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a b s t r a c t  

We model and assess the possibility of shear failure along the vertical well by using the Mohr–Coulomb 
failure model and employing a rigorous coupled flow-geomechanic analysis. To this end, we take various 
values of cohesion between the well casing and the surrounding cement to represent different quality 
levels of cementing operation (low cohesion corresponds to low-quality cement and/or incomplete ce
menting). The simulation results show that there is very little fracturing when the cement is of high 
quality. Conversely, incomplete cementing and/or weak cement can cause significant shear failure and 
evolution of long fractures/cracks along the vertical well. Specifically, low cohesion between the well and 
cemented areas can cause significant shear failure along the well, while high cohesion does not cause 
shear failure. The Biot and thermal dilation coefficients strongly affect shear failure along the well casing, 
and low Young's modulus causes fast failure propagation. Still, for the high quality of the cementing job, 
failure propagates very little. 

When the hydraulic fracturing pressure is high or when permeability increases significantly, low 
cohesion of the cement can cause fast propagation of shear failure and of the resulting fracture/crack, but 
a high-quality cement with no weak zones exhibits limited shear failure that is only concentrated near 
the bottom of the vertical part of the well. Thus, high-quality cement and complete cementing along the 
vertical well appears to be the strongest protection against shear failure of the wellbore cement and, 
consequently, against contamination hazards to drinking water aquifers during hydraulic fracturing 
operations. 

& 2016 Published by Elsevier B.V. 
1. Introduction 

Gas production from shale gas reservoirs has become an im
portant energy resource in the future, due to the abundant amount of 
gas (Arthur and Layne, 2008; Jenkins and Boyer, 2008). However, 
extreme low permeability of the shale gas reservoirs requires artifi
cial reservoir stimulation to enhance productivity, such as hydraulic 

fracturing (Hill and Nelson, 2000; Vermylen and Zoback, 2011). At 
the same time, environmental impacts induced by the hydraulic 

fracturing have been raised, for example, contamination of ground 

water, unstable growth of the hydraulic fractures, seismic risks and 

reactivation of existing faults, and soil contamination due to prop-
pant chemicals (Zoback et al., 2010; Rutqvist et al., 2013, 2015). 
nt of Petroleum Engineering, 
g College Station, TX 77843, 

(E.R. Martinez). 
Dusseault et al. (2001) also studied compaction-induced shear 
failure of the vertical well by fluid production. Shear failure is one 
of the typical mechanisms of well instability. Incomplete ce
menting between the well and reservoir formations is considered 
as one of the high environmental risks of ground water con
tamination (Zoback et al., 2010). Pressurization at the bottom of 
the vertical well causes high shear stress along the vertical well 
and can result in shear slip at the contacting area between the well 
casing and the cemented zone when the contacting area is poorly 
cemented. Cracks from shear failure along the well can be a po
tential path way that can connect deep shale gas reservoirs to 
shallow aquifers, yielding high permeability. 

Failure induced by perturbation of fluid pressure implies strong 
interaction between flow and geomechanics, and thus coupled flow
geomechanics simulation is required for accurate prediction and 
better assessment of potential risks induced by shear failure along 
the well. Pressure of incompressible fluid such as water is sensitive to 
small change in pore volume, and, in turn, the changes in pressure 
alter the effective stress regime, which induces material failure (e.g., 
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Kim et al., 2012). Permeability is also a strong function of the failure 
status, because material failure creates fractures, which increases 
permeability significantly by several orders (Bandis et al., 1983; 
Rutqvist and Stephansson, 2003; Min et al., 2004). Thus, in this study, 
we rigorously model two-way coupled flow and geomechanics with 
dynamic failure-dependent permeability. 

