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Abstract  Time-delayed wellbore failures are often 
observed in shale formation. In some cases, cavings 
indicating bedding plane failure are observed a few 
days after initial drill-out with a gradual increase, 
eventually leading to wellbore collapse. Possible 
causes of time-delayed wellbore failure include pore 
pressure diffusion, and its impact can be assessed 
by traditional poroelastic modeling in which cou-
pled hydraulic-mechanical processes are taken into 
account. Externally applied loads induce pore pres-
sure that is dissipated according to a diffusion law. 
During recently conducted wellbore stability analysis 
targeting a particular field within a strike-slip regime, 
we found: (1) time-dependent bedding plane failures 
are significant for highly inclined wells subparal-
lel to the maximum horizontal stress direction (bed-
ding plane failure region gradually increases with 
time), (2) the Kirsch solution and the assumption of 
no induced pore pressure (elastic nonporous model) 
does not give proper mud weight limits to avoid bed-
ding plane failures, and (3) failure regions and modes 
predicted by the poroelastic model are different from 
those based on the elastic nonporous approach, under 

the given situation. Results given by the poroelastic 
model are apparently consistent with filed observa-
tions, demonstrating pore pressure diffusion as a pos-
sible cause of observed time-delayed bedding plane 
failure.

Article Highlights 

•	 Induced pore pressure and its dissipation can lead 
to significant time-delayed bedding plane failures

•	 Wellbore failures given by the poroelastic model 
can be completely different from the elastic non-
porous model frequently used in the oil and gas 
industry

•	 Results given by the poroelastic model are appar-
ently consistent with field observations

Keywords  Wellbore stability · Shale · 
Poroelasticity · Bedding plane failure · Mud weight

1  Introduction

Wellbore stability analysis is one of the important ele-
ments in drilling operations. Drilling parameters such 
as mud weight and wellbore orientation (hole inclina-
tion and azimuth) have to be correctly optimized to 
avoid borehole instability. In particular, shale forma-
tions are the main source of borehole instability and 
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a good understanding of the mechanical behavior of 
shales is required. Borehole collapse criteria are tra-
ditionally given based on linear elasticity theory com-
bined with brittle failure mechanics, however, a more 
sophisticated approach is required to tackle complex 
problems such as time-delayed wellbore failures.

Time-delayed wellbore failures are often observed 
in shale formation. In some cases, cavings indicat-
ing bedding plane failure are observed few days after 
initial drill-out with a gradual increase, eventually 
leading to wellbore collapse. However, there are few 
publications where time dependence is modelled spe-
cifically for a given case. This is particularly the case 
for bedding plane failures, as addressed here. Possible 
causes of the time-delayed wellbore failure include 
(1) Pore pressure diffusion, (2) Cooling of formation 
by drilling fluid, (3) Chemical interaction between 
drilling fluid and shale formation, and (4) Creep. The 
impact of pore pressure diffusion can be investigated 
by the theory of poroelasticity. It was first introduced 
by Biot (1941) and has been revisited from various 
points of view. For example, Rice and Cleary (1976) 
reformulated the Biot theory in terms of parame-
ters which are more open to physical interpretation. 
Detournay and Cheng (1988) provided analytical 
solutions for poroelastic response of a borehole based 
on the reformulation. Coupled hydraulic-mechanical 
processes are taken into account by the poroelastic 
model; externally applied loads induce pore pressure 
which is dissipated according to a diffusion law. Both 
drained and undrained rock moduli and Skempton’s 
B parameter are required for the poroelastic models. 
Measuring these parameters is possible (Holt et  al. 
2018a,b), though it is time consuming, challenging 
and non-standard for most laboratories. Extension 
of this theory to incorporate material anisotropy has 
been addressed by several authors. Available analyti-
cal solutions for transversely isotropic materials (e.g., 
Abousleiman and Cui 1998) assume that the plane 
of isotropy always is perpendicular to the borehole 
axis. Numerical modeling is required to remove this 
assumption (Kanfar et al. 2015).

Thermoporoelastic models (e.g. Abousleiman and 
Ekbote 2005; Gao et al. 2017a,b; Ghassemi and Diek 
2002) provide the coupled thermo-hydraulic-mechan-
ical behavior of fluid saturated rock, but additional 
input parameters are required. Additional parameters 
include linear expansion coefficient for solid matrix, 
volumetric expansion coefficient for fluid, thermal 

