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Abstract

This paper describes a method for calibrating elasto-plastic models based on the results of triaxial tests on two types of sandstones.

Emphasis is given to the simulation of the softening regime of the stress–strain response of the material with special attention to

minimizing mesh-dependency. A pragmatic and easy-to-implement procedure is developed for the calibration under the framework of

friction hardening/cohesion softening. Fracture energy regularization is applied in the back-analysis of the triaxial tests to remove mesh

dependency. The impact of different mesh designs is investigated. Oriented mesh with the same inclination as the shear band provides

the most realistic outcome and is able of capturing real shear band thickness.

& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

Sandstone is a granular material with cementation that
shows frictional and dilatancy behavior. Modeling engineer-
ing structures requires the ability to capture full development
of damages in the sandstone. In these analyses, it is essential
to accurately describe the hardening/softening behavior
normally observed in sandstone. Sulem et al. (1999) showed
that sand behavior can be modeled using the friction
hardening and cohesion softening concept using the
2 The Japanese Geotechnical Society. Production and hostin

/10.1016/j.sandf.2012.07.007

g author.

ss: mashid@ualberta.ca (M. Jafarpour).

der responsibility of The Japanese Geotechnical Society.
Mohr–Coulomb model. Later, Nouri et al. (2009) adopted
the same approach for calibration, but used a bilinear
Mohr–Coulomb yield surface instead of a linear one.
Sulem’s work assumes uniform deformation in triaxial tests
and produces questionable results by neglecting localization
of deformation.
Simulation of the post-peak response of geomaterials using

continuum-based models has been observed to produce
results that are spuriously dependent on the numerical mesh
design. The continuum model must be modified by a
regularization method to reduce or eliminate mesh depen-
dency (Crook et al., 2003). Regularization can be carried out
by incorporating a characteristic length scale into the
formulation. The characteristic length depends on the mate-
rial, and it is usually related to the grain sizes of the granular
material. Methods such as Cosserat continuum, gradient
plasticity and non-local models have been used to address the
g by Elsevier B.V. All rights reserved.
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Nomenclature

ECS effective confining stress
HECS high effective confining stress
LECS effective confining stress
C cohesion
cP peak cohesion
c
n

mobilized cohesion in the softening
d50 average grain size
E Young modulus
er radial strain
ez axial strain
_ep
1 plastic axial strain rate
_ep

v plastic volumetric strain rate
F yield function
hp hardening parameter
_hp hardening parameter rate
hpp peak hardening parameter
J2 the second invariant of the deviatoric stress

P mean stress
q tension cut-off
qi initial yield tension cut-off
qP peak tension cut-off
qr residual tension cut-off
qH tension cut-off at HECS
qL tension cut-off at LECS
Sij deviatoric stress
T

ffiffiffiffiffi
J2

p

ts shear band thickness
m friction coefficient
mH friction coefficient at HECS
mL friction coefficient at LECS
u Poisson’s ratio
s0r effective radial stress
s0z effective axial stress
j friction angle
jcv constant volume friction angle
c dilation angle

Fig. 1. Experimental triaxial data on TB at different effective confining

stresses (ECS).

M. Jafarpour et al. / Soils and Foundations 52 (2012) 658–667 659
mesh-dependency problem. However, the Cosserat method
is effective as a regularization method when frictional slip is
prevailing (Sluys, 1992). Gradient plasticity regularization is
applicable as long as the shear band is thicker than the element
size thus requiring a very fine mesh in many cases. Non-local
models are computationally intensive when modeling field-
scale applications. Fracture energy regularization developed by
Pietruszcak and Mroz (1981) and Bazant and Oh (1983)
among others is applied here. This method also has its
limitation: the characteristic length of the element must be
larger than the material characteristic length. However, this is
of little consequence for field applications (Crook et al., 2003).

In this paper, a few modifications and simplifications
have been incorporated into Sulem’s work to ensure the
calibration procedure is easy to implement, objective and
efficient in capturing rock behavior.

Bilinear Mohr–Coulomb yield surface is used, which was
also adopted by Nouri et al. (2009). Emphasis is given here
to simulating the softening behavior of the material. Sulem’s
work is based on the uniform deformation in a triaxial test,
an assumption which is highly violated in the softening
regime where localization occurs. Hence, the approach
proposed by Vermeer, De Borst (1984) was adopted for
modeling the softening regime. They calibrated the soft-
ening regime using an exponential function with a tuning
parameter to match the experimental data. Fracture energy
regularization is also employed to enhance the Mohr–
Coulomb model. In addition, oriented mesh with an
inclination equal to the expected rock failure angle is used.
This special mesh design limits the localized deformation to
only one element size so that the shear band thickness is
produced numerically. The model calibration is applied to
two different sandstones (Castlegate and TB sandstones).
Back-analysis of the results is then conducted to ensure the
calibrated formulations can predict the experimental results.
The effect of mesh design is discussed, and the results are
compared with the results of the regular mesh design.