For the modeling of coupled flow and geomechanics, we use a 
sequential implicit method, employing the fixed-stress split, 
which can provide unconditional stability and high accuracy, 
considering two-way coupling between flow and geomechanics 
(Kim et al., 2011). Specifically, flow is solved first, fixing the total 
stress fields and considering the contribution of geomechanics to 
flow explicitly, and then geomechanics is solved from the solutions 
obtained at the previous flow step. We employ finite volume and 
finite element methods for flow and geomechanics in space dis
cretization, respectively, and the backward Euler method in time 
discretization. We employ the Mohr–Coulomb failure model for 
elastoplasticity, which is widely used to model failure in cohesive 
frictional materials, shear failure. We then use dynamic perme
ability to reflect failure status every time steps. In this study, from 
various numerical simulations, we will find that there is very little 
fracturing when the cementing is complete and well-done, 
whereas incomplete cementing can cause significant shear failure 
along the vertical well. 
 

 

 

2. Mathematical description 

We first describe governing equations for fluid-heat flow and 
geomechanics, followed by couplings in pore volume and perme
ability. The governing equation for multiphase and multi-compo
nent flow comes from mass balance as (e.g., Pruess et al., 1999), 

d k k k∫ m dΩ + ∫ · dΓ = ∫ q dΩ,
dt Ω Γ 

f n  
Ω ( )1 

where the superscript k indicates the fluid component. d(·)/dt
means the time derivative of a physical quantity (·) relative to the 

motion of the solid skeleton. mk is the mass of component k. fk and 

qk are its flux and source terms on the domain Ω with a boundary 
surface Γ , respectively, where n is the normal vector of the 
boundary. 

The fluid mass of component k is written as 

k km = ∑ ϕ ρ XJ ,SJ J 
J ( )2 

where the subscript J indicates fluid phases. ϕ is the true porosity, 
defined as the ratio of the pore volume to the bulk volume in the 
deformed configuration. SJ, ρJ , and XJ

k are saturation, density of 
phase J, and the mass fraction of component k in phase J, 
respectively. 

The mass flux term is obtained from 

k k kf = w + J ,∑ ( J J )
J ( )3 

k kwhere w J and J J are the convective and diffusive mass flows of 

component k in phase J, respectively. For the liquid phase, J¼L, wk
J 

is supplemented by Darcy's law, which includes the Klinkenberg 

effect for the case of gas. Jk
J is determined by Fick's law with dif

fusion and hydrodynamic dispersion. 
Heat flow comes from energy (heat) balance, as 

H H Hd 
f n  ∫∫ m dΩ + ∫ · dΓ = q dΩ, 4dt Ω Γ Ω ( )

where the superscript H indicates the heat component. mH , fH , and 
qH are heat, its flux, and source terms, respectively. The term mH is 
the heat accumulation term, and is expressed as 

T
Hm = ( −  )  1 ϕ ρ C  dT  + ϕ ρ  e ,S∫ R R ∑ J J J 

T J ( )0 5 

where ρR, CR, T and T0 are density, heat capacity, temperature of 
the porous medium, and reference temperature, respectively. eJ 
denotes specific internal energy of phase J. The heat flux is written 
as 

Hf = − K  Grad  T + ∑ hJ wJ,H 
J ( )6 

where KH is the composite thermal conductivity of the porous 
media. Grad is the gradient operator. The specific internal energy, 
eJ, and enthalpy, hJ , in phase J become, respectively, 

k k k ke = ∑ X e  , h = ∑ X h  .J J J J J J
 
k k
 ( )7 

Geomechanics is based on the quasi-static assumption (Coussy, 
1995), written as 

Div σ + ρ g = 0, ( )b 8 

where Div is the divergence operator. σ is the total stress tensor, 
and ρb is the bulk density. Tensile stress is positive in this study. 
The infinitesimal transformation is used to allow the strain tensor, 
ε , to be the symmetric gradient of the displacement vector, u, 

1 Tε = 
2 (Grad u + Grad u ). ( )9 

Then, considering mass, energy, linear momentum balances, 
we focus on non-isothermal multiphase flow (i.e., water–gas flow) 
with the elastoplastic geomechanics in this study, using the fol
lowing constitutive relations of thermo-poro-mechanics. 
3. Shear failure and coupling in permeability and porosity 

Leaking of the injected water induces pressurization near the 
wells, as shown in Fig. 1. Pressurization at the bottom of the 
vertical well causes high shear stress along the vertical well and 
can result  in shear  slip  at  the contacting area between the well 
casing and the cemented zone when the contacting area is 
poorly cemented. Shear failure along the well can create high 
permeable area that can connect deep shale gas reservoirs to 
the aquifers. 

