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Abstract The mechanical behavior and permeability
of the Tuffeau de Maastricht calcarenite were studied.
Compactions bands were found to form in the “tran-
sitional” regime between brittle faulting and cataclastic
flow. In order to predict the formation of compaction
bands, bifurcation analysis was applied on a model
developed by Lade and Kim. The numerical results
proved to be in good agreement with the experimental
ones where the localization point was identified to be
the onset of shear-enhanced compaction (a threshold
in differential stress after which significant reduction of
porosity is induced). Before the onset of shear-en-
hanced compaction, permeability was primarily con-
trolled by the effective mean stress, independent of the
deviatoric stresses. With the onset of shear-enhanced
compaction, however, coupling of the deviatoric and
hydrostatic stresses induced considerable permeability
and porosity reduction.
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1 Introduction

Compaction bands are localized, planar zones of
compressed material that form normal to the most
compressive stress. Compaction bands were found by
Mollema and Antonellini [19] in a porous sandstone
from the Navajo Formation. More recently, Sternlof
and Pollard [27] documented field observations of
compaction bands in the Jurassic Aztec sandstone of
southeastern Nevada. Such bands have been observed
also in the laboratory [20, 21, 30], in high porosity rocks
that failed by cataclastic flow, as well as in polycar-
bonate honeycombs [22], steal foams [23] and plaster
[18]. Within these bands in high porosity sandstones,
microstructural observations in laboratory samples re-
vealed intragranular cracks—recent field observations
of Sternlof et al. [28] show almost no cracking—that
extend across the grains and result in comminution and
pore collapse [1]. These field and laboratory results
suggest that compaction bands are probably a common
feature in high porosity rocks.

The evolution of compaction bands has been ob-
served to take several forms: once initiated a com-
paction band may widen to accommodate the
cumulative strain (diffuse bands) [1, 21], or alterna-
tively further compaction is accommodated by the
initiation of additional bands that remain relatively
narrow (discrete bands); alternating bands of com-
pacted and uncompacted material [1, 16, 30]. There is
little understanding so far for the origins of these dif-
ferent morphologies although Baud et al. [1] have
pointed out some of the key microstructural attributes
that are favorable for the development of compaction
localization in the form of discrete bands. The rela-
tionship of the laboratory compaction bands to those
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observed in the field has not, also, been fully estab-
lished. Microscopic differences regarding the amount
of the grain-scale fracturing indicates that further study
is needed to determine the exact relationship.

Because the material within the compaction bands is
more dense, it has lower permeability than the sur-
rounding material [8, 29]. Hence, compaction bands
constitute barriers to fluid flow, adversely affecting the
injection and extraction of fluids for storage or energy
production. The presence of compaction bands affects
the overall mechanical strength of the formation as
well. The grain breakage and microstructural weak-
ening within the compaction bands could lead to
breakout phenomena causing increased sand produc-
tion [5-7]. Permeability reduction and increased sand
production are of economic significance in the oil
industry.

Systematic studies [1, 30] have demonstrated that
compaction localization is associated with stress states
in the transitional regime from brittle faulting to
cataclastic flow where two different damage mecha-
nisms are active (axial microcracks that grow and
coalesce, and pores that collapse while grains are cru-
shed). In the cataclastic flow, it is known that applica-
tion of nonhydrostatic stresses causes the pore space in
a high porosity rock to compact (shear-enhanced
compaction) and permeability to decrease. In the
brittle regime, contradictory observations in sand-
stones were reported. Nevertheless, Zhu and Wong
[31] observed that permeability in four different
sandstones with porosity above 15% consistently de-
creased with increasing stress. The current under-
standing of the effect of stress on permeability in
porous rock is not quite comprehensive. Experimental
studies [9, 24, 31] revealed that permeability in sand-
stones is very sensitive to loading path through the
interplay of hydrostatic and deviatoric loadings. On the
other hand, Somerton et al. [26] concluded that in coal,
permeability is affected primarily by the mean effective
stress and that the nonhydrostatic stress has negligible
influence.

