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Maintaining wellbore stability involves significant challenges when drilling in 
low-permeability reactive shale formations. In the present study, a non-linear 
thermo-chemo-poroelastic model is provided to investigate the effect of chemical, 
thermal, and hydraulic gradients on pore pressure and stress distributions near 
the wellbores. The analysis indicates that when the solute concentration of the 
drilling mud is higher than that of the formation fluid, the pore pressure and the 
effective radial and tangential stresses decrease, and v. v. Cooling of the lower 
salinity formation decreases the pore pressure, radial and tangential stresses. 
Hole enlargement is the combined effect of shear and tensile failure when drilling 
in high-temperature shale formations. The shear and tensile damage indexes re-
veal that hole enlargement occurs in the vicinity of the wellbore at an early stage 
of drilling. This study also demonstrates that shale wellbore stability exhibits a 
time-delay effect due to changes in the pore pressure and stress. The delay time 
computed with consideration of the strength degradation is far less than that 
without strength degradation. 
Key words: thermo-chemo-poroelasticity, pore pressure, time-delay effect, 

wellbore stability, shale 

Introduction 

Filtrate invasion into shale formations causes large changes in the pore pressure, tem-
perature, stress, and rock strength, which in turn affect the shale wellbore stability. It is well 
known that fluid movement from the wellbore to low-permeability shale formations is primarily 
controlled by osmosis effects [1-3]. Many researches have shown that the effect of water flow 
due to chemical and thermal gradients can sometimes be several times higher than the effect of 
hydraulic gradients, particularly when drilling in high-temperature and high-pressure environ-
ments [4-9]. Heidug et al. [4] developed the first fully coupled chemo-hydro-mechanical model 
to consider hydration swelling of water-active rocks. Ghassemi et al. [6] presented a coupled 
chemo-poroelastic model for hydration swelling of shale under linear conditions. Ghassemi et 
al. [7] and Zhou et al. [8] extended the coupled model [6] and investigated the influence of 
chemical osmosis and thermal osmosis on pore pressure and stress distribution in swelling shale 
formations. Roshan et al. [9] extended the work of Ghassemi et al. [7] by providing a coupled 
chemo-poroelastic model describing the evolution of pore pressure and stresses around a well-
bore in relatively highly permeable shale. Later, Roshan et al. [10] investigated the effects of 
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thermo-poroelastoplasticity on stresses around a wellbore in swelling shale formations. Wang et 
al. [11] built a fluid-solid-chemistry coupling model considering the effect of electrochemical 
potential osmosis, solute diffusion, and ion transmission. Shen et al. [12] presented a coupled 
poro-thermo-elastic model in a saturated linear medium and discussed the cooling-induced pore 
pressure and stress distribution along the radial direction.  

In the mentioned studies, the mechanical properties of swelling shale are considered 
as constant. Previous studies indicate that the long-term strength decrease with time is due to 
the effect of the rheology of shale [13-15]. In this study, a non-linear thermo-chemo-
poroelastic model is developed and the distribution of pore pressure and stress around a well-
bore is presented. Then, the shale wellbore stability, considering the effect of filtrate invasion 
on the time-dependent variation of shale strength, is presented and discussed. 

Non-linear thermo-chemo-poroelastic model 

Low-permeability reactive shale is considered a linearly elastic material. It is as-
sumed that shale swells or shrinks in response to variation of the chemical potential and tem-
perature. The total stress is defined [7, 9]: 
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where ijσ and ijε are components of the total stress tensor and total strain tensor, respectively,  
p – the pore pressure, K and G are bulk and shear moduli, respectively, Bα – the Biot coeffi-
cient, T – the temperature, sα – the thermal expansion coefficient of a solid skeleton, 0ω – the 
chemical swelling coefficient, sM – the molar mass of the solute, R – the universal gas con-
stant, sµ  and dµ  are the chemical potential of the solute and diluent, respectively, and ijδ – the 
Kronecker delta. 

The variation of the fluid content is as follows [7]: 
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where Bα and γ are given by: 
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where ν is the drained Poisson’s ratio, uν – the undrained Poisson’s ratio, B – the Skempton’s 
coefficient, ϕ – the porosity, sK – the solid bulk modulus, and fα – the thermal expansion co-
efficient of fluid. 