For the modeling of shear failure in this study, we use the 
Mohr–Coulomb model, which is widely used to model failure of 
cohesive frictional materials. The Mohr–Coulomb model is given 
as 

f = τ ′ − σ ′ sin Ψ − c cos Ψ ≤ 0, m m f h f 

g = τ ′ − σ ′ sin Ψ − c cos Ψ ≤ 0, ( )m m d h d 10 
σ ′ + σ ′ σ ′ − σ ′ 1 3 1 3σ ′ = and τ ′ = ,m m 112 2 ( )

where σ1′, σ2′, and σ3 ′ are the maximum, intermediate, and minimum 
principal effective stresses, respectively. ch is the cohesion. f and g 
are the yield and plastic potential functions, respectively. Ψf, and 
Ψd are the friction angle, and the dilation angle, respectively. 

Once shear failure occurs, we employ the permeability model 
motivated by the cubic law (Witherspoon et al., 1980; Rutqvist and 
Stephansson, 2003) for the created fracture, written as (e.g., for the 
case of single water phase), 



256 J. Kim et al. / Journal of Petroleum Science and Engineering 139 (2016) 254–263 

Fig. 1. Schematics of shear failure along the vertical well. Sh, SV, and SH are the minimum horizontal, vertical, maximum horizontal total stresses, respectively The increase of 
pressure at the bottom can increase shear stress, which can cause shear failure and slip along the well. 

 

ω3 

Q w = ac H( Grad p − ρ wg),w12μ ( )w 12 

where ω is the fracture opening (aperture) and H is the fracture 
plate width. Qw, μw and ρw are flow rate, viscosity, and density of 
water, respectively. ac is the correction factor reflecting the frac
ture roughness. ω consists of the residual hydraulic aperture (ωr), 
the opening of fracture deformation (ωm), and shear dilation (ωd) 
(Min et al., 2004). ωm + ωd is obtained directly from displacement 
of geomechanics solution. Even though ωd and ωm are negligible 
due to strong compression, ωr can increase the permeability sig
nificantly for extremely low permeable reservoirs. 

For modeling relative permeability and capillarity, we use a 
modified version of Stone's relative permeability model (Aziz and 
Settari, 1979) and the van Genutchen capillary pressure model 
(van Genuchten, 1980), respectively, written as 

⎧ ⎧ nk ⎫⎫⎪ ⎪ ⎛ SJ − S , 
⎞ ⎪⎪ir Jk = max⎨ 0, min⎪

⎨ , 1⎪
⎬⎬,r J, ⎪ ⎝

⎜⎜ 1.0 − S ⎠
⎟⎟ ⎪ir w⎩ ⎩ , ⎭⎭ ( )13 

1−λ p S − S

P = ( Se −1/λ − 1) e w ir w,pΠ ( ) , S = ,c c 1 − Sir g − Sir w ( )14, , 

where kr J, , Sir J, , and nk are relative permeability of phase J, irre
ducible saturation of phase J, and the exponent that characterizes 
the relative permeability curve, respectively. Pc, λp and Πc are 
capillary pressure, the exponent that characterizes the capillary 
pressure curve, and the capillary modulus, respectively. Then, for 
the reference case, we take S = 0.08, S = 0.01, and n = 4.0 forir w ir g k, , 

relative permeability, and λ = 0.45, Sir w, = 0.05, S , = 0.0, andp ir g

Π = 2.0 kPa for capillarity, where smaller Sir w and Sir,g of the ca-c , 

pillarity model are chosen in order to prevent unphysical behavior 
(Moridis et al., 2008). We also employ the equivalent pore-pres-
sure concept for multiphase flow coupled with geomechanics, 
(Coussy, 2004), not using the average pore-pressure concept. For 
strong capillarity, the equivalent pore-pressure provides high ac-
curacy and stability, whereas the average pore-pressure may cause 
large numerical errors (Kim et al., 2013). 
We employ the constitutive relations for coupled multiphase 
non-isothermal flow and elastoplastic geomechanics, described in 
Coussy (1995). For elastoplastic mechanics and nonisothermal 
multiphase flow, the constitutive relations are written as 

