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Abstract 

Over the last two years, permeability has drawn much 
greater interest in the wellbore strengthening phenomenon. 
This interest culminated into proving that “Stress Cage” is a 
natural time-dependent process; occurring as a result of mud 
system additives, such as lost circulation materials (LCM), 
lost prevention materials (LPM) and other mud solid additives. 
In this study, we demonstrate through field applications and 
physical analyses that permeability engineering values and 
chemical enhancements to the mud system are of critical 
importance in wellbore fracture gradient increase and wellbore 
strengthening. 

 The modified poroelastic wellbore stability solution takes 
into account the time-lapse of mud circulation, mud and shale 
formation chemical potential, and the associated permeability 
mechanical effects. These mechanisms, when coupled in the 
general wellbore solution, exhibit a very intricate interplay on 
wellbore “strengthening” and its degradation and/or build-up 
with time. In addition, the solution demonstrates the 
interaction among (1) mud fines content and formation 
permeability with relation to the increase of wellbore fracture 
gradient, (2) the mud chemistry effects on that issue, and (3) 
the rock formation and wellbore wall in view of pressure 
communication and pressure transmission between the drilling 
mud and the formation pore fluids. Also, these applications 
illustrate the benefits of idle mud time-lapse circulation and 
the resulting effects on wellbore strengthening. For the first 
time, time-dependent effects are addressed in a wellbore 
fracturing solution that takes into consideration the chemical 
osmotic nature of water-base and oil-base muds while drilling. 
Finally, these solutions are implemented in a friendly interface 
environment, PBORE-3D© that makes it easier for a drilling 
engineer to operate and interpret real-time wellbore stability 
rig data. 
 
Introduction  

Wellbore strengthening in mature sandstone reservoirs 
and/or newly discovered sandstone reservoirs with shale 
formation stringers has drawn great interest lately in industry 
applications and in theoretical and physical modeling. These 
operations, when unsuccessful, have transpired into costly 

downtimes, magnified by frequent stuck-pipe issues and 
associated with extensive use of “grease pills” and/or drilling 
mud additives. 

Wellbore strengthening techniques with Lost Circulation 
Materials (LCM), Lost Prevention Materials (LPM) and other 
mud additives have proven field successes in drilling 
operations worldwide.[1,2,3] However, some studies[4] used 
scenarios of fracture creation at the wellbore wall and applied 
particulate matter to the drilling fluid to attempt to bridge the 
fractures (if and when this ever took place), to reduce 
downhole mud losses.  While the authors claimed an increase 
in the wellbore fracture gradient, through multiple fracture 
creation and bridging, they struggled mechanistically to 
explain exactly what was going on from a fracture mechanics 
point of view. They called it the “Stress Cage” phenomenon. 

Literature-based field applications and theoretical 
explanations and modeling converge on one universal field 
observation that these “Stress Caging” techniques do not apply 
to low-permeability formations! [1] Yet, none of these existing 
studies  included permeability, and in particular Darcy’s law 
and Fick’s law in their respective physical models to attempt 
to interpret the pressure diffusion and solute transport in 
wellbore strengthening phenomena.[5,6] Thus, a time-
dependent pressure diffusion type equation coupled with stress 
analysis is a necessity. This type of analysis is somehow more 
mathematically involved, yet from the physics point of view, 
is very simple.[7,8,9,10] That is when rock mechanics is coupled 
with fluid flow, the permeability coefficient becomes an 
integral part of the solution to these problems. In this regard, 
the permeability and chemical osmotic effects go hand-in-
hand when modeling shale rocks (very low permeability) 
and/or clayey formations exhibiting some form of chemical 
sensitivity to mud systems.  

Much earlier studies on lost circulation while drilling have 
included non-linear mechanistic approaches to fracture 
initiation and propagation, in an attempt to explain mud 
losses.[11,12] Others[13], discussed approaches that has to do 
with wellbore inclination, and fracture creation and link ups 
using some nonlinear factors approximated from nonlinear 
numerical schemes. However, none of these studies addressed 
permeability variation at the wellbore wall, which occurs 
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before or after any “fracture” creation, let alone propagation or 
even link ups, or any considerable amount of mud loss 
circulation. 