diffusivity and thermo-osmotic coefficient. Uncer-
tainty in these parameters and assumptions could have 
significant impact on the result. For example, pore 
pressure can either be increased or decreased when 
cooling wellbore, depending on the magnitude and 
sign of the thermo-osmotic coefficient (Ghassemi and 
Diek 2002). Chemical mechanisms that may lead to 
interaction between shale and drilling fluid includes 
osmosis (Fjaer et  al. 2008). Mody and Hale (1993) 
implemented osmotic theory into a rock mechanics 
model for borehole stability by adding the osmotic 
potential through a stress term. Ionic exchange may 
also occur within the shale when it is exposed to 
brine. In particular, exposure of smectite-rich shale 
to KCl causes significant shrinkage (Horsrud et  al. 
1998). Creep is related to deformation at the atomic / 
molecular scale, in which the material keeps deform-
ing without any increase in the applied stress (Fossen 
2016). The strain–time curve for a creeping material 
can be characterized by three stages of creep. The 
first stage of creep is called transient creep; the sec-
ond stage is called steady-state creep; the third stage 
is called accelerating creep where microfracturing 
causes an increase in strain rate which leads rapidly to 
failure (Fossen 2016; Fjaer et al. 2008).

In this paper, time-delayed wellbore failures (in 
particular time-delayed bedding plane failure) caused 
by pore pressure diffusion were investigated targeting 
a particular field within a strike-slip regime. Time-
delayed bedding plane failure has been addressed 
by e.g. Kanfar et  al. (2015), who investigated the 
impact of elastic anisotropy, while Ma et al., (2018) 
showed an example where the changes in the strength 
of weak plane with exposure to mud is the predomi-
nant source of the failure zones enlargement. Here, 
we will demonstrate that the pore pressure diffusion 
can cause significant time-delayed bedding plane fail-
ures. Detailed investigations were performed includ-
ing changes in stress acting on bedding plane and 
safe mud weight limits as time progresses. Stress 
concentration and induced pore pressure around an 
inclined circular borehole is calculated based on the 
traditional isotropic poroelastic model of Detournay 
and Cheng (1988). The model is easy to implement 
and input parameters can be reasonably estimated as 
demonstrated here, hence it is convenient for practical 
implementation. To account for weak bedding planes, 
two Mohr–Coulomb failure criteria are adopted, one 
for the intact rock and the other for the weak bedding 
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plane. Key observations include: (1) time-depend-
ent bedding plane failures are significant for highly 
inclined wells drilled subparallel to the maximum 
horizontal stress direction (bedding plane failure 
region gradually increase with time), (2) the Kirsch 
solution and the assumption of no induced pore pres-
sure (i.e., elastic nonporous approach) does not give 
proper mud weight limits to avoid bedding plane fail-
ures, and (3) failure regions and modes predicted by 
the poroelastic model are different from those based 
on the elastic nonporous approach, under the given 
situation. Results given by the poroelastic model are 
apparently consistent with filed observations, demon-
strating pore pressure diffusion as a possible cause of 
observed time-delayed bedding plane failure.

2 � Method

2.1 � Poroelasticity and analytical solutions

Detournay and Cheng (1988), based on the Biot the-
ory and Darcy’s law, provided analytical solutions in 
the Laplace transform space for stress concentration 
and induced pore pressure around a circular borehole. 
In this paper, wellbore stability analyses is performed 
based on the analytical solutions. A set of bulk mate-
rial constants is required as an input: fluid viscosity 
μ, permeability k, rock shear modulus G, drained/
undrained rock Poisson’s ratio (ν and νu) and Skemp-
ton’s B. All these constants can be measured experi-
mentally (e.g. Holt et  al. 2018a, b). The generalized 
consolidation coefficient c, which characterizes the 
diffusion process, is calculated as follows:

The borehole drilling is simulated by removing the 
stresses acting on the borehole wall and setting the 
well pressure to a specified value q. According to the 
loading decomposition scheme proposed by Abou-
sleiman and Cui (1998), the poroelastic problem can 
be decomposed into three sub-problems to simplify 
the analysis (see also Gao et al. 2017a, b); (I) a poroe-
lastic plane strain problem, (II) an elastic uniaxial 
stress problem, and (III) an elastic anti-plane shear 
problem (Fig.  1). The poroelastic plane strain prob-
lem (sub-problem I) is concerned with diffusion and 
poroelastic processes caused by the presence of bore-
hole in a saturated formation subject to in-situ stress 
under the assumption of plane strain conditions. The 
solution of the elastic uniaxial stress problem (sub-
problem II) gives a constant vertical stress every-
where which accounts for the far-field in situ stresses 
and virgin pore pressure. The elastic anti-plane shear 
problem (sub-problem III) is related to the shear 
deformation which is uncoupled with the pore fluid 
flow because of no volumetric strain. The poroelastic 
plane strain problem (sub-problem I) can further be 
decomposed into three fundamental modes; (1) differ-
ential pressure between the far-field isotropic stress 
and well pressure (Mode 1), (2) differential pressure 
between virgin pore pressure and well pressure (Mode 
2), and (3) a far-field deviatoric stress (Mode 3). 
Mode 1 and 2 are axisymmetric, which give a homo-
geneous diffusion equation, while mode 3 is asym-
metric. Mode 1 is purely elastic. The principle of 
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Fig. 1   Decomposition of the poroelastic borehole problem
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superposition is then used to obtain the complete 
solutions. Note that the traditional top-of-hole bore-
hole coordinate system where x-axis points to the 
upward direction in the cross-sectional plane was 
used in this study. In-situ stresses are therefore trans-
formed to the coordinate system by conducting two 
rotations to obtain the far field in situ stress compo-
nents ( �

x,0, �y,0, �z,0, �yz,0, �xz,0 and �xy,0 ): first to the 
global coordinate system; second to the traditional 
top-of-hole borehole coordinate system according to 
the well azimuth and inclination. Analytical solutions 
require the following parameters related to the far 
field stress components:

Solutions for each problem are given in Appen-
dix A (see Detournay and Cheng 1988; Abousleiman 
and Cui 1998 for their derivations; see also Cui et al. 
(1997a, 1999) for essentially the same approach). 
Here, positive stress denotes compression although 
the solutions were originally obtained on the condi-
tion that tension is positive.

The applicability of Biot’s theory of poroelasticity 
and Darcy’s law to clays and shales has been investi-
gated by several authors. Berti and Simoni (2010) ana-
lyzed the hydrologic response of an unstable clay slope 
to rainfall, and found that the short-term behavior can 
be reasonably reproduced by the 1D linear diffusion 
model proposed by Iverson (2000). Hachem (2017) 
examined existing (Brewster 2015) and new consoli-
dation/pulse tests on fire clay, and demonstrated that 
measured pore pressure responses and deformations 
can be well explained by the analytical model based on 
the theory of poroelasticity and Darcy’s law. Pore pres-
sure responses shown in Hachem (2017) clearly show 
the coupled hydraulic-mechanical processes; externally 
applied stresses increase pore pressure which is then 
decreased due to the expulsion of the fluid. Holt et al. 
(2018a) showed that static behavior of shale in terms of 
undrained vs drained moduli, Skempton’s parameters 
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and Biot coefficients is reasonably described by the 
poroelasticity theory.

2.2 � Failure criteria

Shales usually contain weak planes such as beddings, 
and both compressive strength and failure mode vary 
as a function of the loading angle. Two Mohr–Cou-
lomb failure criteria are therefore adopted; shear failure 
across the intact rock and the slippage along the weak 
bedding planes as demonstrated by Lee et  al. (2012). 
The Mohr–Coulomb failure criterion for the intact rock 
is expressed as (Fjaer et al. 2008):

where �′
1
 and �′

3
 are the maximum and minimum 

effective principal stresses, respectively. C
0
 is the uni-

axial compressive strength and � = �∕4 + �f∕2 ( �f  is 
the friction angle). Jaeger and Cook (1979) gave the 
following formula for the Mohr–Coulomb failure cri-
terion for the weak bedding planes:

where �w and �′
w
 are the shear and effective normal 

stresses acting on the plane of weakness (bedding), 
respectively. Sw and �w are the cohesion and the slid-
ing friction coefficient of the plane of weakness, 
respectively. Note that the stresses have to be pro-
jected onto the surface of bedding plane by stress 
transformation to obtain the shear and effective nor-
mal stresses.

Tensile failure was also considered, which takes 
place when the effective tensile stress at the borehole 
wall is equal to the tensile strength T of the rock. Note 
that the Terzaghi effective stress was used for failure 
predictions since it is generally accepted that compres-
sive failure, as well as tensile failure, is controlled by 
the Terzaghi effective stress (Cornet and Fairhurst 
1974; Fjaer et al. 2008; Bouteca and Gueguen 1999).

3 � Wellbore stability analysis

3.1 � Observations

The wellbore failure prediction was conducted target-
ing a particular field. The field is located within the 
Browse Basin on the North West Shelf of Australia, 
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which is considered to be one of the most prolific 
areas in terms of hydrocarbon accumulation in Aus-
tralia. Several time-delayed bedding plane failures 
have been observed and one of them is described 
here.

The 12.25-inch section of the well A was drilled 
through the deeper part of a thick shale section at 
70° hole inclination in a direction subparallel to the 
maximum horizontal stress. While circulating and 
conditioning the hole, high torque and pack-off events 
occurred. Back-reaming out of the hole for about 8 h 
appeared to be successful, although large volumes 
of cuttings and tight hole conditions were observed. 
Mud-weight was increased, followed by multiple 
string stalls, high torque, and blocky cavings in the 
shakers. An extensive conditioning and cleaning of 
the hole were attempted, but lead to the drill string 
becoming stuck and plugged after observing little 
to no returns. Pulling-out-of-hole (POOH) without 
pumping was the only option because circulation 
could not be regained. The 12.25-inch hole section 
had no issues when originally drilling through the 
middle of the thick shale section about 5 days earlier. 
However, while dry-reaming out of the hole, numer-
ous tight hole, stuck pipe, and high torque events 
occurred. These troubles eventually caused impasse 
situations. An extensive effort to free the drill string 
managed to resume POOH, however, the drill bit and 
a section of the power-drive were left in the hole. The 
decision was made to run-in-hole with a clean-out 
bottom-hole-assembly.

