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This paper is focused on soft deep rocks that can induce strong well-
bore-stability problems. In the first part, it is shown that these rocks
generally exhibit plastic-type behaviors. In the second part two elasto-
plastic models (Cam-Clay and Laderock) are briefly presented. In the
third part, these constitutive laws are applied to wellbore stability
through analytical solutions or finite element codes. Finally, in the
fourth part, a case history is discussed in detail. We insist on the difficul-
ty to properly define the boundary conditions of the problem (in-situ
stresses and virgin pore pressure) and on the subjectivity of the criterion
translating the boundary wellbore problem in stability recommenda-
tions. Some keys for future research are proposed.
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Materials for which macroscopic rupture1,2,3 (under deviatoric
loading) is preceded by a large linear elastic zone, then by a nonlin-
ear damage zone (Fig. 1), are generally considered to be damaging.

The damage phase can be considered a preparation to macroscop-
ic failure, during which progressive development of microcracks
parallel to the major stress induces a strong anisotropy4. The dam-
age phase is associated with a volumetric dilancy and a reduction of
the elastic modulus5-7 (clearly observed if loading/unloading cycles
are performed).

Susceptibility of damaging geomaterials to microcracking and
their small capability to strain are mainly caused by a strong cohe-
sion. When the rock is loaded, stresses are concentrated either into
the intergranular cement (generally the case for sedimentary rocks)
or into the grains themselves, if the mechanical resistance of the ce-
ment is higher than that of the grains. The structure will be progres-
sively destroyed by opening and propagation of flaws. The coales-
cence of these microcracks will finally lead to the collapse of the
structure (often a shear band).8

Under hydrostatic state of stress, damaging geomaterials do not
generally exhibit any type of irreversibility; the behavior remains
elastic contractant over a large range of confining pressures. This
second property is caused by the good mechanical stability of the
porous space, which is again related to the strong cohesion between
grains. Consequently, the intrinsic curve of damaging materials is
always open upon hydrostatic loading. It is called an open form.

By contrast to damaging materials, ductile rocks9 can often sup-
port large plastic strains (several percent) without any macroscopic
failure. From a structural viewpoint, two main petrographic proper-
ties differentiate damaging and ductile rocks: a small cohesion and
a high porosity. These two properties have determinant conse-
quences on the rheological behavior of the material.

On one part, the high porosity allows ductile materials to be
strained irreversibly under hydrostatic loading. The purely contrac-
tant-associated plastic mechanism called collapse corresponds to an
irreversible reduction of the porosity by implosion of the material.

The plastic collapse mechanism is schematically described in Fig.
2. The grains are initially bonded by weak links. Under the effect of
an increasing loading, three different phases can be observed. For
moderate values of the mean stress (or of the confining pressure), the
porous structure remains stable (phase 1) and strain energy (mainly
elastic) is stored into the bonds. With the progressive rupture of the
bonds, the capability of the material to strain increases and the con-
cavity of the stress/strain curve points downwards. Once free from its
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bonds, the porous structure collapses, exhibiting very large de-
formations for only a small increase of the mean stress (phase 2 in
Fig. 2). In a third phase, the grains contact with respect to each other.
The number of contacts increases, the compressibility of the materi-
al decreases, and consequently, the concavity of the stress/strain
curve is inverted. In fact, phase 3 corresponds to the common con-
solidation process that is well-known in soil mechanics. A clear ex-
ample of such a plastic behavior is presented in Fig. 3a (Gorm
chalk). For this material, the collapse stress is equal to 20 MPa.

All ductile geomaterials do not necessarily exhibit the three
phases described above. For cohesionless materials (no initial bond-
ing between the grains), only the consolidation phase exists. This is
often the case for unconsolidated sands (Fig. 3b), and also some-
times for shales and claystones.