Since the pioneering work of Rudnicki and Rice
[25], the onset of localized deformation has been
interpreted as instability in the constitutive description
of the deforming homogeneous material. To date, most
of the modeling efforts for the prediction of compac-
tion bands have focused on two invariant constitutive
descriptions of the homogeneous deformation. Rudn-
icki and Rice [25], Olsson [20] and Issen and Rudnicki
[11, 12] adopted a simple constitutive framework
whereby the yield envelope and inelastic volumetric
change can be characterized by the pressure sensitivity
parameter and the dilatancy factor, respectively. Their
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results are roughly consistent with the conditions under
which compaction bands form. Recently, Issen [10]
proposed a two-yield surface model to capture the
combined effect of the two different damage mecha-
nisms active in the transitional regime from brittle
faulting to cataclastic flow, where compaction bands
form, in which the shear yield surface and cap meet at a
vertex. The bifurcation analysis for this model is
elaborate, but analytical results are available for some
special cases. The results obtained have extended the
range of parameters over which compaction bands
form. However, laboratory and numerical work suggest
that the third stress invariant may play a significant
effect on the description of the mechanical response of
geomaterials [2-4, 14, 15, 17]. Nevertheless, bifurcation
analysis applies only to the onset of localization and
further analyses are required to elucidate the devel-
opment of the localized failure.

The present study identifies the development of
compaction bands in a sedimentary limestone, namely
the Tuffeau de Maastricht calcarenite. The experi-
mental results are presented in Sect. 2. Section 3
revisits the general localization theory of deformation
bands. Section 3 also presents the formulation and
calibration of an elastoplastic constitutive model
developed by Kim and Lade [14, 15, 17] on the basis of
the experimental observations of the mechanical
behavior of the tested rock. The developed model is
used in Sect. 4 for back analysis of the experimental
results. Conclusions concerning the permeability evo-
lution and its dependence on the stress states and
formation of compaction bands are drawn in Sect. 5. In
the last Sect. 6 follows an overall discussion of the
study. In matters of terminology, compactive stresses
and strains are taken positive.

2 Experimental procedure and mechanical data

The tested rock, the Tuffeau de Maastricht calcarenite,
is a high-porosity outcrop yellowish-white porous
sedimentary limestone. The Tuffeau is a siliceous
limestone formed from the erosion of other rocks by
marine sedimentation 90 million years ago. The word
“Tuffeau” comes from the Latin tofus meaning spongy
stone.

All tests were conducted on right circular cylinders
(approximately 38 mm in diameter and 76 mm in
height, that is a height-to-diameter ratio of 2:1), under
triaxial and K-constant compression. Cores were dril-
led in the same direction (perpendicular to the bedding
of the rock) to eliminate the possibility of lithological
variations and anisotropy influencing the results. The



Acta Geotechnica (2006) 1:123-135

tolerance of the samples was within the International
Society for Rock Mechanics (ISRM) requirements.
Thin nitrile sleeves were used to separate the dry sam-
ples from the confining fluid while for the saturated
samples FluoroEthylene-Propylene (FEP) teflon sleeves
were used. Axial deformations were measured using
linear variable differential transformer (LVDTs), while
radial ones were measured in two orthogonal direc-
tions using cantilever jigs. The samples were tested at
room temperature inside a pressure vessel. Both the
axial force and the confining pressure were applied by
servo-controlled hydraulic systems.

In tests performed for permeability measurements,
the samples were saturated with purified kerosene.
Each steel piston used had two fluid ports delivering
the fluid to a centered hole in the piston front face.
Sintered steel disks were placed at the end faces of the
saturated samples to distribute the fluid over the cross
section. Volumetric flow rates were recorded by the
fluid delivery pumps (Quizix SP-5200), while a differ-
ential pressure transducer recorded the pressure drop
across the sample.