Cleaning out the well proved to be problematic. 
Multiple tight spots associated with the mechanical 
drill string problems (e.g., high torque, overpull etc.) 
were observed in the middle of the thick shale sec-
tion. These problems were followed by large volumes 
of drilling cuttings and blocky cavings in the shak-
ers when circulation was re-established. The blocky 
cavings seemed to have originated in the thick shale 
section. Reaming in hole and back-reaming opera-
tions failed to clean out the well any deeper than the 
middle of the thick shale section. The decision was 
made to POOH while back-reaming in preparation for 
a sidetrack.

The blocky and planar geometry of the observed 
cavings suggested that time-delayed bedding plane 
failures were the main cause of wellbore instabilities.

3.2 � Input parameters

The input parameters for the wellbore stability analy-
sis are listed in Table 1. As shown in the table, in situ 
stress state is a strike-slip regime with significant 
stress anisotropy (note that the maximum and mini-
mum horizontal stresses correspond to approximately 
73 and 54  MPa, respectively) (Asaka et  al. 2016). 
The target interval is the aforementioned thick shale 
interval, corresponding to Cretaceous age. It mainly 
consists of claystone or calcareous claystone, and 
depositional environment is interpreted as distal shelf. 
Drilling direction and hole inclination is the same as 
the well A mentioned in the previous section (i.e., a 

Table 1   Input parameters for the wellbore stability analysis. 
Stresses and pore pressure are given in g/cm3 to facilitate the 
comparison with the mud weight

Well depth (m) 3100
Wellbore azimuth (drilling direction) N70°E
Wellbore inclination (deg.) 70
Overburden stress (g/cm3) 2.0
Maximum horizontal stress (g/cm3) 2.39
Minimum horizontal stress (g/cm3) 1.77
Maximum horizontal direction N90°E
Virgin pore pressure (g/cm3) 1.5
Mud weight (g/cm3) 1.63
UCS of rock matrix (MPa) 55
Coefficient of friction of rock matrix 0.6
Tensile strength of rock matrix (MPa) 0
Porosity 0.2
Permeability (m2) 10–21

Density (g/cm3) 2.42
Undrained vertical P-wave velocity (km/s) 2.41
Undrained vertical S-wave velocity (km/s) 1.1
Undrained Young’s modulus (GPa) 8.01
Shear modulus of rock (GPa) 2.93
Undrained Poisson’s ratio 0.37
Grain bulk modulus (GPa) 25
Fluid bulk modulus (GPa) 2.6
Fluid viscosity (Pa*s) 10–3

Calculated Skempton B 0.85
Calculated Biot coefficient 0.91
Cohesion of weak plane (MPa) 2
Coefficient of sliding friction of weak plane 0.5
Dip angle of weak plane (deg.) 0
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highly inclined well subparallel to the maximum hori-
zontal stress direction). Drilling fluid was synthetic oil 
which generally prevents fluid pressure invasion into 
the formation (i.e., impermeable boundary condition); 
induced pore pressure and stresses associated with the 
mode 2 is therefore set to zero in this case (e.g., Roohi 
2017). Permeability is assumed to be 1 nD, which is 
within general range of reported shale permeabili-
ties (MacBeth et  al. 2011). Elastic properties of und-
rained shale are based on log data. The lack of input 
data limits the elastic and permeability descriptions to 
be isotropic although the problem addressed is linked 
to anisotropy in strength which was taken into account 
by including the weak plane. Moreover, sonic log data 
provide dynamic elastic moduli, which represent upper 
limits to undrained static stiffnesses. Plasticity is also 
important for quantitative prediction of critical mud 
weight. However, due to the lack of data, conversion 
of dynamic moduli to static moduli and plasticity were 
not accounted for in the current analysis; our focus here 
is to identify possible cause of time-delayed bedding 
plane failure rather than precise prediction of critical 
mud weight. Unconfined compressive strength (UCS) 
is based on the rock mechanics test conducted for shale 
rocks at slightly deeper depth level. Skempton B and 
drained rock properties have not been measured in this 
field, and they therefore need to be estimated. Those 
bulk material constants can be estimated from a set of 
basic material parameters such as grain and fluid bulk 
modulus and porosity as follows (Fjaer et al. 2008):

where Φ is porosity, Kf is fluid bulk modulus, and Ks 
is grain bulk modulus. Drained rock bulk modulus 
K can be calculated by inverse Gassmann’s equation 
(e.g. Smith et al. 2003):