2. Experimental data

The results of 16 triaxial tests on sandstone core samples
taken from a petroleum reservoir, referred to as TB in this
paper, are utilized. The samples were taken from different
depths and at different temperatures and orientations with
respect to the bedding plane. Four out of the 16 tests are
selected for this calibration task. All samples for these four
tests were taken from the same depth, and the tests were
carried out at a temperature of 21.11 1C (70 1F). The core
plugs were taken with the plug axis perpendicular to the
bedding plane. Six triaxial tests were conducted on Castle-
gate sandstone. In these tests, the sample was first loaded
isotropically to the confining stress level, after which only
axial loading was applied with constant radial stress.



Fig. 2. Experimental triaxial data on Castlegate at different ECS.

Fig. 3. Secant stiffness modulus at 50% of the peak loading, E50 (Schanz

et al., 1999).
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The stress–strain responses are shown in Figs. 1 and 2. Each
curve shows the response at a different confining stress.

Figs. 1 and 2 show the average radial strains measured at
two points 901 apart on the outer surface and in the mid-
height of the samples. Both TB and Castlegate sandstones
are used in the calibration which will be disussed later.
3. Theory and formulation

3.1. Elastic properties

Stress-dependent elasticity is commonly observed in
sandstone and more generally in granular materials. For
simplicity and due to a lack of unloading data, however,
elastic parameters are assumed to depend on the confining
stresses, but not on the plastic strain. Due to a lack of
unloading data, the error in the selection of the initial yield
point is inevitable. Elastic properties are determined at
50% of the peak stress (see Fig. 3) as recommended by
Schanz et al. (1999). Poisson’s ratio can be calculated using
the definition of: u¼�er/ez, and the Young modulus is
calculated by

E ¼
q

ez

ð1Þ

Sulem et al. (1999) emphasized the significance of
calibration of the elastic moduli since they not only affect
the elastic calculations, but they also influence the calcula-
tion of the plastic strains considerably.
3.2. Yield surface

The yield function implemented is a bilinear Mohr–Coulomb
model which was also used by Nouri et al. (2009). Fig. 4
shows the yield surface in a T–P plot where T is the square
root of the second invariant of the deviatoric stress tensor,
and P is the mean effective stress. For a triaxial test
condition, they are simplified as

P¼
s0ii
3
¼

s0zþ2s
0
r

3
ð2Þ

T ¼
ffiffiffiffiffi
J2

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
SijSji

r
¼

9sz�sr9ffiffiffi
3
p ð3Þ

The yield surface equation is bilinear with each line
described by

F ¼ T�mðqþPÞ ¼ 0 ð4Þ

where m is the friction coefficient and has the following
relationship with the mobilized friction angle for the
axisymmetric state of stress:

m¼
2
ffiffiffi
3
p

sinf
3�sinf

ð5Þ

and q is the tension cut-off which can be related to the
mobilized cohesion, C, by the following relationship:

q¼
C

tanf
ð6Þ

The behavior of sandstone is schematically demon-
strated in Fig. 4. The hardening behavior is shown in
Fig. 4a where line (0) shows the initial yield surface. Once a
stress state reaches line (0), plastic deformation begins.
Further loading increases the friction coefficient or the
slope of the line up to the peak yield surface (line (1)). This
is shown by the upward arrows from line (0) to line (1). Up
to this point, the tension cut-off is approximately constant
both for the low and high effective confining stresses
(qL

i � qL
P and qH

i � qH
P ). Additional deformation after the

peak results in the softening of the material and shrinkage
of the yield surface. This is demonstrated in Fig. 4b by the
downward arrows from line (1) to line (2). During soft-
ening, tension cut-off shrinks to the residual value (qr), and
it is equal to zero for fully degraded sandstone, as depicted
in Fig. 4b. However, the friction coefficient remains
constant. That is, the line is lowered to the residual state
with the same slope as that of the peak. Line (2) is the new
yield surface during softening when the residual tension
cut-off gradually decreases to zero leading to the develop-
ment of shear bands.