On another front, LCMs and LPMs contain a distribution 
range of fine particles, i.e., coarse barite to fine barite, 
graphite, solid additives, etc. Over the correct range in 
particulate size(s), the mud system can plug the rock pores at 
the wellbore wall while circulating.[2,3] At a constant wellbore 
mud pressure, the borehole wall permeability becomes only a 
function of time. This is only possible in rock formations with 
medium to high permeability, and in particular, depleted 
sandstones. 
 
Rock Mechanics and the Paramount Effects of 
Permeability: LPM/LCM and Wellbore Strengthening  

The wellbore fracturing pressure or breakdown pressure is 
the limit to which the mud density can be increased in the well 
without fracturing the formation and possibly causing loss 
circulation. Conventionally, wellbore fracturing is assumed to 
occur when the effective tensile tangential stress at the 
wellbore wall exceeds the tensile strength of the formation. 
Conservatively, the tensile strength is assumed to be zero in 
most rocks for drilling planning and analysis. A tensile 
fracture would initiate if the breakdown pressure (or mud 
density) is higher or equal to the compressive tangential 
stresses (neglecting tensile rock strength). This fracture would 
be prone to propagate and cause loss of circulation, if and only 
if, it reaches a critical length where the regional stresses (far 
field in-situ stresses) come into play and in particular the 
minimum principle in-situ stress.  How could the wellbore 
fracture gradient be much larger than the minimum horizontal 
stress (Sh) and if so, when? The whole approach in rock 
mechanics to wellbore stability has focused in the past on 
wellbore collapse, only few studies have addressed the time-
dependent pressure term to wellbore fracturing and fracture 
gradient estimation. 

 
General Practices 

Fracture gradient in the conventional rock mechanics 
analysis is expressed by the well known Kirsch solution for 
tangential stress assuming vertical wellbore (compression is 
considered positive) 

wwHh ppSSp −−−=−= −− )3(' minmin θθθθ σσ  (1) 

fwHh ppSSp −−−=−= −− )3(' minmin θθθθ σσ  (2) 

where min' −θθσ is the minimum effective tangential stress 
at the borehole wall (along the maximum horizontal stress), 

min−θθσ  is the total tangential stress, Sh and SH are the 
minimum and maximum horizontal in-situ stresses, p is the 
fluid pressure in the porous rock taken as either the wellbore 
mud pressure pw or the formation virgin pore pressure pf.  

So, what controls the use of Eq. (1) and Eq. (2)? Eq. (1) 
has been almost universally used as the upper limit of 

wellbore frac-gradient, WFG. This is only true, if perfect 
wellbore/formation fluid pressure communication exist and is 
instantaneous. That is time pressure diffusion from wellbore 
wall into the formation is instant. Critical fracturing mud 
pressure under this condition is given by 

( ) HHhHhc SSSSSp 5.0/*5.12/)3( −=−=  (3) 

Setting pc > Sh in Eq. (3) leads to the impossible condition 
Sh > SH. Therefore, the critical fracturing mudweight is always 
less than the minimum horizontal stress, Sh, for the fully-
permeable boundary condition at the borehole wall. 
Thereafter, this critical breakdown pressure is termed the 
Kirsch fracturing gradient lower limit (KFGLL). 