where Ku is undrained rock bulk modulus. Fluid bulk 
modulus was estimated from known temperature, 
pressure and salinity using Batzle and Wang equa-
tions (Batzle and Wang 1992). Grain bulk modulus is 
assumed to be isotropic with a value of 25 GPa. This 
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value is based on clay velocity interpreted by extrapo-
lating empirical relations (Castagna et  al. 1993) and 
similar to the estimated value based on anisotropic 
poroelasticity by Holt et  al. (2018a). The calculated 
Skempton B is 0.85. Actual input mud weight is used 
in the existing inclined well. It was determined by the 
elastic nonporous wellbore stability analysis based 
on the Kirsch solution without consideration of time-
dependent wellbore failure. Cohesion and sliding 
friction coefficient for weak plane were previously 
determined so that the elastic nonporous wellbore 
stability analysis using those parameters can reason-
ably explain the observed drilling events in some of 
existing wells. Seismic depth structures suggest that 
dip angle of weak plane (bedding plane) is almost 0 
degree (e.g., horizontal bedding plane).

3.3 � Stress concentration and induced pore pressure

Figure 2 shows induced pore pressure (changes from 
the virgin pore pressure) variations with radius at 
sides and top/bottom of borehole. Induced pore pres-
sure variations are shown at 1 h, 1 day, 7 days, and 
30  days after drill-out. Instantaneous response was 
also calculated from stress concentration based on the 
Kirsch solution (Bradley 1979; Kirsch 1898; Hira-
matsu and Oka 1962) and Skempton B. Induced pore 
pressure (Mode 3 only in this case) largely depends 
on stress concentration. Large tangential and axial 
stresses at sides of borehole (Fig.  3) results in large 
positive induced pore pressure while top and bottom 
of borehole shows large negative induced pore pres-
sure at early times. Those induced pore pressures 
are dissipated at longer times. The magnitude of the 
induced pore pressure can be ~ 5  MPa in this case, 
which cannot be ignored in practice. Figure 3 shows 
corresponding stress concentration variations with 
radius. Tangential and axial stresses show relatively 
large time-lapse changes.

Figure  4 shows comparisons of induced pore 
pressure and stress concentration variations with 
angular borehole position at 7  days after drill-out 
with the instantaneous responses based on the 
Kirsch solution at radius ratio (r/a) of 1.04. As 
demonstrated in Fig.  2, top/bottom of borehole 
show instantaneous negative induced pore pres-
sure, while sides of borehole show instantaneous 
positive induced pore pressure. These induced pore 
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pressures are however almost dissipated at 7  days 
after drill-out. These pore pressure and stress 
changes could have significant impact on the bore-
hole failure prediction because of changes in effec-
tive stress. To see the impact, principal effective 
stresses and shear and normal effective stresses act-
ing on the bedding plane at 7  days after drill-out 
were compared with the instantaneous responses. 

Note that bedding plane is horizontal and stress 
transformation was performed to obtain the shear 
and effective normal stresses, as mentioned ear-
lier. Figure  5 shows the comparison. As shown in 
the figure, minimum principal effective stress is 
decreased at borehole positions with instantane-
ous pore pressure reduction. This may trigger shear 
failures across the intact rock depending on rock 

Fig. 2   Induced pore pres-
sure (changes from the vir-
gin pore pressure) variation 
with radius at top/bottom of 
borehole (left) and sides of 
borehole (right) for a highly 
inclined well subparallel to 
the maximum horizontal 
stress direction

Fig. 3   Stress concentration variation with radius at top/bottom of borehole (top) and sides of borehole (bottom) for a highly inclined 
well subparallel to the maximum horizontal stress direction
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strength. Moreover, the reduction of normal effec-
tive stress acting on bedding plane is noticeable 
at the positions (red arrows in Fig.  5); it becomes 
smaller than shear stress acting on bedding at 
7 days after drill-out. This is because of pore pres-
sure increase and may trigger time-delayed bedding 
plane failures.

3.4 � Failure region prediction

Figure  6 shows a comparison of predicted failure 
regions based on stress state at 7  days after drill-
out with that based on the instantaneous response. 
Three different failure regions were predicted; (1) 
shear failure across the intact rock, (2) slippage 

Fig. 4   Comparisons of 
induced pore pressure 
(changes from the virgin 
pore pressure) and stress 
concentration at 7 days after 
drill-out with the instan-
taneous responses based 
on the Kirsch solution at 
radius ratio (r/a) of 1.04 
for a highly inclined well 
subparallel to the maximum 
horizontal stress direction