Fig. 4. (a) Hardening and (b) softening of the bilinear Mohr–Coulomb model (Sulem et al., 1999).
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3.3. Friction hardening

Plotting the initial yield points versus peak stress for all
the tests in T–P space gives the yield functions at initial
yielding and at peak strength. The plot gives an indication
in dividing the data into two lines: low effective confining
stress (LECS) and high effective confining stress (HECS).
The data are fitted using a bilinear curve whose slopes give
the friction coefficient at LECS and HECS.

In measuring plasticity, the hardening parameter rate is
defined as

_hp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð_ep

zÞ
2
þð_ep

r Þ
2

q
�_ep

r _e
p
z

3
ð7Þ

The hardening parameter is the cumulative summation
of the hardening parameter rates.

Sulem et al. (1999) suggested that the friction angle in
the hardening phase can be related to the hardening
parameter using the following formulation:

f¼
sin�1 y0þ

ðm1�m2hpÞhp

1þm0hp

� �
0rhprhP

p

fP hpZhp
p

8><
>: ð8Þ

To calculate this friction angle one has to obtain q and m
from the peak yield stress. The value of q may change from
the initial to peak yield stress, especially at HECS, but
the change was found to be insignificant. Assuming q is
constant from the initial yield point up to the peak point,
the friction coefficient can be calculated based on T and P

from the triaxial tests. The friction coefficient is also a
function of the mean stress. Sulem et al. (1999) assumed
the friction coefficient is a function of the plastic shear
strain and a linear function of the mean stress. In this
work, two lines are calibrated (one for LECS and another
one for HECS) instead of considering the mean stress in
the formulation.
3.4. Cohesion softening

In the softening regime, the friction coefficient is
assumed to remain constant and equal to the value at
the peak strength. However, decrease in the tension cut-off
(Sulem et al., 1999) results in decrease in cohesion. The
formulation proposed by Sulem et al. (1999) is used in
simulating tests on sandstone, which produced poor
results. The reason is primarily attributed to the localized
deformation in the post-peak regime, which was assumed
to be uniform in Sulem’s approach. Hence, the method
proposed by Vermeer and De Borst (1984) is utilized to
describe the cohesion behavior for the softening part. The
following functional form is used:

cn ¼ cP exp �
hp�hp

P

hc

� �2
" #

ð9Þ

where c* is the softened cohesion, cP is the mobilized
cohesion at peak, hp is the hardening parameter, hp

p is the
hardening parameter at peak strength and hc is a calibra-
tion parameter.
3.5. Mobilized dilation angle

Plastic volumetric strain is developed as a result of
plastic shear strain. Shear dependency is defined by the
dilation angle

sinc¼
_ep

v

�2_ep
1þ _e

p
v

¼
dep

v

dð�2e
p
1þe

p
vÞ

ð10Þ

Eq. (10) can be used to calibrate the dilation angle
directly from test data. Another approach is to use Rowe’s
dilatancy formula. Rowe (1972) correlated the mobilized
dilation angle to the mobilized friction angle by

sinc¼
sinj�sinjcv

1�sinj sinjcv

ð11Þ

where jcv is the constant volume friction angle (Rowe,
1972) which can be calculated from the dilation angle and
friction angle at the peak strength in Rowe’s formula.
4. Calibration results

Results of the calibration procedure as described in the
previous section are elaborated below for the TB and
Castlegate sandstones.



Fig. 6. Friction and dilation angles of Castlegate vs. hardening

parameter.

Fig. 7. Mobilized cohesion vs. hardening parameter for TB.
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4.1. Friction hardening

As stated before, experimental data showed a constant q

in the pre-peak phase. q is evaluated from the yield
envelope at the peak strength. Next, the pre-peak triaxial
data are used in Eqs. (4) and (7) to plot the friction
coefficient versus the hardening parameter for LECS and
HECS. A correlation is found based on the best fitting
curve of Eq. (8). For TB at LECS

m¼
1:06þ

ð258�1823 hpÞhp

1þ3203 hp

; 0rhpr0:002

1:12; hpZ0:002

8><
>: ð12Þ

and at HECS

m¼
0:65þ

ð168�6543hpÞhp

1þ680hp

; 0rhpr0:003

0:80; hpZ0:003

8><
>: ð13Þ

Fig. 5 shows the friction angle versus hardening parameter
calculated from Eqs. (5), (12) and (13) for TB.

m ¼
0:819þ

ð300�9060hpÞhp

1þ1580hp

; 0rhpr0:0025

0:96; hpZ0:0025

8><
>: ð14Þ

and at HECS

m ¼
0:418þ

ð80�31614hpÞhp

1þ665hp

; 0rhpr0:0011

0:446; hpZ0:0011

8><
>: ð15Þ

Fig. 6 shows the friction angle versus hardening parameter
calculated from Eqs. (5), (14) and (15) for Castlegate.