It is assumed that fluid flow is governed by hydraulic flow, thermal osmosis, and 
chemo osmosis. Solute flux is due to diffusion and thermal filtration. Heat transfer obeys Fou-
rier’s law; hence: 
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where fρ is the fluid mass density, k – the permeability, μ – the fluid viscosity, sC – the solute 
fraction, dC – the diluent fraction, λ – the reflection coefficient, TK – the thermal osmosis co-
efficient, sD – the solute diffusion coefficient, and TD – the solute thermal diffusion coeffi-
cient.  

Substituting these constitutive equations into balance equations of force and continu-
ity, one can obtain the following field equations: 
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where u is the displacement, if  – the body force, fu – the fluid velocity, and Tc – the thermal 
diffusivity coefficient. 

Pore pressure distribution 

The coupled non-linear eqs. (8)-(11) were solved using COMSOL multiphysics soft-
ware. The computational grid is shown in fig. 1. Note that a quarter of the drilling well with a 
wellbore radius (rm) of 0.1 m is discretized considering the effect of symmetry. When the solute 
concentration of the drilling mud is lower than that of the formation fluid (Cm < Csh), mC = 0.1 
and shC = 0.2. However, for cases with higher salinity of the drilling mud, mC = 0.2 and 

shC = 0.1. The initial temperature of shale formation Tsh is 375 K. For cooling cases (Tm  <  Tsh), 
the temperature of the drilling mud is set to 325 K. The distribution of the pore pressure is 
presented in fig. 2. It can be seen from the figure that the pore pressure increases with lower 
salinity drilling mud, while it decreases for higher salinity drilling mud. When the tempera-

 
Figure 1. Computational grid 

 
Figure 2. Pore pressure distribution along y-axis 
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ture of drilling mud is lower than that of formation (Tm  <  Tsh), the decrement of the pore 
pressure is more obvious.  

Here, we compare the results of the linear model and non-linear model when the 
wellbore wall is suddenly cooled. Figure 3 presents the distribution of the pore pressure for 
the cases of Cm < Csh and Cm > Csh at different time steps. It is found that the pore pressure 
calculated by the non-linear model is higher than that for the linear model. This is particularly 
evident in the case of Cm < Csh. The accuracy of the pore pressures obtained from the linear 
and non-linear model may be acceptable when the difference between Cm and Csh is relatively 
small under isothermal conditions [8]. It is obvious that when the difference between the tem-
perature of the drilling mud and the formation is relatively large, the linear model tends to un-
derestimate the pore pressures. 

  
Figure 3. Distribution of pore pressure along y-axis for (a) Cm < Csh and (b) Cm > Csh 

Wellbore stability analysis 

The Mohr-Coulomb failure criterion is used to determine the progress of damage 
under shear stress: 

 c 1 3
1 sin 2 cos
1 sin 1 sin

cf ϕ ϕs s
ϕ ϕ

+′ ′= − + +
− −

 (12) 

where 1σ ′and 3σ ′are the maximum and minimum effective principle stresses, respectively,  
c – the cohesion, and φ – the friction angle.  

When the effective radial stress near the wellbore reaches the limit of tensile 
strength, the exfoliation mode of failure will be encountered: 

 l 3 tf ss ′= +  (12) 

where ts is the tensile strength. 
The distributions of the effective radial and tangential stresses along the y-axis for 

different combinations of the boundary conditions are presented in fig. 4. When the solute 
concentration of the drilling mud is higher than that of the formation fluid, both the effective 
radial and tangential stresses near the wellbore decrease, and v. v. Cooling of the formation 
decreases both the effective radial and tangential stresses. For example, the effective radial 
stress near the wellbore region when Cm > Csh and Tm < Tsh is −4.97 MPa. This may lead to an 
exfoliation mode of failure near the wellbore. However, the effective radial stress for the 
wellbore wall remains the same.  
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Figure 4. Distribution of effective stress along y-axis at 100 seconds for (a) radial and (b) tangential 

Figure 5 illustrates the evolution of the shear failure around the wellbore for cooling 
(Tm < Tsh) for two different cases: Cm < Csh and Cm > Csh. It should be noted that the strength 
of shale may decrease due to hydration and swelling of the clay minerals [5, 14]. However, 
the strength can be considered constant at an early stage of drilling. It is found that well col-
lapse first occurs in the vicinity of the wellbore ( c 0f < ). With time, the peak value of cf  de-
creases, suggesting enhanced wellbore stability with respect to shear failure.  