On the other hand, Eq. (2) assumes a non-penetrating fluid 
condition, i.e., no pressure communication between the 
wellbore and the formation. The critical fracturing pressure 
becomes 

HHfHhfHhc SSpSSpSSp )1//3(3 −−=−−=  (4) 

Fig. 1 plots the regions of in-situ condition for different 
bounds of critical fracturing mudweight values for the 
impermeable wellbore wall condition. The x-axis represents 
the ratio of pore pressure and maximum horizontal stress, i.e. x 
≡ pf/SH; the y axis is the ratio of minimum and maximum 
horizontal stress, i.e. y ≡ Sh/SH. According to Eq. (4), the 
wellbore will always undergo tensile fracturing for any 
mudweight condition (pc < 0) when the ratios of Sh/SH and 
pf/SH fall into the region below the line y = (1+x)/3. The region 
between the line y = (1+x)/3 and y = (1+x)/2 yields a 
breakdown pressure less than the minimum horizontal stress, 
pc < Sh. The next region bounded by the lines y = (1+x)/2 and y 
= (2+x)/3 gives a fracturing mudweight larger than Sh but less 
than SH. The top region above the line y = (2+x)/3 predicts 
critical fracturing mudweights that are even larger than the 
maximum horizontal stress SH, for example, pc = 1.5*SH when 
Sh = SH and pf = 0.5* SH. Hence, under these conditions this 
fracturing mudweight can be termed the Kirsch fracturing 
gradient upper limit (KFGUL). The top two regions are 
possible candidates for wellbore strengthening concept such as 
“Stress Cage”.  

Alberty and Mclean [4] field data when analyzed under the 
aforementioned approaches fall significantly below the 
KFGUL. The obvious field condition in their work is the in-
situ horizontal stresses are almost of equal magnitude as 
shown in Fig. 1. Table 1 compares the critical fracturing 
mudweight results calculated using the Kirsch permeable and 
impermeable wall models described above and the “Stress 
Cage” model for the two sets of in-situ condition (A and B)[4] 
in depleted sandstone formations. The “Stress Cage” model 
predicts that after applying bridging material, the total stress 
state near the bridge has risen and thus higher fracture gradient 
is attained. However, the Kirsch solution shows that by 
changing our assumptions in the wellbore/formation wall 
conditions two limiting fracture gradients (effective tangential 
stress) can be attained whereas the total stress state remains 
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unaltered as illustrated in Fig. 2 to 4. This shows why most of 
the strengthening techniques such as LCM, LPM and/or 
“Stress Cage” do not work in “low permeability 
formations.”[1,4] In addition, the results clearly show that 
although the “Stress Cage” suggested drilling mudweights 
with bridging material (14.4 ppg) are higher than the 
maximum in-situ stress (12.6 ppg) these mudweights are well 
below the fracture gradient as predicted by the Kirsch solution 
for “impermeable wall condition” (17.2 ppg). In Fig. 1, the 
two cases examined herein (A and B) fall right into the region 
having WFG higher than the maximum in-situ stress. 

 
Permeability and Fracture Gradient 

Physically it is impossible, in a fluid saturated porous 
“rock” when subjected to stress and fluid pressure, to assume 
that fluid/pressure diffusion from the wellbore into the 
formation is either instantaneous or non-existing (“fully-
permeable” or “fully impermeable” conditions). In fact, it is a 
transient, time-dependent, and time-controlled process.  

This phenomenon is very well known and documented 
since Fourier’s Law[14] to Darcy’s law.[15,16] In our case for 
wellbore pressure diffusion process based on Biot’s theory of 
poroelasticity,[7] the controlling factors are permeability 
magnitude, pressure gradient, and the applied stresses. In other 
words, taking the pore pressure p as a constant equals to either 
pf or pw is only conceptual. As such, the pore pressure is a 
function of time, p = p(t). Moreover, the transient fluid flow 
through the porous rock formations gives rise to coupled time-
dependent stress responses, )(tθθθθ σσ = . As a result, the 
time-independent Kirsch solution is no more applicable. The 
correct rock mechanics/poroelastic approach to determine 
fracture gradient, with the effective stress concept, or 
Terzaghi’s  principle, must be modified as 

)()()(' minmin tptt ασσ θθθθ −= −−  (5) 