4.2. Cohesion softening

For the post-peak regime, it is assumed that the friction
angle remains constant at peak-strength. The constant
friction angle is used along with cohesion from Eq. (9) in
a series of numerical simulations. Several values are tried
Fig. 5. Friction and dilation angles of TB vs. hardening parameter.
for the calibration parameter hc. In the end, values of 0.05
and 0.1 for the calibration parameter are found to give the
best match at LECS and HECS for TB. The mobilized
cohesion is shown in Fig. 7.
In the same way, values of 0.15 and 0.2 for the

calibration parameter are found to give the best match at
LECS and HECS for Castlegate sandstone. The mobilized
cohesion for this sandstone is shown in Fig. 8.

4.3. Mobilized dilation angle

The dilation angle at the peak strength is calculated
using Eq. (10), which is then used along with the friction
angle at the peak strength to calculate sin jcv in Eq. (11).
Applying this procedure, the average values of 0.12 at
LECS and 0.29 at HECS are used for sin jcv for TB while
0.19 at LECS and 0.17 at HECS are used for Castlegate.
The relationships for the friction angle as a function of



Fig. 8. Mobilized cohesion vs. hardening parameter for Castlegate. Fig. 9. Mesh-size dependency in the softening regime (legend shows

mesh size).
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the hardening parameter are already known; therefore,
equations for the dilation angle as a function of the
hardening parameter can easily be established at LECS
and HECS. Since the friction angle is assumed constant in
the softening regime, Eq. (11) predicts constant dilation
angle after the peak. Figs. 5 and 6 show the calculated
dilation angle for TB and Castlegate, respectively.
5. Fracture energy regularization

During the hardening phase, the deformations are nearly
uniform. As a result, the whole sample deforms uniformly
independent of the mesh design. However, in the softening
regime, deformation concentrates in the shear bands.
When solving numerically, the shear band resolves itself
into the smallest possible thickness, which is one row of
elements. The energy released for this localized deforma-
tion depends on the size of the shear band (i.e., the size of
that one row of deforming elements). The larger the
elements, the higher the energy release rate. This difference
in energy release for different mesh sizes results in mesh-
dependency. This mesh dependency is not observed in the
hardening regime because the whole sample deforms
uniformly; hence, the same energy is used to deform the
sample for different mesh sizes. But once the deformations
are localized, the behavior will be different.

Fig. 9 shows the mesh dependency normally observed in
the softening regime for TB sandstone. For brevity, only the
results of TB sandstone are presented in this part. There are
several methods to regularize the continuum to reduce this
mesh dependency. One way is to use fracture energy
regularization in which one has to include a material
characteristic length, lm

c . The finest acceptable mesh is when
le
c ¼ lm

c , where le
c is the characteristic length of element

defined as the diameter of the sphere (circle) having equal
volume (area) to the element under consideration.

To use larger element sizes, one needs to change the
hardening parameter such that it yields the same fracture
energy (Crook et al., 2003)

he
p ¼ hm

p

lm
c

le
c

� �n

ð16Þ

where hp
m is the material hardening parameter, hp

e is the
modified hardening parameter, and n is a material constant
equal to unity when the energy release rate for the fracture
growth is constant. The value of n¼0.6 is calibrated in
this work.
Eq. (16) makes the energy release (area under the stress–

strain curve) in the softening region the same for different
element sizes.

5.1. Shear band thickness

Previous research suggested that the shear band thick-
ness (ts) should be 10–20 times the mean grain size, d50, of
the material (Desrues and Hammad, 1989; Oda and
Kazama 1998; Viggiani et al., submitted for publication;
Yoshida et al., 1994). Marcher and Vermeer (2001)
assembled all the data and correlated them using two
lines: ts¼10d50 and ts¼20d50. They then concluded that
most data coincide with the line ts¼10d50. They also
reported that the data falling on this line were obtained
by more reliable measurement techniques such as thin-slice
and X-ray methods. Hence, we assume the shear band
thickness is about 10 times the mean grain size.