A set of mechanical data for Tuffeau de Maastricht
calcarenite is shown in Fig. 1. The axial stress is plotted
against the axial strain for specimens tested in con-
ventional triaxial experiments with confining pressures
as indicated in the figure. The samples deformed
uniaxially and at confining pressure 0.5 MPa are rep-
resentative of the brittle faulting regime. The axial
stress attained a peak, beyond which the stress pro-
gressively dropped (strain softening). The peak stress
shows a positive correlation with mean stress (Fig. 2).
At 0.5 MPa confining pressure the volumetric strain
increased, but near the peak stress it reversed to a
decrease (Fig. 3). Visual inspection of the tested sam-
ples confirmed the development of shear localization.
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Fig. 1 Axial stress versus axial strain curves obtained from
conventional triaxial experiments performed at confining pres-
sures as indicated in the figure
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Fig. 2 Failure envelope of the tested rock. In “[0”, data from
tests not presented in this figure

In the ““transitional” regime between brittle faulting
and cataclastic flow (deformation at confining stresses
2,2.5,4,4.5 and 5 MPa) the volumetric strain increased
in all experiments monotonically with ongoing defor-
mation (Fig. 3). A peak in the differential stress and
strain softening (negative slope in the axial stress vs.
axial strain curve) are evident at the deformation
behavior of the samples tested at 2, 2.5, 4 and 5 MPa
confining pressure. CT scans and microscopic obser-
vations confirmed the formation of compaction bands
and development of several conjugate shear bands of
high angle in the samples tested at 4.5 and 5 MPa
confining pressure. The CT scan of the sample tested at
4.5 MPa confining pressure revealed the formation
inside the sample of fractures (dark areas) that were
not visible in the outer surface (Fig. 4). The fractures
were generated in high angles (almost normal some of
them) to the plug axis that is the direction of the most
compressive stress. The whole specimen was first
impregnated by blue-stained epoxy and then petro-
graphic thin sections (30 mm thick) were taken and
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Fig. 3 Mean stress versus volumetric strain curves for a set of
conventional triaxial tests performed at confining pressures as
indicated in the figure
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Fig. 4 CT-scan of a sample tested triaxially at 4.5 MPa confining
pressure

examined by transmitted light microscopy. The thin
section presented in Fig. 5 was located to a part of the
plug where an open fracture had been observed in the
CT image and demonstrates the presence of released
grains in the fractures. In another thin section (Fig. 6)
crushed grains close to a fracture and some micro
cracks oriented orthogonal to the fracture can be seen.
The CT scan of the sample tested at 5 MPa confining
pressure (Fig. 7) reveals also fractures oriented in high
angles to the most compressive stress. In both samples
grain packing is evident across the fractures (Fig. 8).

Fig. 5 Thin section photo of the sample tested at 4.5 MPa
confining pressure showing released grains in fracture. A 0.5 mm
scale bar is shown
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Fig. 6 Thin section photo of the sample tested at 4.5 MPa
confining pressure showing crushed grains close to a fracture.
Some micro cracks (upper arrows) are oriented orthogonal to the
fracture (horizontal, just above the photo). A 50 um scale bar is
shown

-

Grain breakage and packing along the fractures but
not in the large fragments in between them suggest that
localization occurred in the loading phase. In the
unloading phase (elastic phase), due to stress release,
fractures emerged inside the localization zones since
the grain bonds were broken and fragments were not
attached to each other by cement (released grains).
The orientation of some of the fractures (normal to the
most compressive stress) suggests the formation of
compaction bands.

Fig. 7 CT-scan of a sample tested triaxially at 5 MPa confining
pressure
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Fig. 8 Thin section photo of the sample tested at 5 MPa
confining pressure showing possible denser grain packing close
to large fragments that are not compressed. A 0.5 mm scale bar is
shown

Additional insight is gained by examining the effects
of the hydrostatic and deviatoric stresses on volumetric
strain (Fig. 3). There is a point in the hydrostat denoted
P* which corresponds to the onset of grain crushing and
pore collapse. Deviations from the hydrostat imply that
additional volumetric strain change is induced by the
deviatoric stresses. In the transitional regime between
brittle faulting and cataclastic flow, beyond the stress
levels, denoted by C* in Fig. 3, that correspond
approximately to the first local peak stresses, deviatoric
stresses provide a significant contribution to the
compactive volumetric strain (shear-enhanced com-
paction). In contrast, in the brittle faulting regime de-
viatoric stresses induced the volumetric strain to
decrease (shear-enhanced dilation). The mean stress—
volumetric strain curves describing the experiments at 2
and 2.5 MPa have the qualitative descriptions of the
others in the transitional type of failure. That is, before
the peak stress was attained, the volumetric strain in-
creased somewhat relative to the hydrostat, but then a
pronounced increase occurred post-peak.