Fig. 5   Comparisons of 
principal effective stresses 
(left) and stresses acting on 
the bedding plane (right) at 
7 days after drill-out with 
the instantaneous responses 
at radius ratio (r/a) of 1.04 
for a highly inclined well 
subparallel to the maximum 
horizontal stress direction
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along the bedding planes, and (3) tensile failure 
(tensile fracture + radial tensile failure (tensile fail-
ures throughout the wellbore circumference (Fjaer 
et al. 2008; Skea et al. 2018); radial tensile failures 
were identified when the angle between the mini-
mum principal stress and radial directions is less 
than 10 degrees). Increased bedding plane failure 
regions at 7  days after drill-out are observed. As 
discussed in the previous section, this is because 
of reduction of normal effective stress acting on 
bedding plane where it is close to shear stress act-
ing on bedding plane. This is usually the case for 
highly inclined wells subparallel to the maximum 
horizontal stress direction. The observation demon-
strates pore pressure diffusion as a possible cause 
of observed time-delayed bedding plane failure. It 
should also be mentioned that this example show 
radial tensile failure at borehole positions with 
instantaneous pore pressure increase.

4 � Discussion

It was demonstrated that pore pressure diffusion can 
cause time-delayed bedding plane failure. This is 
largely due to the induced pore pressure. However, 
the elastic nonporous approach (the Kirsch solu-
tion with no induced pore pressure) is still used in 
the oil and gas industry. A comparison of these two 
approaches are given here. Figure  7 shows failure 
regions predicted by the elastic nonporous approach 
(Kirsch solution + no induced pore pressure) for the 
wellbore orientation investigated in the previous sec-
tion. Predicted failure regions are different when pre-
dicted from the poroelastic model. The main differ-
ence is that the elastic nonporous approach does not 
give radial tensile failures because of no induced pore 
pressure. Note also that, although bedding plane fail-
ure regions are almost the same, those given by the 
poroelastic approach is time-delayed. Unexpected 

Fig. 6   A comparison of 
failure regions based on 
stress state at 7 days after 
drill-out (bottom) with that 
based on the instantaneous 
response (top) for a highly 
inclined well subparallel to 
in the maximum horizontal 
stress direction

Fig. 7   Failure regions 
predicted by the elastic 
nonporous approach (Kirsch 
solution + no induced pore 
pressure)
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wellbore failures may therefore happen without con-
sideration of coupled hydraulic-mechanical processes.

The maximum/minimum mud weights required 
to prevent wellbore failures was also investigated. 
Figure  8 shows a comparison of the maximum and 
minimum mud weights for the drilling direction 
investigated in the previous section based on the 
elastic nonporous approach (the Kirsch solution + no 
induced pore pressure), that based on the instantane-
ous responses (the Kirsch solution + Skempton B), 
and that based on the stress state at 1, 6, 12, 24 h after 
drill-out. Stress and pore pressure at radius ratio (r/a) 
of 1.04 was used for all calculations since those at 
the radius ratio of 1 (i.e. at borehole wall) are almost 
time-independent as shown in Fig. 1 and 2. The same 
input parameters are used (Table  1). The minimum 
mud weights related to intact rock shear failure and 

radial tensile failure were calculated to prevent speci-
fied failure width (90 degrees wide for vertical wells 
and 30 degrees wide for horizontal wells; those val-
ues were linearly interpolated for other inclinations) 
to show practical mud weight limits. Key findings are 
as follows:

•	 The minimum mud weight required to prevent 
bedding plane failure given by the poroelastic 
model is initially larger than that based on the 
elastic nonporous model for highly inclined wells.

•	 The poroelastic model does not predict shear fail-
ures across the intact rock in this case. Instead, 
radial tensile failures are predicted. This is because 
induced pore pressure makes the effective radial 
stress smaller than the tensile strength at angular 
borehole positions with high hoop stress when low 

Fig. 8   A comparison of maximum/minimum mud weights 
for wells drilled subparallel to the maximum horizontal stress 
direction (N70°E) based on the elastic nonporous approach, 
that based on the instantaneous response, and that based on 
the stress state at 1, 6, 12, 24 h after drill-out. Stress and pore 

pressure at radius ratio (r/a) of 1.04 was used. Minimum mud 
weights for intact rock shear failure and radial tensile failure 
are calculated to prevent specified failure width. The minimum 
horizontal stress and pore pressure before drill-out are shown 
as black dashed lines
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mud weight is used (tensile strength needs to be 
higher to have intact rock shear failures). Moreo-
ver, the minimum mud weight required to prevent 
the radial tensile failure is larger than that to pre-
vent the intact shear rock failures predicted by the 
elastic nonporous approach.

•	 The maximum mud weight to prevent tensile 
fractures given by the poroelastic model is sub-
stantially larger than that based on the elastic 
nonporous approach. It decreases gradually as a 
function of time, but it is still larger than the mini-
mum horizontal stress at 24 h after drill-out (it is 
still larger at 7 days after drill-out). Note that the 
maximum mud weight is limited by the minimum 
in-situ stress to avoid mud losses associated with 
opening and growth of existing fractures, so that 
if the limit for tensile fracturing is above this, it is 
outside of the mud weight limits.