δσ = C : δε − α δp 1 − 3α K δT1,dr J J T dr   
δσ′ ( )15 

⎛ δ ⎞ m 
= N p  α⎠⎟ α δε  + δ − 3 δT ,⎝⎜ J v JK K m J,ρ 
J ( )16 
d¯δS = s̄ Jδm + 3αTKdrδεv − 3αm J, δp +
C 

δT , 17J J T ( )

where Cdr is the drained-isothermal elastic moduli, N is theN = {  }JK 
−inverse matrix of the Biot moduli M = {  } (i.e., N =M M 1), whereJK 

N and M are positive definite. The Biot coefficient αJ for multiphase 

flow takes α = αSJ , where α is the Biot coefficient for single phaseJ 

flow (Biot and Willis, 1957). We define σ′, the effective stress, in 
the incremental form as δσ′ = Cdr: δε. 3αT is the volumetric ske
leton thermal dilation coefficient, Kdr is the drained isothermal 
bulk modulus, 1 is the rank-2 identity tensor, εv is the total vo
lumetric strain, and 3αm J, = 3αϕ + ϕ α3 J , where 3αϕ and 3αJ are the 

coefficients of thermal dilation related to porosity and phase J, 
respectively. s̄J is the internal entropy per unit mass of phase J (i.e., 
specific entropy of phase J). C = + m C is the total volumetricCd J p J, 

heat capacity, where C is the skeleton volumetric heat capacity and 
Cp J, is the volumetric specific heat capacity at constant pressure for 
phase J. Double indices in Eqs. (15)–(17) indicate summation. δ 
implies variation relative to the motion of the solid skeleton. 

For a two-phase fluid system (such as gas and water), an ap
propriate (i.e., admissible) N, which is typically used in engineer
ing, is given as (e.g., Lewis and Schrefler, 1998) 

⎡ ⎤dS b − ϕ dS b − ϕ⎢ ϕS c  − ϕ + S S ϕ + S S ⎥⎢ g g  dp
w 

g Ks
g dp

w 
g Ks 

w ⎥cg cg
N = ⎢ ⎥,⎢ dSw b − ϕ dSw b − ϕ ⎥⎢ ϕ + Sw Sg ϕSwcw − ϕ + Sw Sw⎥⎣ dpcg K dpcg K ⎦ ( )s s 18 
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where the subscript (·)g indicates the gas phase, cJ is the com
pressibility of the fluid phase J, pcg is the capillary pressure be
tween gas and water, and Ks is the intrinsic solid grain bulk 
modulus. 
4. Numerical implementation 

We employ the finite volume and finite element methods for 
flow and geomechanics in space discretization, respectively, which 
are widely used in reservoir and geotechnical engineering, re
spectively (Aziz and Settari, 1979; Lewis and Schrefler, 1998). For 
time discretization, we use the backward Euler method, which is 
typically used in reservoir simulation. We use 
TOUGHþRealGasH2O as a fluid and heat flow simulator and 
ROCMECH for a geomechanics simulator, namely TþM, developed 
in the Lawrence Berkeley National Laboratory (Kim and Moridis, 
2013), using a sequential implicit method, called the fixed-stress 
sequential method. TþM has been verified for physical problems 
such as the Terzaghi, Mandel, McNamee–Gibson problems, and 
validated with various scenarios that have rigorous coupled flow 
and geomechanics (Kim et al., 2012; Kim and Moridis, 2014). 