3 Formulation of deformation bands

In this section we revisit the general localization theory
of deformation bands and calibrate the elastoplastic
model developed by Lade and Kim to the experimental
data.

3.1 General analysis of deformation bands

We assume an elastoplastic material with a yield
function F and a plastic potential function Q. If plastic

volumetric strain v, is used as the only parameter to
keep track of the history of inelastic deformation, then
the yield condition can be written as

F(O’ij,k) = 0, (1)

where k := k(v;,) is a function of the plastic volumetric
strain v, induced by the stresses g;; (i,j = 1,2,3).

When the stress state is on the yield surface, the
inelastic strain increments dej} (i,j = 1,2,3) are assumed
to be normal to the plastic potential Q, thus are as-
sumed to be expressed by the following relation:

%Y

deb = di, —,
] pé)o—,-]-

(2)
where d/, is a non-negative factor of proportionality
and d denotes partial differentiation with respect to the
indicated variable. Then, the rate constitutive equation
takes the form:

0
dO'l']' = ?jkl (dékl — dlp 87Q>, (3)
1

where with isotropy in the elastic response, the elas-
ticity tensor reads:

E
Ciejkl = 2(1 + V)

2v
(- Ty 0ijOxt + Oudjt + 5i15,'k> : (4)

E and v denote Young’s modulus and Poisson ratio,
respectively, and §;; is the Kronecker’s delta.

Because v, changes with inelastic deformation, so
that the stress state remains on the yield surface, the
following consistency condition must be satisfied:

OF OF dk

Substituting
Py deP o deP 200
dv, = de& +déb + de§ = d, éa—m, (6)

where o; (i = 1,2,3) denote the principal stresses and
def (i =1,..,3) denote the principal plastic strain
increments, into (5), solving for d/, and substituting
the result into (5) yields the following expression for
the stress increments:

da,-]- = Ciejildekla (7)

where the elastoplastic constitutive operator Ci}; is
given by

@ Springer



Acta Geotechnica (2006) 1:123-135

128
C?'mn mn Ce F
CP = CSy) — M’ fi= 8_ (8)
v / JsCrow S + H ajj
and
OF dk <~ 00
" Ok dvy 2= 0, ©)

is the plastic hardening modulus.
The loading criterion for a given strain increment
reads:

fiiCiiydew > 0,  plastic loading;
fijcg‘kldekl = 07

ﬁ,ijkldekl < O,

neutral loading; (10)

elastic unloading.

Rudnicki and Rice [25] showed that localized
deformation in a planar zone with unit normal n is a
bifurcation from homogeneous deformation if a non
trivial solution exists to the following eigenvalue
problem:

{mChm i =0, (11)

A non-trivial solution for the m, is possible only when
det{nCipm} = 0. (12)

n;Cilk; ny is the acoustic tensor and m its eigenvector.
The localization condition is the result of the require-
ments that the traction rates be continuous across the
band boundary and that the velocity field be continu-
ous at the instant of band localization. The nature of
the deformation band at localization depends on the
inner product (m,m) of the vectors n and m:

(n,m) = —1, pure dilation band;
—1<(n,m)<0, dilatant shear band;
(n,m) =0, pure shear band,; (13)
0<(n,m)<1, compactive shear band;
(n,m) =1, pure compaction band.

3.2 Constitutive model developed by Lade
and Kim

Kim and Lade [14, 15, 17] developed a single hard-
ening constitutive model for frictional materials.
The model incorporates all three stress invariants and
it was validated by the authors for sand and plain
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concrete. It consists of twelve parameters that are to
be calibrated from at least a hydrostatic, a uniaxial
and a conventional triaxial experiment in the brittle
faulting regime. The restricted number of tests nec-
essary for the calibration of the model is of impor-
tance, since the number of in situ cores available for
testing is often restricted as well. It should be noted
however that the presence of the third invariant is not
necessary for the simulation of the experiments per-
formed.

In Table 1 values of Young’s modulus £ and Poisson
ratio v obtained from unloading-reloading cycles per-
formed at different conventional triaxial experiments
are given. The averaged values, together with the
parameters of model that are calibrated below, are
used in order to calculate the elastoplastic tensor Cijy;
of Sect. 3.1.