Where α is the Biot Pore Pressure Coefficient, PPC = (1- 
Cs/C) in which, C is the porous rock matrix compressibility, 
and Cs is rock grain compressibility.[7,26] In the special case of  
α = 1, the above Biot effective stress is reduced to the 
wellknown Terzaghi effective stress. The mechanics and 
models explaining in details these phenomena are very well 
documented in hydraulic fracture initiation and 
propagation,[17] subsidence and in reservoir stimulation.[10,18] 
The initial poroelastic solutions to Eq. (5) for plane strain 
condition, e.g., vertical wellbore was published by Haimson 
and Fairhurst.[17] The time-dependent part of the solution 
assumed equal in-situ stresses, leading to constant fracture 
gradient at the wellbore wall, that is permeability-
independency occurs only under such a condition. Recently, 
the general solution to the inclined wellbore geometry in a 
three dimensional state of stress has been published.[19,20] 
These solutions take into account the full poroelastic coupling 
of fluid flow/solid deformation in which engineering values 

for  permeability are fully integrated into the wellbore fracture 
gradient solution, leading to time-dependent estimation of 
fracture gradient at the borehole wall, and physically 
illustrating the effects of the coefficient of permeability 
variations. For complementing the analysis, the poroelastic 
solution for )(min t−θθσ  and   are presented in the 
Appendix of this paper, including the special cases for vertical 
wellbore and/or hydrostatic state of stresses.

)(tp

 [17]

Fig. 5 shows typical time variations of pore pressure p(t) in 
the formation along the maximum in-situ stress direction. The 
pore pressure is not simply varying monotonously from the 
wellbore pressure pw to the formation pressure pf at far field. 
The near wellbore pressure dip below pf is due to the 
poroelastic effect caused by unequal in-situ horizontal stress 
field, which prevails in most field applications.  

Fig. 6 shows a schematic of permeability reduction with 
time due to mud circulation and plugging effect of LCM/LPM 
materials. Fig. 7 to 11 plots the effective tangential stress, e.g., 
fracture gradients, at and around the wellbore wall at critical 
fracturing mudweights for the elastic model with permeable 
and impermeable wall conditions and poroelastic model at 
three values of permeability. In addition, the poroelastic 
results show four time intervals through the drilling operation. 
This analysis is conducted using a general purpose wellbore 
stability simulator PBORE-3D©[21,22,23] developed by the 
PoroMechanics Institute at the University of Oklahoma. Fig. 7 
and 8 show the Kirsh lower and upper limit for critical 
fracturing mudweight by employing the elastic permeable and 
impermeable models in PBORE-3D©. Fig. 9 to 11 show the 
effect of varying the values of the permeability on fracture 
gradient calculation. All the mudweight results are tabulated in 
Table 2 from which the following observations can be made 

i. Kirsh elastic solution with the conceptual approaches of 
permeable and impermeable borehole wall conditions 
provides too simple of an estimation of the bounds for 
fracture gradient.  

ii. The integration of permeability coefficient in the 
poroelastic solution gives much less conservative 
fracture gradient prediction than the elastic permeable 
counterpart.  

iii. The higher permeability values show that the 
formations sustain less breakdown pressure. In other 
words, decreasing the near wellbore permeability helps 
strengthen the fracture gradient, in our simulated case, 
as much as 1.32 ppg.  

iv. Finally, it is clear that the wellbore fracture gradient is 
not a constant; rather it evolves with the time of 
drilling.  For example, the predicted fracture gradient 
drops approximately 1.32 ppg (from 17.72 ppg to 16.40 
ppg) after 1 day of exposed drilling fluid to the 
formation with permeability of 10-2 mD. On the other 
hand, the drop is only 0.72 ppg (from 18.01 ppg to 
17.28 ppg) after 1 day of exposed drilling fluid to the 
formation with permeability of 10-5 mD. Hence, the 
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poroelastic solution provides a useful tool for the 
prediction of the time window from fracture gradient to 
wellbore collapse for drilling planning and operation. 