Sequential methods can offer the use of existing robust flow 
and geomechanics simulators only by constructing an interface 
between them. According to Kim et al. (2011), the fixed stress 
sequential method can provide unconditional stability and high 
accuracy, comparable to the fully coupled methods. The fixed-
stress method solves the flow problem, fixing the total stress field, 
where the strain and displacement fields can be changed, and 
considering the contribution of geomechanics to flow explicitly. 
Then, it solves geomechanics, based on the solutions obtained at 
the previous flow problem. This sequential method can easily be 
implemented by the Lagrange porosity function Φ and its cor
rection ΔΦ, written as a form of the staggered approach as, 

⎛ 2 n ⎞ 
n+1 n α α − Φ n+1 n+1 nΦ − Φ = ⎝⎜ + ⎠⎟ ∑ SJ (pJ − pJ )K Kdr s J  

Φncp 

n+1 n n n−1+ 3α α(T − T ) −  (σv − σ ) ,T v 
  

( )19ΔΦ 

where cp is the pore compressibility in conventional reservoir 
Fig. 2. 3D simulation domain. We take a quarter of the cylindrical domain due to symme
vertical well. 
simulation (Aziz and Settari, 1979), and sv is the total (volumetric) 
mean stress. Φ is defined as the ratio of the pore volume in the 
deformed configuration to the bulk volume in the reference (in
itial) configuration. The porosity correction term, ΔΦ, is calculated 
from geomechanics, which corrects the porosity estimated from 
the pore compressibility. The fixed-stress sequential method 
solves two-way coupling between flow and geomechanics, so it 
captures the Mandel–Cryer effects, solving Mandel's problem 
correctly, which cannot be simulated by the uncoupled simulation. 
5. Numerical results 

We have a full 3D domain of numerical simulation in geo
mechanics, as shown in Fig. 2, taking a zone near the vertical well 
(i.e., cylindrical domain). The discretized domain has 20 x4 x50 
grid blocks in the radial (‘r’), angular (‘θ’), and vertical (‘z’) direc
tions, respectively. We use a uniform grid discretization in the z 
direction, where the spacing of a gridlock is 3 m, while different 
grid spacings are used horizontally (cylindrical coordinate). Spe
cifically, the cylindrical discretization starts with 0.06 m off the 
origin in the radial direction, which implies that the diameter of 
the well casing is 0.12 m. Then, the grid spacings from the well 
casing are 0.01 m, 0.01 m, 0.02 m, 0.02 m, 0.04 m, 0.08 m, 0.16 m 
from the first to the 7th layers, and uniformly 0.3 m from the 8th 
to 19th layers, and 1.0 m for the 20th layers. In this domain of 
simulation, the horizontal well is assumed to be placed vertically 
90 m from top (z¼-1440 m) and changed horizontally perpen
dicular to the direction of the minimum compressive total stress. 
The area of the vertical well from -1431 m to -1440 m is as

−11sumed to be open, having high permeability, 2.56 × 10 m2 (25.9 
−13Darcy), where 1 Darcy is 9.87 × 10 m2. This equivalent perme

ability corresponds to ac ¼0.9 and ω¼0.15 mm. From Bandis et al. 
(1983), ω¼0.15 mm is considered an appropriate initial aperture 
between the open well and the reservoir. On the other hand, we 
take the 2D multiple interacting continuum (MINC) method along 
the surface of the vertical well (Fig. 3), where fluid flows along a 
created fracture surface of shear failure. In the MINC model, fluid 
flows though the fracture medium over the domain, while the rock 
matrix medium stores fluid and conveys it to the fracture medium 
(Pruess and Narasimhan, 1985). The volumes of the five interacting 
continua correspond to those of the 5 gridblocks in the radial 
try. Constant pressure due to leak from water injection is applied at -1440 m of the 

jihoon.kim
Sticky Note
-b/K_dr(sigma_v^n-sigma_v^{n-1})
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Fig. 3. Left: A schematic diagram of 2D multiple interacting continuum method along the surface of the vertical well. Right: a conceptual model of the MINC model. ‘↔’ 
implies flow connectivity between materials. ‘Casing-cement contact’ is changed to ‘Fracture’ when shear failure occurs. 
direction, excluding the well-casing part (the first gridblock) and 
taking the second gridblock to the sixth gridblock, as shown in 
Fig. 3 (right). Then, the domain of flow is smaller than that of 
geomechanics. 