3.2.1 Plastic potential function

The plastic potential function is expressed as a function
of the three stress invariants I;, I, and I5 in the fol-
lowing form:

12 13

Q=<Co—i+c3—1)]f, (14)
14} I

where the subscript “1”” denotes the direction of the

most compressive stress.

The parameter ¢y controls the intersection with the
hydrostatic axis, the parameter c; acts as a weighting
factor between the triangular shape (from the /5 term)
and the circular shape (from the I term), and the
exponent p determines the curvature of the meridians.
A constant stress a (tensile strength) must be added to
stresses before substituting them to the invariants. a is
a cohesion like parameter. If a uniaxial extension test is
not available then a can be approximated reasonably
well from the compressive strength o, using the
relation

Table 1 Determination of Young’s modulus £ and Poisson ratio
v for Tuffeau de Maastricht rock from unloading-reloading
cycles in conventional triaxial experiments at confining pressures
as indicated in the table

Triaxial compression E (MPa) v

tests performed

at (MPa)

0 2807.65 0.23

0.5 2648.24 0.223

2 3161.27 0.202

2.5 3158.48 0.206
Averaged Averaged

E = 294391 v =0.215
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a=-0226"7, (15) >0, (20)
which holds for sedimentary rocks [13]. The above €0~ — (27¢3 +3). (21)

relation yields a = 0.5142 MPa for the tested Tuffeau.
In what follows we will keep the notation used for the
stresses and for the stress invariants to denote the
translated stresses and translated stress invariants,
respectively.

Determination of the parameters c3, ¢y, ¢ In Kim and
Lade [14], it was shown for various frictional materials
that c; decreases as the rigidity of the materials in-
crease, and the cross-section of the plastic potential
surface changes from a triangular to a rounded shape.
The effect of material rigidity was also observed in the
characteristics of the failure surfaces. Thus the curva-
ture of failure surface meridians increases with
increasing rigidity. This curvature is modeled by the
parameter m in the failure criterion (Sect. 3.2.2). The
relation between c¢3 and m for frictional materials can
be expressed as a power function

c3 = 0.00155 m™ %7, (16)

giving c3 = 0.0007, since m = 1.853 (Sect. 3.2.2).
By defining now

de}
Vp = ——3, 17
P d 65) ( )
and substituting the plastic strain increments using the
plastic flow rule, under triaxial compression conditions,
we obtain

B PR o1( 1 [P
i s W L o)
5 A A E 2 (01 + 03+ 201vp)

p
I >
+c3 1—2 (0'10'3 + ()’3Vp):|
3

r P
—3c;Lt42L b 18
c3 Is + A } Co, (18)

or

hi= %fz = Co. (19)

Then the parameters p, and ¢y can be determined by
linear regression from several data points (Fig. 9). For
the tested rock u = 4.32 and ¢y = —2.96. Notice that the
condition of irreversibility, that is plastic work should
be positive whenever a change in plastic strain occurs
[15], is satisfied since

The plastic potential surface for Tuffeau de Maas-
tricht has the shape of an asymmetric cigar in the
principal stress space (Fig. 10). The surface is contin-
uous throughout the stress space except at the inter-
section with the hydrostatic axis behind the origin of
the space.

3.2.2 Failure criterion (peak-stress criterion)

Fy = (I}/I — 27)I" =n. The above criterion was
proposed by Kim and Lade [13] based on data for
different types of rock. The constant parameters m and
n can be determined by plotting (I3 /I —27) versus
(1/I) at failure in a log-log diagram and locating the
best fitting straight line. The intercept of this line with
(1/I;) =1 is the value of n = 1127.716, and m = 1.853
is the slope of the line (Fig. 11).