 
Chemical Strengthening Effect 

In chemically active shale formation, the driving total 
pressure P, for the total fluid flow comprises of the pore 
pressure p and the osmotic pressure posmotic accounting for the 
chemical activity such that  

osmoticpp +=P  (6) 

with the osmotic pressure given by the well-known relation 

)ln( f

f
osmotic a

V
RTp χ=  (7) Co

where Vf is the molar volume of water, χ is the reflection 
coefficient or membrane efficiency which varies between 0 for 
chemically inert media and 1 for perfect ion exclusion 
materials, R is the universal gas constant, T is the absolute 
temperature and af is the dimensionless mud/shale water 
activities which is a function of salinity and temperature. From 
Eq. (7), osmotic pressures are due to a gradient in the pore 
fluid chemical activity or equivalently salinity. As a result, the 
Darcy bulk fluid flow in chemically active formation is 
controlled not only by the permeability magnitude, pore 
pressure but also osmotic pressure gradient. For example, a 
drilling mud with higher activity (lower salinity) than the 
formation fluid will induce an osmotic flow into the formation 
and increase the pore pressure in side the formation. This 
further intensifies wellbore instability conditions, especially in 
term of the fracture gradient. However, a drilling mud with 
lower activity (higher salinity) will induce an osmotic 
backflow from the formation into the wellbore, thereby 
reducing the near wellbore pressure and providing stabilizing 
support to the wellbore. 

On the other hand, there is also transport/diffusion flux of 
solute species (salt, ions, etc.) existing in the pore fluid due to 
solute salinity/activity gradient between the wellbore fluid and 
the formation fluid that follow Fick’s first law of diffusion.[24] 
The Fick’s solute diffusion occurs simultaneously with the 
bulk Darcy flow during drilling operations and will gradually 
equilibrate the salinity/activity gradient between the wellbore 
and the formation. Consequently, the osmotic effect is also a 
time-dependent process, posmotic = posmotic(t). Moreover under 
the framework of the theory of poroelasticity, these Darcy’s 
and Fick’s flows must be coupled with the applied stress fields 
for proper modeling. The general porochemoelastic inclined 
wellbore solution incorporating solute transport is more 
mathematically involved and has been published[25] and will 
not be presented in this work. A simplified solution approach 
using the total pressure P, however, is presented in the 
Appendix. 

Fig. 12 shows the minimum effective stress after 2.4 hours 
into drilling.  For comparison purpose, the elastic solution is 
also plotted. For non reactive formation such as sandstone 

(reflection coefficient χ = 0), the solution reduces to the 
normal poroelastic solution without chemical effect. In highly-
reactive formations, high mud salinity reduces the near 
wellbore pressure and provides strengthening effect to the 
fracture gradient. Conversely, in these same formations, low 
mud salinity condition enhances the near wellbore pressure 
and

ic condition to achieve reasonable 
rengthening effect.  

 time-dependent mud 
wi

o simple of an estimation 
of 

f the time 
wi

ific field 
conditions to achieve desirable strengthening effect. 

Ac

Institute, through the Rock Mechanics 
Consortium members. 

Ap

ective tangential stress as 
(compression is positive) 

 weakens the fracture gradient.  
Fig. 13 shows the fracture gradient strengthening effect 

with time. This implies that the interaction among the drilling 
fluid fine content, chemical activity, formation mechanical 
deformation and fluid transmission (permeability) can be 
played under specif
st
 

nclusions 
In this work, a consistent engineering approach to 

modeling wellbore fracture gradient integrating the important 
effect of permeability and chemical osmotic has been 
successfully performed, leading to

ndow for well planning/operations. 
Analyses show that the conventional Kirsch elastic 

solution with the conceptual approaches of permeable and 
impermeable conditions provides to

the bounds for fracture gradient. 
Permeability has a profound effect on the wellbore fracture 

gradient. The integration of permeability coefficient in the 
poroelastic solution gives much less conservative fracture 
gradient prediction than the elastic permeable counterpart. It is 
also found that decreasing the near wellbore permeability 
increases substantially the fracture gradient, thus “wellbore 
strengthening”. However, the strengthening effect is a time-
lapsed process. Therefore, the general poroelastic solution 
provides the necessary tool for the prediction o

ndow for fracture gradient strengthening effect. 
Finally, it has also been shown that the permeability and 

chemical osmotic effects can be altered under spec
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pendix 
In their initial solution for vertical wellbore, Haimson and 