The initial pressure is 17.10 MPa at 1350 m in depth with the 
12.44 kPa/m gradient. Initial gas and water saturations are 0.9 and 
0.1, respectively. Initial temperature is 58.75 °C at 1350 m in depth 
with the 0.025 °C/m geothermal gradient. The heat capacities of 
the porous media, and the wet and dry thermal conductivities for 
all layers are 1000 J/kg/°C, 3.1 W/m/°C, and 0.5 W/m/°C, respec
tively. The initial permeability and porosity for rock (rock matrix) 

19 2and cement are 8.645 × 10− m and 0.076, respectively. Ther
modynamic properties of injected water and reservoir gas are 
determined by the given gas pressure, water saturation, and 
temperature, just as used in Moridis and Freeman (2014). We have  
no flow at the boundaries. 

When material failure occurs, permeability can increase dra
matically and discontinuously in time. Because we use the fixed 
grid system during simulation, the equivalent fracture perme
ability used in simulation can be written from Eq. (12) as (Min 
et al., 2004) 

ω3 

kp = ac ,
12r ( )0 20 

where r0 is a grid spacing in the radial direction. The effect of shear 
dilation needs to be considered when the stress ratio (γs) is higher 
than the critical stress ratio, γcs, expressed as 

1 + sin  Ψ c fγ = . s 1 − sin  Ψf ( )21 

We then consider changes in permeability, using a permeability 
(or transmissibility) multiplier in ηp, as  

⎧ =1 if  not  failed  η ⎨⎩ ⪢1 if  failed,  ( )p 22 

by which the intrinsic permeability, k0 is expressed as k0 = η km,p 

where km is the intact rock or cement permeability. Thus, the 
permeability becomes a discontinuous function for a failure status. 
For the reference case, we first assume that the effects from ωm 

and ωd can be very small, being negligible. This assumption will be 
validated later in this study. Then, ωr contributes to increasing the 
permeability. From Min et al. (2004), the fracture permeability 

17 14varies from 5 × 10− m2 to 1.0 × 10− m2 under compression, and 
also has ωr = μ5 m. Thus, for the reference case, we take ηp = 104 , 
equivalent to the case of ac ¼0.9 and ω = 10.5 μm, yieldingr 

8.65 × 10 −15 m2 . 
For geomechanics, we have no horizontal displacement at the 

well bore side and constant traction at the outer boundary. The 
initial total principal stresses are -36.40 MPa, -23.30 MPa, and 
-29.12 MPa at 1350 m in depth (top of the domain) in the x, y, and 
z directions, respectively, where the corresponding stress gra
dients are -27.0 kPa/m, -17.59 kPa/m, and -21.57 kPa/m, re
spectively. Young's modulus and Poisson' ratio of rock matrix are 
12 GPa and 0.3, respectively. The Biot coefficient, α, is 0.8 and the 
bulk densities are 2200 kg/m3. The thermal dilation coefficients for 

−5 −all materials are α = 4.5 × 10 °C 1. We consider generalized re-T 
servoir models, rather than selecting geomechanical properties for 
a certain specific reservoir. The geomechanical properties used in 
this study are within a range of the properties of shale gas re
servoirs (Eseme et al., 2007; Sondergeld et al., 2010). The cohesion, 
friction and dilation angles of rock matrix for shear failure are 
10.0 MPa, Ψ = 28.6° (0.5 rad) and Ψ = 28.6° (0.5 rad). For the well 
casing material such as steel, Young's modulus and Poisson's ratio 
are 200 GPa and 0.3, respectively, and we assume no shear failure 
itself. For the cementing material, we refer to the properties of 
concrete (e.g., Onate et al., 1988). Specifically, 30 GPa and 0.2 are 
chosen for its Young modulus and Poisson's ratio for the reference 
case, respectively. The friction and dilation angles are Ψ = 28.6° 