Under deviatoric loading, and because of small cohesion, these ma-
terials are rather insensitive to fissuration. The damage mechanism is
replaced by a sliding elastoplastic mechanism between grains mainly
governed by internal friction. It very often takes place at constant
plastic volume as shown in Fig. 4. Of course this second mechanism
is coupled with the previous one because contacts between grains re-
sulting from consolidation strongly affect shear failure.

In contrast to damaging materials, for which the appearance of a
shear band remains today a poorly understood phenomenon,10 cata-
strophic rupture of plastic specimens is well explained by the local-
ization (or bifurcation) theory11-13, as shown in the remarkable ana-
logic14 experiment of Fig. 5.

The analogic material consists in a pack of rolls, the axes of which
are perpendicular to the plane. On each roll a T is drawn pointing
initially upwards. The structure is then biaxially loaded. As shown
in Fig. 5, localization takes place by rotation of the rolls along the
two diagonals. Elsewhere rotations remain small. Furthermore, this
localization induces a strong dilancy, well marked along the lateral
faces of the analogic sample. With the number of contacts decreas-
ing during the localization, the hardening energy blocked up during
the loading phase is released. By contrast to damaging geomaterials,
for ductile rocks, dilancy appears in a later phase correponding to
the collapse of the global structure and not to a volumetric damage.
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This section succinctly presents two classical elastoplastic models
commonly used in geomechanics: the Cam-Clay and the Laderock.
They are both written in terms of Terzaghi effective stress.

Modified Cam-Clay Model. The Cam-Clay model15,16 introduced
during the 1960’s by Roscoe and Burland is based on the existence
of a single plastic mechanism with an associated plastic flow rule.
In the P-Q diagram (mean effective stress, stress deviator), the yield
locus is an ellipse (Fig. 6), the size of which evolves exponentially
with the volumetric plastic strain. Physically, this model only repro-
duces the consolidation mechanism (phase 3 of Fig. 3).

While only considering a purely collapse mechanism, the Cam-
Clay includes a false shear failure (the line Q�MP is not a yield lo-
cus) corresponding to an ideal plasticity plateau in the stress/strain
diagram. It is called critical state line. The main drawback of the
Cam-Clay is that it integrates plastic collapse and shear failure in a
single mechanism (the ellipse is a function both of effective mean
stress and deviator). However, it contains only four physical con-
stants to be experimentally measured. Cam-Clay is well-adapted to
cohesionless geomaterials (unconsolidated sands or soft clay—Fig.
7a), but does not reproduce the behavior of structured soft materials
like chalk or consolidated shales very well (Fig. 7b). In the case of
Fig. 7b the test is performed under undrained conditions. The pres-
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Fig. 1—Typical damaging material (Indonesian sandstone).

ence of a peak in the stress/strain diagram can be interpreted in terms
of cohesion. The latter strongly affects the back curve of the P-Q
diagram; the increase of the interstitial pressure caused by the un-
drained response is much smaller compared to that predicted by the
Cam-Clay, which overestimates the material contractance.

Fig. 3—Example of plastic collapse on soft porous rocks: North
Sea chalk (a), Orenico sand (b).

Fig. 2—Plastic collapse of a soft geomaterial.

Laderock Model. The Lade model17-19, modified by Shao et. al20,
is an elastoplastic constitutive law with two independent plastic
mechanisms: plastic collapse and shear failure. In the stress space,
plastic collapse is described by a plane and is written in terms of the
mean effective stress only (Fig. 8). In the Laderock model, the hard-
ening law is the product of a power law and an exponential so that
it is able to simulate both pore collapse and consolidation phase as
shown in Fig. 9 for Gorm chalk. The deviatoric plastic mechanism
is a function of the first and third invariants and is represented in the
P-Q diagram by a convex curve (Fig. 9), evolving with loading
through a hardening mechanism that can modify the curvature of the
curve. By contrast, to collapse the shear mechanism integrates a rup-
ture threshold (ultimate value of the curve). Because of its more
complex form, Laderock contains eight plastic parameters. One can
observe in Fig. 10 that the Laderock is able to reproduce the com-
plex behavior of a structured clay.
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Analytical Solutions. Numerous elastoplastic solutions of the well-
bore boundary problem have been developed in the past.21-23 Two
conditions are required to obtain an analytical solution of the prob-

Fig. 4—Example of shear failure in a ductile rock (Villeperdue
shale).
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Fig. 5—Analogic experiment showing how a shear band appears
in a ductile geomaterial (after Biarez 1990).