These findings and time-delayed bedding plane 
failures modelled in the previous section are appar-
ently consistent with observations in the field: (1) 
the aforementioned time-delayed bedding plane 
failures in highly inclined wells, (2) splintery cav-
ings were observed from breakouts in the thick 
shale section in the existing vertical well (Fig.  9); 
such splintery cavings are produced in zones where 
tensile failures occur throughout the wellbore cir-
cumference (Skea et  al. 2018). These apparent con-
sistencies suggest the importance of accounting for 

hydraulic-mechanical process to correctly predict the 
risk of wellbore failure.

Note that utilizing water-based mud would make 
the time-delayed bedding plane failures even worse 
because of fluid pressure invasion into the forma-
tion. This can easily be simulated by including the 
mode 2 induced pore pressure and stresses. Mode 2 
is axisymmetric and it does not depend on the angular 
borehole position. Since mud weight is larger than the 
virgin pore pressure in this example, which is usually 
the case, mode 2 induced pore pressure shows grad-
ual increase as a function of time (Fig. 10). This pore 
pressure increase further reduces the normal effec-
tive stress acting on bedding plane, which can trigger 
significant time-delayed bedding plane failures. The 
maximum/minimum mud weights with the consid-
eration of the mode 2 at 1, 6, 12 h after drill-out are 
shown in Fig. 11. The minimum mud weight required 
to prevent bedding plane failure increases as time 
progresses and becomes larger than the minimum 
horizontal stress for some highly inclined wells (mud 
weight limits are closed).

As mentioned earlier, plasticity was not accounted 
for in the current analysis. Plasticity improves bore-
hole stability significantly and neglecting it may 
result in suboptimal mud weight limits. Wellbore 
stability analysis using non-linear stress–strain rela-
tion is a solution to this problem, however, it requires 
many sets of triaxial data. A practical approach would 

Fig. 9   Splintery cavings from breakouts in the thick shale sec-
tion in the existing vertical well

Fig. 10   Mode 2 induced pore pressure variation with radius
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therefore be to use adjusted UCS as suggested by 
Morita and Nagano (2016). It should also be men-
tioned that plastic deformation would have an impact 
on the pore pressure evolution as indicated by Duda 
et  al. (2021); Skempton’s parameter changes with 
dilantancy/contractancy of the material. Skemp-
ton’s parameter based on elasticity, described in this 
paper, is therefore not valid close to failure. This issue 
demands further studies.

Last, it should be mentioned that shales are usu-
ally anisotropic as underpinned by existing labora-
tory measurements (e.g. Vernik and Nur 1992; Wang 
2002; Szewczyk et  al. 2018; Lozovyi and Bauer 
2019). Shales can be approximated to good accuracy 
as transversely isotropic and corresponding aniso-
tropic poroelastic model should be utilized to predict 
wellbore failures precisely. To our knowledge, ana-
lytical solutions accounting for hydraulic-mechanical 
processes are available only for the transversely iso-
tropic material with the plane of isotropy perpen-
dicular to the borehole axis (e.g. Abousleiman and 
Cui 1998). However, the instantaneous response can 
be calculated analytically for any material orienta-
tions from stress concentration given by the Ama-
dei solution (Amadei 1983; Lekhnitskii 1963) and 
anisotropic Skempton B parameters.1 A comparison 

of the instantaneous response based on the isotropic 
approach (the Kirsch solution + isotropic Skemp-
ton B) has been made with that based on the aniso-
tropic approach using realistic anisotropy parameters. 
The comparison shows that the difference from the 
isotropic elastic case can be significant for highly 
inclined wells drilled in the minimum horizontal 
stress direction. This is mainly because of anisot-
ropy in Skempton B (see Asaka and Holt (2021) for 
detailed comparisons of the instantaneous response). 
Anisotropic permeability has also been reported (e.g., 
Mokhtari and Tutuncu 2015; Metwally and Son-
dergeld 2011). Its impact can be assessed by replac-
ing the permeability coefficient in the poroelastic 
model with the equivalent permeability coefficient 
as demonstrated by Ding et al. (2019). They showed 
that the equivalent permeability coefficient can vary 
significantly around highly inclined boreholes when 
the bedding planes are horizontal, and it has certain 
impact on failure regions and mud weight limits.