f d 

f 

(0.5 rad) and Ψd = 28.6° (0.5 rad), respectively. This Ψf yields 
cγ = 2.842. Cohesion of the cement varies within a wide range: s 
from 0.3 MPa to 11 MPa (Onate et al., 1988; Nawy, 2008; Ardiaca, 
2009). Here, we assume that 10 MPa or higher can provide com
plete cementing, and the cemented area has 10 MPa of cohesion. 
We also take 30 MPa of the constant bottom hole pressure for the 
reference case. From Baumgartner and Zoback (1989), the pressure 
at the injection point is between 15 MPa and 30 MPa after early 
time fracturing. The pressure shown in Rutqvist et al. (2015) varies 
from 30 MPa to 40 MPa for the reference case. Then, considering 
pressure drop between the injection point of the horizontal well 
and the bottom hole at the vertical well, 30 MPa of the bottom 
hole pressure of the vertical well is assumed to be reasonable. 
The main input data are summarized in Table 1. 

Then, we take various values of constant bottom hole pressure 
as well as cohesion of the contact zone between the well casing 
and the cement in order to test potential shear failure along the 
vertical well. The cohesion of the contact zone, which indicates 
quality of the cementing between the well casing and the ce
mented area, has 10 MPa for complete cementing, while it is lower 
than 10 MPa for the case of incomplete cementing. We take dif
ferent cohesions of the contact zone, i.e., 0.3 MPa, 0.5 MPa, 
1.0 MPa, 2.0 MPa, 5.0 MPa, 10.0 MPa. 

We find from Fig. 4 that there is little shear failure when the 
cohesion is high (10.0 MPa). However, as the cohesion is lower, the 
failed zone becomes larger, propagating upward along the vertical 
well. In particular, fracturing is biased to the direction of the 
minimum total stress, Sh. From the numerical results, it is possible 
to make a path where reservoir fluid can easily flow up to the 
shallow aquifers, creating cracked zones along the vertical well, 
when the cementing job is incomplete. Fig. 5 (left) shows the 
propagation of shear failure. As the cohesion is lower, the failure 
propagation becomes faster. Although the failure propagation is 
fast, the injected water moves slowly along the fractured area, 
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reas due to shear failure with various cohesion values. Little failure is found for high cohesion, while low cohesion causes large failed areas. The number in the 
ates Gauss-points of an element that experienced failure. (For interpretation of the references to color in this figure caption, the reader is referred to the web 
paper.) 
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Table 1 
Main input data for the reference case. 

-19 2Reservoir/cement permeability (kp) 8.645 x 10 m Reservoir/cement porosity (ϕ0) 0.076 
Reservoir Young's modulus (E) 12 GPa Reservoir Poisson's ratio (ν) 0.3 
Cement Young's modulus (E) 30 GPa Cement Poisson's ratio (ν) 0.2 
Well casing Young's modulus (E) 200 GPa Well casing Poisson's ratio (ν) 0.3 

-3Bulk density (ρb) 2200 kg m Initial pressure (Pi) (Top) 17.1 MPa 
Constant bottom hole pressure (Pb) 30 MPa Biot coefficient (α) 0.8 

- -1Initial temperature (Ti) (Top) 58.75 °C Thermal dilation coefficient ( αT ) 4.5 x 10 5 °C
Wet & dry thermal conductivities 3.1 & 0.5 (W/m/°C) Heat capacity 1000 J/kg/°C 
Capillary modulus Πc = 2.0 kPa Exponents of Pc & kr J, λp = 0.45 & nk = 4.0 
shown in Fig. 5 (right). This indicates that gas fills the fractured 
area considerably. Once this fractured area is connected to the 
aquifer, reservoir gas can contaminate ground water. 