Fig. 7—Validation of the modified Cam-Clay model on an uncon-
solidated sand (a) and a structured clay (b).

a.

b.

Fig. 6—Cam-Clay model, where CSL is the critical state line..

lem. First, because the state of stress is not calculated with the same
equations in elastic and plastic zones, the shape of the plastic zone
must be known a priori. In the case of a wellbore, it will only be pos-
sible for plane strain axisymmetric cases (horizontal isotropic stress
field �h  and well pressure pw), for which the potential plastic zone
will be an inside ring of radius Rp  (Fig. 11). However, for anisotropic
stress states, with the shape of the plastic zone being unknown, the
problem will have to be solved numerically.

Second, to be integrated, the constitutive relations will be linear
(linear relationship between stress and strain; linear hardening law).
The choice of a linear constitutive law and the knowledge of the shape
of the potential plastic region make the plastic wellbore problem (im-
plicit in the general case) an explicit problem. It is important to note
that the conditions at the elastic/plastic boundary must respect the
continuity of the radial displacement (derived in the compatibility
equation) and the radial stress (derived in the equilibrium equation).

Effect of Plasticity and Hardening on Stresses. Some results of
a recently developed analytical solution are presented below.24 The
constitutive law is a fully linearized Cam-Clay.

Compared to a purely elastic solution, a strong relaxation of the
hoop stress is observed in the plastic zone (Fig. 12). By contrast, the
radial stress (for which the value is imposed at the two boundaries)
is only slightly affected.

From a general viewpoint, plastic hardening plays in favor of sta-
bility (Fig. 13). The more the hardening modulus, the less the hoop-
stress relaxation will be. Following the value of the hardening mod-
ulus, the hoop stress exhibits a peak or decreases monotonically.

Fig. 8—Yield locus of the Laderock model.
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Fig. 9—Validation of Laderock on Gorm chalk (collapse mechan-
ism only).

Fig. 10—Validation of Laderock on a structured clay (undrained
conditions).

In fact, the elastic model can be considered as the limiting case of
an elastoplastic model, for which the hardening modulus is infinite.
For this reason, the elastic solution will always be much more pessi-
mistic and will largely overestimate the critical density.

Fluid Coupling—Undrained Response. For a rock saturated by
a single fluid of bulk modulus Kf, the undrained pore pressure re-
sponse prevailing just after the well has been drilled is such that25

p � pR � B
��kk

3
�

Kf

�0
�

p
kk

, (1). . . . . . . . . . . . . . . . . . . . . . . . 

where pR  is the virgin pore pressure, B the Skempton’s coefficient,
��kk the variation of mean stress, �0 the porosity, and �p

kk
 the volu-

metric plastic strain. For a poroelastic material26-28 (�p
kk
�0) and an

axisymmetric infinite geometry (��kk�0), no pore pressure re-
sponse will be observed under undrained conditions. By contrast, for
a poroplastic material, a low fluid compressibility increases the value
of the hoop stress and plays a negative role on stability (Fig. 14).

Numerical Solutions. Analytical solutions can no longer be ob-
tained for nonhydrostatic stress fields and nonlinear elastoplastic

Fig. 11—The axisymmetric wellbore boundary problem.

w

laws. This is the case for Cam-Clay or Laderock. The numerical
method generally used will be finite elements.29-32

With the response to an elastoplastic model being very sensitive
to the stress path, the simulation will impose loading steps close to
those actually followed. The process will be initiated with a well
pressure restoring a state of stress as close as possible to that existing
before drilling. The pressure applied at the well will then be de-
creased under undrained conditions. The calculations presented be-
low are performed with an impermeable well (perfect cake or oil-
based mud in contact with a formation saturated with water).

