 

after the water injection using the vertical displacement 

of strata. The figure illustrates that the vertical 

displacement of the formation around the injection well 

is positive and upward. The vertical displacement near 

the oil production wells is negative and the stratum 

subsides. Because of the continuity of the formation, the 

vertical deformation of the formation from the water 

injection well to the oil production wells is changed from 

upward to downward gradually. 

 
 
Fig. 2. Pore pressure around injection well 
 

 
 
Fig. 3. Pore pressure around production well 
 

 
 
Fig. 4. Normal strain for horizontal panel 
 

This is the results of the effective stress distribution 

of the strata. The volume of the rock mass will expand 

for the reason that the effective stress decreases around the 

injection well, while the confining pressure of the rock 

mass decreases. The performance of dilation in vertical is 

the upward of formation. Similarly, the stratum subsides 

in the vertical direction because that the effective stress 

increases around the oil well and the volume of rock mass 

becomes smaller due to compression. 
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Fig. 5. Shear strain for horizontal plane 
 

 
 
Fig. 6. Vertical displacement for strata 
 

 
 
Fig. 7. Shear strain with different depth 
 

 
 
Fig. 8. Normal strain with different depth 

 
 
Fig. 9. Vertical Displacement with different depth 

 

Analysis of Formation Deformation Response of 

Depth 

Figure 7 shows the shear strain at different depth. As 

can be seen from the figure, the shear strain of the upper 

part of the reservoir is the largest, while the shear strain in 

the middle is the smallest. The upper and lower cover of 

the reservoir is closed, the water cannot be injected and 

the effect of water injection in the reservoir changes the 

formation pressure. Therefore, the shear deformation at 

the top and bottom of the reservoir is larger than that in 

the middle. Therefore, more attention should be paid to 

the quality of the casing at the junction of reservoir and 

cap rocks to reduce the number of casing damage wells. 

Figure 8 shows the normal strain at different depth, 

which is applied to study the strain in the horizontal 

direction. With the increase of depth, the normal strain of 

the formation becomes smaller. The normal strain on the 

upper part of the reservoir is the largest and that of the 

lower part of the reservoir is the smallest.  

Figure 9 shows the variation of displacement at 

different depth to measure the vertical displacement. 

From the figure, the reservoir under the water condition 

uplifts. The change of the upper part of the reservoir is 

the largest, while the lower part the smallest. 

To sum up, in the injection process, the shear strain is 

large at the top and bottom of the reservoir and small in the 

internal reservoir. The normal strain and vertical 

displacement decrease with the increase of reservoir depth. 

Analysis of Formation Deformation Response of IWR 

Figure 10 shows the formation pressure under 

different IWRs. When IWR>1, the formation pressure 

increases with water injection. When IWR = 1, the 

formation pressure can keep stable. When IWR<1, the 

formation pressure will decrease with injection. In a 

word, the case that IWR ≠ 1 will lead to the change of 

formation pressure and that reservoir cannot get the final 

equilibrium. Therefore, those two schemes are not suitable 

for long-term development and can only be used to adjust 

the formation pressure in short term. Because the effective 
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stress is related to the formation pressure, the effective 

stress decreases when the IWR is greater than 1 and the 

effective stress increases when IWR is less than 1. 

Figure 11 is the normal strain of reservoir with 

different IWRs. It can be seen from the figure that under 

the condition of equal injection, the normal strain is 

small and changes smoothly. When IWR>1, the normal 

strain is larger than that of IWR = 1 and in a state of 

fluctuations. Under the condition of unbalanced injection 

and production, the normal strain changes obviously in 

the initial period and then, the value will be consistent 

with the result of IWR = 1. 

Figure 12 shows the shear strain under different 

IWRs. It can be seen that when IWR is less than or equal 

to 1, the change of shear strain is consistent and keep 

balance. When IWR>1, the shear strain value is larger 

than the former. In the initial stage of water injection, the 

shear strain is larger and then, the shear strain decreases 

gradually with the time of water injection. 

Figure 13 shows the variation of formation 

displacement under different IWR. From Fig. 13, when 

IWR>1, the formation pressure increases, while the 

effective stress of rock mass reduces. As a result of it, the 

formation of the strata is caused by volume expansion. 