Fairhurst expressed the eff

)(*)(2

)2cos()31)((5.0

)1)((5.0)(

)1(
2

2

4

4

2

2

tpp
r
Rp

r
RSS

r
RSSt

fww

hH

hH

θθ

θθ

ση

θ

σ

−+−

+−−

++=

  (A1) 



AADE-07-NTCE-67 Time-Dependent Wellbore Strengthening in Chemically Active or Less Active Rock Formations 5 

)()()( )1( tpppptp fwf −+=   (A2) 

where R is the wellbore radius, θ is the angle around the 
wellbore, and η is the poroelastic coefficients defined as 
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)21(

ν
ναη

−
−

=   (A3) 

where α is the pore pressure coefficient – PPC, [26] ν is the 
Poisson ratio, and  and are the time-dependent 

part of the stress and pore pressure due to fluid /pressure 
diffusion in the formation 
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in which s is the Laplace variable, K0, and K1 are modified 
Bessel functions. The effect of permeability k is manifested in 
the term cs /=ξ  where c is the lumped poroelastic 
diffusivity given as 

  22 )21)(1(
))(1(2

ννα

ννν
µ −−

−−
=

u

uGkc  (A6) 

where µ is the dynamic fluid viscosity, G is the shear 
modulus, νu is the undrained Poisson’s ratio. 

At the borehole wall r = R, Eq. (A4) and (A5) reduce to a 
constant value of 1. Thus, the minimum effective tangential 
stress which occurs along the maximum horizontal stress 
direction, i.e., θ = 0o, 180o, is a constant 
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As a result, the critical fracturing mudweight is also a 
constant and obviously time-independent  
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= fHh
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The above solution is limited to vertical wellbore geometry 
and ignores the solid rock deformation coupling onto the fluid 
flow. The complete poroelastic solution for the stress/pore 
pressure distribution around wellbore drilled in porous 
saturated rock formations have been derived.[19] For general 
inclined wellbore geometry, the pore pressure and total 
tangential stress are expressed as 
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where Sx and Sy are the stresses obtained by rotating the in-
situ three dimensional state of stress {SH, Sh, SV} into the 
incline wellbore coordinate,  and are 

expressed as inversed Laplace transforms (L
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where B is Skepmton coefficient, C1, C2 and C3 are lumped 
parameters defined as 
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the constants D1 and D2 are given by 

)()(2 11 ξνν RKD u −=  (A16) 

)()1( 22 ξνξ RKRD −=  (A17) 

For the special case of vertical wellbore, Sx ≡ SH and Sy ≡ 
Sh, the minimum effective tangential stress at the borehole 
wall r = R reduces to 
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Eq. (A18) shows that at the borehole wall, the effective 
tangential stress is varying with time due to the coupled fluid 
diffusion/solid deformation effect and the rate of variation is 
clearly permeability-dependent. The fracture gradient for this 
case is 
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In addition, if the horizontal stresses are of equal 
magnitudes Sh = SH, then both Eq. (A8) of Haimson and 
Fairhurst and Eq. (A19) reduces to 
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1
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For chemical active formation, the solution is more 
involved. A first order approach is to replace the pore pressure 
in the poroelastic solution by the total pressure P = p + posmotic 
in Eq. (6) that includes the osmotic pressure effect. As such, 
the tangential stress and pore pressure for a chemically active 
rock formation can be expressed as 
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From Eq. (A21) and (A22), it can be seen that the 
permeability and osmotic effect are necessary parameters 
when modeling chemically active rock formations. 