 
Figure 5. Evolution of shear failure along y-axis for (a) Cm < Csh and (b) Cm > Csh 

The evolution of the tensile failure along the y-axis for two different boundary con-
ditions is presented in fig. 6. It can be observed that the damage index, lf , near the wellbore is 
less than 0, which indicates that the exfoliation mode of failure occurs in formations near the 
wellbore. This is because cooling of the formation causes a large decrease in the effective ra-
dial stress, increasing the tensile stress when compared with that in isothermal condition. 
With time, lf  increases, suggesting enhanced wellbore stability with respect to tensile failure. 
Therefore, rock failure around the wellbore for high-temperature shale formations is due to a 
combination of shear failure and tensile failure. Their combined effect may cause hole en-
largement or even lead to well collapse.  

In the previous analysis, the strength of shale is considered to be constant. Several 
researches have shown that the strength decreases with time because of filtrate invasion  
[5, 14]. When porous flow is considered, the strength can be expressed as follows [13, 14]: 
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Figure 6. Evolution of tensile failure along y-axis for (a) Cm < Csh and (b) Cm > Csh 

 0( ) 58.8( )c s c s s∞= − −  (13) 

 0( ) 187.5( )s s sϕ ϕ ∞= − −  (14) 

where c(s) and φ(s) denote the cohesion and internal friction angle, respectively, 0c and 0ϕ de-
note the initial cohesion and internal friction angle, respectively, s is the instantaneous water 
content, and s∞ is the initial formation water content. 

The evolution of the shear failure damage index, c ,f with time at the wellbore (x = 0 m 
and y = 0.1 m) is shown in fig. 7. In this analysis, the solute concentration in the mud is kept 

higher than that of the shale formation  
(Cm > Csh). At an early stage (t < 300 s), shear 
failure is encountered, which leads to hole en-
largement. With time, cf first increases and 
then decreases. The hole becomes unstable af-
ter 46.7 hours due to the strength degradation 
of shale. While the delay time is 86.6 hours, 
when the strength of shale is considered con-
stant. There is a potential risk of wellbore in-
stability when the instantaneous strength is 
considered, and the stable borehole at the start 
of drilling will probably collapse with time. 
This phenomenon is called the time-delay ef-
fect of wellbore instability. The pore pressure 

and stress changes near the wellbore are the main factors that contribute to the time-delay effect, 
and the delay time is significantly affected by the strength degradation. It should be noted that 
with time, a chemical and thermal equilibrium is reached, gradually causing the tensile failure to 
disappear. Therefore, the evolution of the damage index lf (tensile failure) is not provided.  

Conclusions 

A coupled non-linear thermo-chemo-poroelastic model has been used to investigate the 
distribution of temperature, pore pressure, and stress around a wellbore in swelling shale for-
mations. It has been observed that when the solute concentration of the drilling mud is lower 
than that of the formation fluid, the filtrate tends to flux in the shale formation, increasing the 
pore pressure (and v. v.). Cooling of the formation tends to decrease the formation pore pressure. 

 
Figure 7. Evolution of shear failure damage index 
with time at the wellbore (x = 0 and y = 0.1) 
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When the salinity of the drilling mud is higher than that of the formation fluid, the 
effective radial and tangential stresses decrease, and v. v. When the temperature of the drilling 
mud with a higher salinity is lower than that of the formation fluid, the decrease in stress is 
more obvious, resulting in increased tensile stress.  

Hole enlargement is the combined effect of shear and tensile failure when the high-
temperature formation is suddenly cooled. Damages first occur in the vicinity of wellbore. 
The shear and tensile failure damage indexes increase with time, suggesting enhanced well-
bore stability. Wellbore stability of swelling shale exhibits a time-delay effect due to changes 
in the pore pressure and stress, and the delay time is significantly influenced by the strength 
degradation of shale. 
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