3.2.3 Yield criterion and hardening/softening law

The proposed isotropic yield function is expressed as
follows:

F=f(o;) — k(vp)7 (22)
in which

P I?
flo) = (= 3F)ter. 23)

and k(v,) keeps track of the history of inelastic
deformation based solely in the plastic volumetric

6 .
5 4
4 ‘M/
fi 3 1 ¢ 0.5MPa
= 2 MPa
2 4 2.5MPa
x 4 MPa
x 4.5 MPa
11 e 5MPa
—linear regression line
O T T T T 1
0 1 2 3 4 5

f,

Fig. 9 Determination of the parameters ¢ and ¢, by linear
regression from several data points
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Fig. 10 Plastic potential surface for Tuffeau de Maastricht
calcarenite in principal stress space

strain v,. The parameter c3 was determined in the
plastic potential function. Parameters 4 (constant) and
g (variable) control the meridional curvature of the
yield surface.

The yield surface together with the compactive yield
cap have the shape of an asymmetric tear drop with a
smoothly rounded triangular cross section as shown in
Fig. 12.

Parameter determination for yield criterion Consider
two stress points A and B on the same plastic volu-
metric strain contour (plastic volumetric strain con-
tours coincide with yield surfaces). We suppose that g,
which is variable, is 1 at the failure point B and 0 at the
point A which lies on the hydrostatic axis. Then
F(O-i)atA = F(O-i)atB or

2.5 Mpa 6.=G

6 2 Mpa 1

0.5 Mpa

Fig. 11 Failure envelope for Tuffeau de Maastricht rock in a
diagram of the first and second principal stresses
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In(a)e

=—————  a=2Ic +3)_1(c ﬁ—@>
- ln(IlA/hB) ’ o 3

‘Lz Ls
(24)

In Table 2 the values of 4, in the conventional triaxial
experiments at confining pressures that correspond in
the brittle faulting regime and in the transition regime
between brittle faulting and cataclastic flow, are given.

The parameter g is a function of stress level such
that

q =0, during hydrostatic compression;
0 < g <1, during hardening; (25)
qg=1, at failure stresses.

The dependence of g on the stress level in the
hardening regime will be investigated in the sequel. We
have to keep in mind though, that g =0 during
hydrostatic compression in order to calibrate the
parameters of the hardening law that follows.

Hardening law k:=f'(v,) The translated hydro-
static pressure may be modeled by a quadratic func-
tion of the plastic volumetric strain, up to a value v;“
chosen for the best fitting possible, but otherwise

arbitrary:
I =Kv:+Lvy+ W, (26)

where the parameters K, L and W are all constants.
Then, the parameters of the quadratic function (K, L
and W) update so that

in\2 in _ in\2 in
KOpP +Lvg +W = (KORP + Lo+ W)

(27)

Fig. 12 Yield envelope for Tuffeau de Maastricht calcarenite in
principal stress space



Acta Geotechnica (2006) 1:123-135

131

Table 2 Determination of the parameter s for Tuffeau de
Maastricht rock

Table 3 Values of v, on the compactive failure cap for different
triaxial compression tests

Triaxial compression h
tests performed at (MPa)

Triaxial compression Vp
tests performed at (MPa)

0.5 3.25
2 3.64
2.5 3.08
Averaged
h = 3324

2KV 4 LW = (2Kvir + L) (28)

updated ’

(_ %) - (29)

updated

(27) and (28) yield that the curve which simulates the
translated hydrostatic pressure is C' differentiable
(Fig. 13), while due to (29) the transition from hard-
ening to softening occurs when the plastic volumetric
strain takes the value v; (see also Softening law).

The plastic volumetric strain contour at v; approxi-
mates the compactive failure cap, that is the curve
defined by the stress states C* (Table 3).

So for a hydrostatic compression test (¢ =0, g
defined in the yield criterion)

flai) = (vp) = f'(vp) = (27c3 + 3)(Kv] + Lv, + W)".
(30)
Variation of ¢ The stress level S = Fy/n varies from 0

on the hydrostatic axis to 1 at the failure surface. S is a
hyperbolic function of

25
= in
c Vo
8 20 A
b
©
>
= 15
[y
-9
o
s 2
7] 10 | i
3
© — simulation of I1
® 5 1 . )
c - - simulation of I1
£
0

0 0.0025 0.005 0.0075 0.01
plastic volumetric strain v,

Fig. 13 Simulation of the translated hydrostatic principal stress
I, as a function of plastic volumetric strain

2.5 0.00913
4 0.00915 and 0.0123
4.5 0.0138 and 0.0128
5 0.0118
Averaged v, = 0.0115

Hydrostatic experiment 0.0149

!