Stress distributions obtained both with Cam-Clay and Laderock
(undrained conditions) for a horizontal well are presented in Fig. 15.
The two constitutive laws are calibrated on the same material.

Qualitatively, the results are similar to those issued from the ana-
lytical solution; the radial stress is slightly affected, whereas the
hoop stress is strongly relaxed in the vicinity of the well and exhibits
a peak well-marked inside the formation. However, we should note
that the hoop-stress relaxation is larger with the Laderock.

Undrained Response. In the case of a nonhydrostatic stress field,
with the mean stress increasing in the direction of �h , according to
Eq. 1 in Ref. 1, the undrained pore pressure response will induce an
overpressurized zone along the x-axis.33,34 As shown in Fig. 16, the
location of this zone is strongly affected by the compressibility of
the saturating fluid. The volumetric plastic strain is always maxi-

Fig. 12—Comparison of plastic and elastic solutions.
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Fig. 13—Effect of strain hardening on the state of stress around
a wellbore.

mum at the well, but the mean stress (depending on the hardening
parameters) can be maximum either at the well or inside the forma-
tion. Consequently, depending if the saturated fluid is, for instance,
gas or water, the maximum pore pressure can be observed either at
the well or inside the formation.

Drained Response. Assuming the well is impermeable, the effect
of time consists in a diffusion process corresponding to a regulariza-
tion of the undrained solution; the fluid flows from the overpressur-
ized zone (parallel to the minor stress) to the underpressurized zone
(parallel to the major stress).

Fig. 17 shows the progressive attenuation of the initial pore pres-
sure peak (water-saturated rock), which with time is displaced in-
side the formation.
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Criterion of Decision Based on Local Action Principle. The
boundary problem allows calculating stresses around the structure,
but it does not give any type of information about stability. One has
to add a criterion of decision to stress considerations. The most sim-
plistic type of criterion is based on the local action principle.35,36

The structure is assumed to remain mechanically acceptable until a
scalar value (generally combining stresses or strains) oversteps a
limit in a point. This limit can be based on experimental consider-

Fig. 15—Stresses obtained by Cam-Clay and Laderock models
in undrained conditions (code CESAR LCPC).

Fig. 14—Undrained pressure response in a linear strain harden-
ing material for different values of fluid compressibility, kf .

ations (peak ideal-plasticity plateau), or eventually on a bifurcation
analysis.37 Such a criterion is always very subjective; the fact that
in a single point, the material loses its resistance (in a broad sense)
does not signify that the global structure becomes unstable. A crite-
rion based on the local action principle will always be pessimistic
and will overestimate the critical density.

Fig. 16—Pressure distribution in a gas (a) and a water (b) satu-
rated Cam-Clay materials.
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Fig. 17—Evolution of the pore pressure with time (Cam-Clay—
water saturated).

Criterion of Decision Based on Bifurcation of the Structure.
Another type of approach, which we will mention only briefly, is to
appreciate the instability at the scale of the structure itself. This type
of approach, based on a follow-up of the localization38, remains
very complex from a numerical viewpoint but is certainly one of the
main issues for the future to improve stability predictions.
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To appreciate the stability of a well, two types of calculations must be
performed successively. The first consists of decreasing the mud
weight (i.e., well pressure) under undrained conditions until the crite-
rion is reached. The corresponding density is called critical instanta-
neous mud weight (CIMW). The second phase consists of carrying
out a calculation at a constant mud weight (just above the CIMW) un-
der drained conditions to appreciate the effect of time (through a dif-
fusion effect), until the considered criterion is reached again. The cor-
responding time is called critical openhole time (COHT).