We identify shear failure at three monitoring points shown in 
Fig. 6. For example, when shear failure occurs at P3 first, the 
permeability increases instantaneously from the permeability 
model of Eqs. (12) and (22). Accordingly, pressure also increases 
due to the enhanced permeability, shown in Fig. 7. From Fig. 8 
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Height of shear failure
(left), displacement normal to the contacted zone is below 0.5 μm. 
This implies that contribution of ωm + ωd induced by mechanical 
deformation to permeability is negligible. The right of Fig. 8 shows 
that there is almost no different in permeability between the re-
ference case and the case of full consideration of the fracture 
opening. From Fig. 7 (left), pressure varies from 17.1 MPa to 
20.5 MPa, and γs accordingly ranges from 2.119 to 2.785. We also 
find from Fig. 7 (right) that pressures in most regions are below or 
around 20.68 MPa, which is a threshold for γs to become γcs. Then, γ s 
is less than γcs, and contribution of ωd induced by shear dilation to 
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permeability is also negligible. These can validate the assumption 
that the increase of permeability in this study is mainly from ωr. 

We investigate the case of larger poromechanical effects, taking 
α¼1.0. From Fig. 9 (left), we find that the case of α¼1.0 causes 
faster failure propagation, compared to the reference case 
(α¼0.8). The higher value of Biot's coefficient reflects larger 
changes in effective stress for the same pressure change, and thus 
the high Biot's coefficient induces faster failure propagation. We 
also compare the reference case with the case of 

−8 −α = 4.5 × 10 °C 1 (ignorance of thermal stress) to investigate the T 
effect of thermal stress. Similar to the test of Biot's coefficient,
from Fig. 9 (right), the larger thermal dilation coefficient causes 
the faster failure propagation, resulting in more sensitivity to the 
effective stress field. 

Fig. 10 shows comparison for the cases of two different Young's 
moduli for the contact zone as well as the cemented area. From the 
figure, 20 GPa of Young's modulus causes faster propagation of 
shear failure than 30 GPa of Young's modulus. Low Young's mod-
ulus implies low shear modulus, causing larger changes in shear 
deformation followed by shear effective stress. Then, low Young's 
modulus of the cement causes fast propagation of shear failure. 
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same
From Fig. 11, when the bottom hole pressure is lowered to 
20 MPa, the failure propagation becomes slower, compared to the 
reference case. When we increase the bottom hole pressure up to 
40 MPa, the failure propagation becomes faster (Fig. 12). Because 
the bottom hole pressure implies geomechanical loading, higher 
mechanical loading induces significant failure and fast failure 
propagation. 

We investigate different permeability multipliers. Fig. 13 shows 
failed zones for the cases of 5.0 MPa and 10 MPa of cohesion, when 
η = 106, which increases nano-darcy of permeability to an order of p 

darcy after failure. η = 106 corresponds to a permeability for p 

a = 0.9 and ω = 49 μm (0.876 Darcy), having larger the residualc r 
hydraulic aperture than that of the reference case. As shown in 
Fig. 13, the failed zone with ηp = 106 becomes larger, compared to

4that with η p = 10 shown in Fig. 4, because high permeability
pressurizes the failed zone fast, which induces fast additional 
failure. However, 10.0 MPa of cohesion hardly induces failure, 
same as that of Fig. 4. 
6. Conclusion

We investigated possibility of shear failure along the vertical
well with rigorously coupled flow-geomechanic simulation. We 
varied values of cohesion between well casing and cemented 
areas, representing different degrees of cementing jobs. The si
mulation results showed that there was very little fracturing when 
the cementing was complete and well-done, whereas incomplete 
cementing caused significant shear failure along the vertical well. 
We found that poromechanical effects from changes in pressure 
and temperature strongly affect shear failure along the well casing. 
When Young's modulus is low, the upward failure propagation 
becomes fast. Still, for the high quality of the cementing job 
(complete cementing), little failure propagation was found. Even if 
the bottom hole pressure was increased, the complete well-ce
mented vertical well induced little fracturing. When the bottom 
hole pressure becomes lower, the fracture propagation due to 
weak cementing can be slower. From sensitivity test of perme
ability, the incomplete cementing induced different failure pro
pagation, while the complete cementing did not cause additional 
failure. 
In conclusion, the complete cementing along the vertical well is 
strongly suggested in order to avoid shear failure of the well. At 
the same time, the lower bottom hole pressure can slow fast 
failure propagation when shear failure occurs. 
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