5.2. Characteristic length

The mesh size is selected so that the same experimental
shear band thickness is produced numerically. It is impor-
tant to accurately reproduce the thickness of the shear
band to avoid, or at least to reduce, the mesh dependency
of the results in the softening phase. In other words, the
size of the elements is selected such that the actual size of
the shear band is reproduced numerically. The material
characteristic length, lm

c , has been reported to be equivalent



Fig. 10. Dependency of numerically produced shear band thickness on

the characteristic length.

Fig. 11. Plastic strain contours for different mesh designs: (a) coarse

mesh, (b) fine mesh and (c) oriented mesh.
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to the shear band thickness (Nouri et al., 2009). However,
this assumption is valid as long as the shear band is
produced within one row of elements only. Fig. 10 shows a
linear dependency of the numerically produced shear
band thickness on the material characteristic length for a
common rectangular element. It is concluded that the
shear band would be approximately 4.73 times the char-
acteristic length for rectangular shaped elements. Hence,
for a rectangular element

lm
c ¼

ts

4:734
¼

10 d50

4:734
¼ 2:11 d50 ð17Þ

Since this value is only an average value between a
limited number of tests and since localization usually
occurs diagonally with an inclination of the failure angle,
the shear band will still be slightly thicker than the real
physical size (Fig. 11a and b). Therefore, oriented mesh
geometry is used to reduce the size of the shear band to one
row of elements only (Fig. 11c). Several numerical experi-
ments demonstrated that if the angle of oriented mesh is
the same as that of the failure angle, i.e., 45þ (jþc/4), the
shear band will be limited to one element row, and the
material characteristic length will be the same as the shear
band thickness (Fig. 11c). If the effect of mesh shape was
not considered on the characteristic length, we would have
had different results even with regularization.
The oriented mesh is considered to be the base case here,

and all the other simulations are compared with this base
case. A plane strain model with regular rectangular mesh
(both coarse and fine) is simulated and compared with the
base case. An axisymmetric model is also performed and
compared with the base case.
6. Back-analysis of triaxial tests

Back-analyses of the tests are performed using FLAC
software. Various approaches have been taken to capture
the stress–strain behavior of the reservoir rock. It is
common to simulate triaxial experiments using an axisym-
metric configuration; however, an axisymmetric configura-
tion does not allow localization of deformation. A plane
strain configuration was used to capture localization. The
results were later compared with those from using an
axisymmetric configuration. Fracture energy regularization
is applied to remove mesh dependency.

6.1. Mesh size

The triaxial samples are 1 in. (2.54 cm) in diameter and
2 in. (5.08 cm) in length. Mesh sizes of 0.2 in. (0.508 cm),
0.1 in. (0.254 cm), 0.067 in. (0.169 cm) and 0.05 in.
(0.127 cm) are used for the rectangular mesh. The mean
average grain size of TB is 0.0055 in. (0.14 mm). Hence, the
characteristic length would be approximately 0.0116 in.
(0.2957 mm) and 0.055 in. (1.4 mm) for the rectangular
and oriented mesh, respectively.

6.2. Boundary conditions

The bottom boundary of the finite element mesh is fixed
in the y (vertical) direction. The radial and axial loads are
applied on the boundaries, and then a small velocity in
the vertical direction is applied on the top boundary as
directed by the experimental procedure.
In the laboratory experiments, two steel platens are used

at the top and bottom of the rock samples. Axial loads are
directly applied on the platens. The surfaces between the
steel and the rock are usually lubricated to avoid end effects.
As a result, the platens are assumed to be frictionless.

6.3. Back-simulation results

As described previously, plane strain conditions with
oriented mesh in the simulation are used in the simulation.
The elasto-plastic material properties are calculated as
presented in Section 4. Tables of cohesion, friction and



Fig. 12. Comparison of simulated results with triaxial experiments for TB

sandstone (simulated results are shown with dashed lines).

Fig. 13. Plastic strain contour showing the formation of shear band.

Fig. 14. Comparison between simulation and triaxial test results for

Castlegate sandstone (simulated results are shown with dashed lines).

Fig. 15. Comparison between simulations and experimental observations

for different mesh designs (confining stress¼3.45 MPa, legend shows

mesh size).
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dilation angle versus hardening parameter are used as the
input data in the model. The results are presented in
Figs. 12 and 13.

It should be noted that radial displacement measurements
are not uniform along the sample after the onset of
localization. In other words, radial displacements at different
heights and radial angles are different. Two experimental
radial strain measurements are located at mid-height 901
apart to compare the experimental radial displacements with
numerical calculations. Hence, obtaining a match for the
radial strains is not carried out in this calibration. Actually,
the radial displacements for plane strain conditions are the
maximum displacements possible. Accurate calculation of
radial strain requires a 3D analysis, and even then, it is
difficult to compare radial strain with the laboratory mea-
surements taken at only two measurement points.