The calculations presented below were performed by using the
Cam-Clay model and a local criterion based on the critical-state
concept. In the water-saturated overburden (Fig. 18a), the rupture
zone is located inside the rock, whereas in the gas reservoir (Fig.
18b), rupture first appears at the wellbore wall. These results, re-
lated to the pore-pressure distributions, show the great importance
of poroplastic couplings on wellbore stability.

The results presented in Fig. 19 (Nuggets reservoir) clearly show that
the elastic approach (using a Mohr-Coulomb criterion) is much more
pessimistic than the Cam-Clay, which gives a CIMW equal to 1.1 (val-
ue perfectly in accordance with densities actually used in the field).

Finally, Fig. 20 shows the evolution of the most critical point (lo-
cated at the well in the case of the reservoir) during the first hour of
drainage. In that particular case time plays against stability, but this
result (clearly related to the undrained pressure distribution of Fig.
16b) will not have to be generalized.

Fig. 19—Estimation of the critical instantaneous mud weight
(Nuggets reservoir—vertical well), where CC is Cam-Clay and
MC is Mohr-Coulomb.

Fig. 18—Location of the rupture zone in the overburden (a) and
the reservoir (b) of the Nuggets field (undrained conditions).

Fig. 20—Evolution of the rupture zone with time (Nuggets clay).
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Fig. 21—Deviated well in a nonhydrostatic stress field.
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Let us consider a deviated well (deviation � with respect to the verti-
cal—Fig. 21) in a nonhydrostatic stress field �v, where
�H��h�K0 �v. With respect to a reference frame x, y, and z linked to
the well, the state of stress before drilling in the x, y plane is written21

�xx � K0�v �xy � 0

�yy � �v�K0 cos2
�� sin2

��. (2). . . . . . . . . . . . . . . . . . . . . . . 

Considering a linear elastic dry material (����3�yy��xx�

�mgz, ��� � �mgz) and a Mohr-Coulomb criterion (����
C0�q���) the critical mud weight can be easily calculated

�

�mgz
�v
�

cr
�

�3 sin2
�� K0(3 cos2

�� 1) � C0
�

q � 1
. (3). . . . . . . 

The set of curves is clearly divided in two parts (Fig. 22). For low
deviations, the critical density increases according to K0. A high K0
value has thus a negative effect on stability. However, for high devi-
ations, the critical density decreases with respect to K0, which will
favor stability. These results lead to important conclusions. First of
all, the K0 coefficient in Eq. 2 is nullified for a deviation equal to
54.7°. This theoretical value, called neutral deviation, is insensitive
to K0. Secondly, deviated wells in the range of 30 to 50° require large
increases of mud weight to be stabilized, particularly at low K0 val-
ues. However, above the neutral deviation (roughly 50 to 90°), the
curve strongly flattens and only a small additional increase in mud
weight will ensure stability.
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Let us try now to compare critical instantaneous densities with actu-
al field densities. This comparison is not always objective, because
actual field densities are not imposed only with respect to stability
considerations. On the other hand, field densities can correspond to
a mechanically unstable well that is without drastic drilling prob-
lems. In that case, the feeling of the driller (who considers that the
mud weight is sufficient) will be in opposition to that of the geome-
canician (who considers the well unstable). Density alone is too sub-
jective; other measurements such as caliper should be added to ap-
preciate the prediction of the model.

Presented below is a database including 60 wells of the Villeper-
due field (Callovian of the Bassin de Paris). This level (a marl) is
crossed (for any deviation) with mud weights between 1 and 1.2.
Using an odometric initial state of stress (K0�0.63), and a hydro-
static hypothesis for the virgin pore pressure, the Cam-Clay model

Fig. 22—Effect of K0 and deviation on critical mud weight.

(calibrated using odometric tests and undrained triaxial tests) gives
good predictions for deviations less than 35°, but becomes very con-
servative for higher deviations (Fig. 23).