 
Nomenclature 
  = Mud/formation activity ratio fa

 B = Skempton coefficient 
 c = Lumped poroelastic diffusivity 
 G = Shear modulus 
 k = Formation permeability 
 KFGLL = Kirsh fracture gradient lower limit 
 KFGUL = Kirsh fracture gradient upper limit 
 LCM = Lost circulation materials 
 LPM = Lost prevention materials 
 MHS = Minimum horizontal stress 
 p = pore pressure 
 pf = formation virgin pore pressure (far field) 

 posmotic = osmotic pressure 
 pw = wellbore mud pressure 
 P = total pressure (= p + posmotic) 
 Sh = Minimum horizontal stress 
 SH  = Maximum horizontal stress 
 r = radial distance into the formation 
 R = Wellbore radius 
 t = time 
 T = Formation temperature 
 Vf = Water molar volume 
 WFG = Wellbore fracture gradient 
 
Greek Symbols 
 α = Pore pressure coefficient 
 η = Poroelastic constant 
 µ =Fluid viscosity 
 ν = Poisson ratio 
 νu = Undrained Poisson ratio 
 θ = Angle around the wellbore 
 χ = Reflection coefficient 
 σθθ = Total tangential stress 
 σθθ-min = Minimum tangential stress 
 σ’θθ = Effective tangential stress 
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Table 1 - Elastic critical fracturing pressure/mudweight 

 SH Sh pf KFGLL Stress 
Cage KFGUL 

Case A 9200 psi 9000 psi 7000 psi 8900 psi 10000 psi 10800 psi

Case B 6053 psi 5953 psi 3553 psi 12.3 ppg > 14.4 ppg 17.2 ppg

 

Table 2 - Time dependency of critical fracturing 
mudweights for various permeability conditions  

 10-4 day 
(8 seconds)

10-3 day 
(1.4 minute) 

10-1 day 
(2.4 hours) 1 day 

Elastic 
Permeable 13.62 ppg 13.62 ppg 13.62 ppg 13.62 ppg 

Elastic 
Impermeable 18.90 ppg 18.90 ppg 18.90 ppg 18.90 ppg 

Poroelastic 
k = 102 mD 16.40 ppg 16.40 ppg 16.40 ppg 16.40 ppg 

Poroelastic 
k = 10-2 mD 17.72 ppg 17.28 ppg 16.44 ppg 16.40 ppg 

Poroelastic 
k = 10-5 mD 18.01 ppg 18.01 ppg 17.71 ppg 17.28 ppg 
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Fig. 1 - Schematic of bounds for fracturing mudweight 
based on ratios of Sh/SH and pf/SH
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Fig. 2 - Total tangential stress for case A 

 

 
Fig. 3 - Effective tangential stress for permeable borehole 
wall for case A 

 

 
Fig. 4 - Effective tangential stress for impermeable 
borehole wall for case A 

 

pw = 1744 psi

pf = 1420 psi

pw = 1744 psi

pf = 1420 psi

 
Fig. 5 - Typical pore pressure profile in the formation 
along the maximum horizontal in-situ stress at various 
time intervals into drilling 
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Fig. 6 - Permeability reduction due to LCM/LPM mud 
circulation in permeable formations 

 

 
Fig. 7 – Elastic effective tangential stress at and around the 
borehole wall at critical fracturing mudweight for 
permeable wall condition 

 

 
Fig. 8 - Elastic effective tangential stress at and around the 
borehole wall at critical fracturing mudweight for 
impermeable wall condition 

 

 
Fig. 9 - Poroelastic effective tangential stress at and 
around the borehole wall at critical fracturing mudweight 
for rock formation with near wellbore permeability k = 
100 mD at various times into drilling 
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Fig. 10 - Poroelastic effective tangential stress at and 
around the borehole wall at critical fracturing mudweight 
for rock formation with near wellbore permeability k = 10-

2 mD at various times into drilling 

 
Fig. 11 - Poroelastic effective tangential stress at and 
around the borehole wall at critical fracturing mudweight 
for rock formation with near wellbore permeability k = 10-

5 mD at various times into drilling 

 

 

Fig. 12 - Effective tangential stress with and without 
chemical osmotic effect after 2.4 hours into drilling 

 

 
Fig. 13 - Effective tangential stress/fracture gradient 
strengthening with time due to full porochemoelastic effect 

 
 