In addition to TB, the calibration and simulation
method was applied to six Castlegate tests as well. The
results are shown in Fig. 14.
6.4. Effect of mesh design

Regular coarse mesh and fine mesh with fracture energy
regularization are also simulated using the calibrated data and
are compared with the base case (i.e., oriented mesh). Plane
strain is assumed in all the models. The results are shown in
Fig. 15 for 3.45 MPa (500 psi) effective confining stress.
Compared to Fig. 9, not only is the mesh dependency

largely reduced, but also the results are closer to the
experimental data.
Selecting the characteristic length equal to the shear band

thickness regardless of the mesh shape does not result in good
matches. Fig. 16 demonstrates the results for such a case.
Differences in the softening part of each simulation are

expected. As shown in the figures, the results are highly
dependent on the mesh design and the choice of character-
istic length. Utilization of the fracture energy regularization
method with the angular mesh ensured objective calibration.
For simpler simulations, such as a triaxial test it is most



Fig. 16. Comparison between simulations and experimental observations

for different mesh designs without proper selection of characteristic length

(confining stress¼3.45 MPa).

Fig. 17. Axisymmetric mesh.

Fig. 18. Comparing results of the axisymmetric with plane strain model

(confining stress¼3.45 MPa).

Fig. 19. Comparison of displacement between (a) a plane strain and (b)

an axisymmetric model for the same mesh size (confining stress¼

3.45 MPa).
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favorable to apply oriented mesh and to select the elements
size equal to the shear band size so that the actual shear
band thickness can be captured. However, in more compli-
cated applications it is very difficult, if not impossible, to
align the mesh with the shear band as it requires pre-
knowledge of the shear band location and thickness. In
general, as long as the material characteristic length is
selected based on the mesh size and shape the results will
be adequately well.

6.5. Axisymmetric model

The triaxial tests are cylindrical, but the plane strain
simulations are rectangular. The difference in the config-
uration and assumption of plane strain had an impact.
Simulation of triaxial experiments is usually carried out
using an axisymmetric assumption. However, this assump-
tion does not allow localization, which is commonly seen
in the post-peak regime, to occur. Note that a cylinder with
a cutting plane is no longer axisymmetric. Fig. 17 demon-
strates the axisymmetric mesh of one-half sample section.

The simulation results for 3.45 MPa confining stress are
shown in Fig. 18. This model predicts better radial strains as
the radial strains in the axisymmetric model are somehow
the average strains. Since the axisymmetric model cannot
capture localization of deformation, the displacements are
completely different from those of the plane strain models.
Fig. 19 shows the displacements in the plane strain and the
axisymmetric models. The modeling approach is, therefore,
seem to have a high impact on the calibration and the
numerical response.

7. Summary and conclusions

This paper presented a detailed approach for calibrating a
Mohr–Coulomb model for simulating the degrading beha-
vior of sandstones. The procedure is demonstrated by
calibrating the model for two sets of triaxial testing data.
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The calibrations and back-simulation of TB and Castlegate
sandstones show:
�
 The bilinear Mohr–Coulomb model with friction-hard-
ening/cohesion-softening is capable of reproducing
sandstone behavior.

�
 The friction hardening formula offered by Sulem et al.

(1999) along with constant tension cut-off was found to
be adequate in the strain-hardening phase.

�
 The cohesion softening formula along with constant

friction angle as offered by Vermeer and De Borst
(1984) combined with a plane strain modeling of triaxial
tests with angular mesh was found to simulate the
softening phase reasonably well.

�
 The oriented mesh inclined at the failure angle results in

the formation of shear band in one element row. This is
most favorable in shear band simulations if the elements
size is selected equal to the shear band size so that the
actual shear band thickness can be captured.

�
 The fracture energy regularization method is found to

be capable of reducing mesh dependency. However, the
appropriate choice of characteristic length is essential.
To have effective regularization, it is important to
consider the shape of the mesh in the calculations of
the characteristic length. The characteristic length for
each mesh can be chosen in such a way that produces
the shear band thickness numerically.

�
 Although axisymmetric assumption yields the best

match for stress–strain curve when deformations are
uniform, it does not allow capturing shear band forma-
tion and development in the softening phase. Plane
strain model is a better choice and is the only way to
model shear bands in 2D simulations.
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