Similarly, when IWR<1, the effective stress of rock mass 

decreases and the strata are compressed and settled. 

Analysis of Formation Deformation Response of 

Elastic Modulus 

The elastic modulus has little effect on effective 

stress and the stress curves of different elastic modulus 

are coincident. Due to the fluid-solid coupling effect in 

the process of water injection, the deformation of rock 

mass will influence the stress field. In order to study its 

influence, the stress of the bigger elastic modulus is 

found small when the curve is enlarged. The reason is 

that the rock mass with large elastic modulus under the 

same stress condition in the process of water injection 

has small volume expansion and small pore volume 

change. So the pore pressure cannot be released. This 

causes the smaller stress due that pressure is too large. 
 

 
 
Fig. 10. Pore pressure with different IWRs 

 
 
Fig. 11. Normal strainwith different IWRs 
 

 
 
Fig. 12. Shear strainwith different IWRs 
 

 
 
Fig. 13. Vertical displacementwith different IWRs 
 

 
 
Fig. 14. Shear strain with different E 
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Figure 14 is the shear strains of different elastic 

moduli. The figure illustrates that the shear strain of rock 

mass with large elastic modulus is small. According to 

researches, it is found that there is a linear relationship 

between shear modulus G and elastic modulus E. 

Therefore, the shear strain of rock with high elastic 

modulus is small. Similar to the shear strain, the absolute 

value of the normal strain is negatively correlated with 

the elastic modulus. Besides, there is a negative 

correlation between the vertical settlement of the 

reservoir and the elastic modulus. 

To sum up, the influence of elastic modulus on rock 
mass is mainly reflected in the deformation. There is a 
negative correlation between the deformation and the 
elastic modulus. Because the elastic modulus of 

mudstone is smaller than that of sandstone, in the 
process of oil field production, the deformation of 
mudstone section is higher than that of sandstone. The 
uneven deformation of sandstone and mudstone leads to 
casing damage. This is one of the main causes of casing 
failure in mudstone. 

Conclusion 

In this study, a quarter reservoir model of five 
spots with water flooding was established and a 
numerical method was used to analyze the overall 
effect of water injection. The responses of stress and 
stain with the variation of different parameters were 
obtained. In this study, three parameters were 

considered, namely, depth of reservoir, Injection-
Withdrawal Ratio (IWR) and elastic modules. The 
main conclusions of this paper are as follows: 
 

• Water injection leads to redistribution of stress. 

After a period of injection, the reservoir pressure 

around injector is higher than producer, while the 

effective stress around injector is lower than 

producer and bigger strain and deformation are 

observed around two wells. Simultaneously, the 

strain and deformation in the segment between two 

wells are lower than the surrounding of two wells 

• The influence range of reservoir pressure around 

the injector is in a pear-shaped region which is 

bigger on the top and smaller on the bottom. A 

similar but slightly different condition is observed 

around producer where effective range is smaller 

on the top and bigger on the bottom, in an 

inverted-pear-shaped region. The deformation 

around injection wells is bigger than other region. 

And more attention should be paid on injection 

well to prevent casing damage 

• With the increase of stratum depth, stress and 

reservoir pressure increases gradually. The normal 

strain and vertical subsidence reach maximum value 

at the top of reservoir and decrease with stratum 

depth increasing. The shear strain of top and bottom 

in reservoir is bigger than inner of reservoir and the 

biggest appears on the top of the reservoir model. 

So, the critical probabilistic surface of casing 

damage located in the junction between cap rock 

and reservoir. The quality of casing near junction 

should be higher to prevent casing damage 

• Different IWRs have a significant effect on reservoir 

pressure. When IWR>1(= 1.5:1), the pressure increases 

and the effective stress decreases. Otherwise, when 

IWR<1, the pressure is less and the effective stress is 

greater. The value of normal strain when IWR ≠ 1 is 

bigger than balance injection performance (IWR = 1). 

Besides, the shear strain increases with IWR>1 and is 

in a low and balance value with IWR≤1. Therefore, the 

equal scheme, IWR=1, is better to keep formation 

pressure and prevent casing damage 

• Elastic modulus mainly effects the strain and 

deformation of rocks and strain and deformation are 

negatively related to the elastic modulus 
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