5 � Conclusions

Time-delayed wellbore failures associated with 
pore pressure diffusion were investigated using the 
poroelastic model. To account for weak bedding 
planes, two Mohr–Coulomb failure criteria were 
adopted. Wellbore stability analysis targeting a par-
ticular field with strike-slip stress regime suggested 

Fig. 11   Maximum/minimum mud weights for wells drilled subparallel to the maximum horizontal stress direction (N70°E) based on 
the stress state at 1, 6, 12 h after drill-out. Mode 2 induced pore pressure and stresses were taken into consideration

1  The anisotropic B for the transversely isotropic material has 
two invariant components BV and BH. When translated into 
common terminology, these can be transformed into the con-
ventional Skempton’s B and A, where the latter depends on ori-
entation.
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the importance of accounting for coupled hydrau-
lic-mechanical processes. First, the poroelastic 
model gives significant time-dependent bedding 
plane failures for the highly inclined wells subpar-
allel to the maximum horizontal stress direction, 
which could explain observed wellbore failure. 
This is because of reduction in normal effective 
stress acting on bedding plane associated with pore 
pressure change. Second, the elastic nonporous 
approach does not give proper mud weight limits 
to avoid bedding plane failures, especially when 
there is a fluid pressure invasion into the formation. 
On the other hand, the poroelastic model gives the 
maximum mud weight to prevent tensile fractures 
larger than the elastic nonporous approach. Last, 
failure regions and modes predicted by the poroe-
lastic model are different from those based on the 
elastic nonporous approach. For example, radial 
tensile failures caused by pore pressure increase, 
which are apparently consistent with the field 
observation, are not predicted by the elastic non-
porous approach. The observations demonstrate 
that unexpected wellbore failure may happen with-
out consideration of coupled hydraulic-mechanical 
processes.
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Appendix A: Analytical solutions 
for the poroelastic problem

According to the loading decomposition scheme pro-
posed by Abousleiman and Cui (1998), the poroe-
lastic problem can be decomposed into three sub-
problems to simplify the analysis (see also Gao et al. 
2017a,b); (I) a poroelastic plane strain problem, (II) 
an elastic uniaxial stress problem, and (III) an elastic 
anti-plane shear problem. The principle of superposi-
tion is then used to obtain the complete solutions.

Problem I: Poroelastic plane strain problem

This problem can further be decomposed into three 
fundamental modes; (1) differential pressure between 
the far-field isotropic stress and well pressure; (2) dif-
ferential pressure between virgin pore pressure and 
well pressure; and (3) a far-field deviatoric stress. 
Mode 1 and 2 are axisymmetric, which give a homo-
geneous diffusion equation, while mode 3 is asym-
metric. Mode 1 is purely elastic and solutions for 
radial and tangential stresses are obtained as:

where a is borehole radius and r and θ are the polar 
coordinates.

For Mode 2, analytical solutions for induced pore 
pressure, radial stress and tangential stress can be 
given in the Laplace transform domain as follows:
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where ~ denotes the Laplace transform and s is the 
Laplace transform variable. p

0
 is the virgin pore pres-

sure. Kn denotes the modified Bessel function of the 
second kind of order n, � = r

√

s∕c and� = a
√

s∕c . 
η is a function of Skempton B and drained/undrained 
rock Poisson’s ratio:

Note that, due to the use of synthetic oil which 
generally prevents fluid pressure invasion into the 
formation, induced pore pressure and stresses asso-
ciated with the Mode 2 was set to zero in this case.

For Mode 3, analytical solutions can be given in 
the Laplace transform domain as follows:
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Three constants, C1, C2 and C3, are obtained 
from the boundary condition at the borehole wall:

where

The numerical results in the time domain were 
obtained by using the inversion technique proposed 
by Stehfest (1970). These have to be added to the 
in  situ stress components to obtain the complete 
solution for problem I:
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It was found that the results have to be shifted 90 
degrees around borehole if �x,0 ≥ �y,0 . This is prob-
ably because the analytical solutions are derived 
on the condition that 𝜎x,0 < 𝜎y,0 in Detournay and 
Cheng (1988).

Axial stress can be calculated based on the plane 
strain assumption:

where α is Biot’s coefficient which can be calculated 
from Skempton B and Poisson ratios:

Problem II: Elastic uniaxial stress problem

This problem is purely elastic for isotropy and its 
solutions are as follows:

Problem III: Elastic anti‑plane shear problem

For isotropy, the shear deformation is uncoupled with 
the pore fluid flow since it does not produce volumet-
ric strain. Pore pressure is therefore not induced and 
the solution is the same as the elastic one (e.g. Brad-
ley 1979):
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Complete solutions

The complete solution of inclined borehole in iso-
tropic poroelastic medium is obtained by superposi-
tion of solutions for problems I-III.

Note that the generalized plane strain assumption 
adopted here is frequently used in wellbore stability 
analysis and is valid when the target cross section is 
far enough from the ends of the borehole (Amadei 
1983). Cui et al. (1997b) showed a very good match-
ing between an existing analytical solution using the 
generalized plane strain assumption (Cui et al. 1997a; 
essentially the same analytical solution as the one 
used here), the generalized plane strain finite element, 
and the three-dimensional finite element solutions.
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