The excessive effect of the deviation is clearly caused by the value
of K0. An XLOT performed 100 m higher leads to K0�0.8. For this
value, the critical mud density curve (equal to 1.28 for 90° of devi-
ation) overestimates, but only in a small range the actual mud
weights. Let us focus our attention on points 1, 2, and 3 of Fig. 23.
Point 1 corresponds to the first horizontal well. For instability rea-
sons, the well was abandoned when crossing the Callovian using a
mud weight equal to 1.01. This value (chosen without any stability
study) was really too low to cross the Callovian with 65° of devi-
ation and a 12�-in. well diameter. Points 2 and 3 are the densities
used for the next two horizontal wells, using the predictions of the
model with an oedometric K0 (�0.63). The very pessimistic recom-
mendations allowed performing the wells but at a very high cost. For
the next wells, the mud weight was progressively decreased, and fi-
nally a value between 1.15 and 1.2 was used. These values are in
good accordance with a K0 between 0.80 and 0.85. It should be
noted that the two deviation effects discussed previously are again
observed; for small deviations, critical densities increase with K0,
whereas for high deviations, the tendency is inverted. The neutral
density here is equal to 35°.

Parallel to densities, the calipers are studied in Fig. 24. They show
the strong impact of the mud chemistry on the well quality. With an

Fig. 23—Comparaison of actual and calculated mud
weight (MW).
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Fig. 24—Intensity of ovalization for oil-based mud (OBM) and
water-based mud (WBM).

oil-based mud, the well is always perfectly in gauge, while with a
water-based mud, deep caving is observed.
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On Constitutive Laws. In the range of confining pressures of sever-
al tens of MPa, soft, deep materials clearly exhibit a ductile/plastic
behavior with two plastic mechanisms: plastic collapse and shear
failure. Elastoplastic models including these two mechanisms sepa-
rately (Laderock) or together (Cam-Clay) will generally be suffi-
cient to reproduce this type of rheology.

Boundary Wellbore Problem. Around a well, the main effect of
hardening plasticity is to relax the hoop stress. This is the fundamen-
tal reason why elasticity will always give out-of-range recommen-
dations for plastic geomaterials.

Fully analytical solutions being only obtained for plane strain axi-
symmetric cases and linear hardening laws, deviatoric stress fields
and more complex constitutive laws (Cam-Clay, Laderock) require
finite element codes.

Stability Calculations. To give stability recommendations, a crite-
rion of decision shall be added to stress considerations. This criteri-
on, generally based on the local action principle, will give pessimis-
tic recommendations.

Given the fundamental role of the saturating fluid, the wellbore-
stability problem shall be solved in the general scope of poroplastic-
ity. Two types of calculations will be systematically performed: un-
drained calculation (to estimate CIMW) and drained calculation (to
estimate COHT).

Most Sensitive Parameters and Effect of Deviation. The initial
state (initial stresses and initial pore pressure) is by far the most im-
portant. Particularly, the deviation effect is fully contained in the far
stress field. At low deviations a large K0 will play against stability;
for high inclinations, the opposite situation will be observed.

'���
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B� Skempton coefficient
C0� unconfined compressive strength, MPa

g� gravity acceleration
H� hardening modulus, MPa
Kf� fluid bulk modulus, MPa
K0� stress ratio
M� slope of critical state line
P� mean effective stress, MPa
Q� stress deviator, MPa
p� pore pressure
q� friction angle parameter

Rw� well radius, m
Rp� plastic radius, m

t� time
x� Cartesian coordinates
y� Cartesian coordinates
z� Cartesian coordinates

�
p
kk
� mean plastic strain

�zz� axial strain
�� well deviation
�b� bulk overburden density
�m� mud density
�v� vertical stress, MPa
�h� minor horizontal stress, MPa
�H� major horizontal stress, MPa
�xx� Cartesian stress, MPa
�xy� Cartesian stress, MPa
�yy� Cartesian stress, MPa
���� hoop stress, MPa
���� radial stress, MPa

Subscript
cr� critical
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