(Vp)> ( LB ) h

=In , b=c———]I 31

1 ( b L L)Y G

that is S = q/(f+ yq) where f and y are constant
parameters. Since the curve passes through (1,1) we
obtain

pS
EE S e 32
Figure 14 presents the variation of g with respect to the
stress level for the tested Tuffeau. f was found to be
approximately 0.7.

Softening law k :=f"(v,) = Ae"B"» Softening may
begin anywhere along the monotonically increasing
hardening curve and is initiated when g = 1, which in
turn occurs when S = 1. Softening may also occur when
the plastic volumetric strain takes the value v, of the
plastic volumetric strain contour that approximates the
failure cap, that is in the case of Tuffeau de Maastricht
rock the value 0.0115 strain (Table 3). This value must
be equal to v = —L/2K for which the hardening
modulus H = (27¢5 + 3)h(Kv123 + va+W)h'1(2Kvp+L)
becomes zero and softening begins.

Determination of the parameters A and B The slope

of the softening curve is set equal to one-tenth the
negative slope of the hardening curve at the peak

1ﬁ

0.8
0.6
q s —q=0.7*S/(1-0.3*S)
0.4 1 = 0.5 MPa
021 s 2 MPa
x 2.5 MPa
0 T T T T 1
0 0.2 0.4 0.6 0.8 1

S

Fig. 14 Variation of g as a function of the stress state S
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Table 4 Parameters needed for the calculation of the elastoplastic tensor

ki of Tuffeau de Maastricht rock

E (MPa) v a m n

Co c3 u h B

2943.91 0.215 0.5142 1.853

1127.716

-2.96 0.0007 432 3.324 0.7

point. This assumption enables us to calculate both
parameters

A= (f,)peakeB(Vp>peak7 (33)

1 (df 1
515 (a) “‘”

hard,peak (f/)peak .

The values of all the parameters that are needed for
the calculation of the elastoplastic tensor C; of the
tested rock are listed in Table 4.

4 Back test analysis

The back analysis of the triaxial tests used for the
calibration of the elastoplastic model follows. Because
of the non-linear constitutive model, the simulation of
the tests is performed incrementally using numerically
Euler forward integration.

Figure 15 shows the numerical simulation in com-
parison with the experimental data of a hydrostatic test
up to point P* that corresponds to the onset of grain
crushing and pore collapse. In the uniaxial compressive
test the numerical data is roughly consistent with the
experimental data, and the reason is that in the cali-
bration as customary the uniaxial test was not taken
into account (Fig. 16).

The comparison of the numerical simulation of the
conventional triaxial experiment at 0.5 MPa confining
pressure with the experimental data (Fig. 17), together

8_
2]
61
5 |
44 %
3

27 - - experiment

— simulation

mean stress p [Mpa]

0 T
0.005

T

0.010 0.015 0.020

volumetric strain

Fig. 15 Experimental data and numerical simulation of a
hydrostatic test
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with the back analysis of the other tests below, shows
that the model of Lade and Kim does capture the
behavior of Tuffeau rock.

The bifurcation analysis for this test predicts a
localization of the homogeneous deformation in an
dilatant (almost isochoric) shear band (0 < (n, m) =
0(107)) in the softening regime. The angle between
the plane of localization and the most compressive
stress is approximately 0.241zn. In the next figure
(Fig. 18) the back analysis of a conventional triaxial
test with 2 MPa confining pressure is presented. The
predicted localization band that forms in the soften-
ing regime, is in this case a compactive shear band
((m, m) < 0) with the aforementioned angle being
approximately 0.345n. The same angle between the
plane of the predicted localization band and the most
compressive stress in the conventional triaxial experi-
ment at 2.5 MPa confining pressure is 0.342x approxi-
mately (Fig. 19). The onset of the predicted
compactive shear band occurs again post-peak. The
above tests were representatives of the brittle faulting
regime and the transitional regime between brittle
faulting and cataclastic flow. In the conventional tri-
axial experiments that follow with confinements in the
cataclastic flow regime, namely at 4, 4.5 and 5 MPa
confining pressures, the model predicts pure compac-
tion bands ((m, m) = -1) pre-peak. The comparison of
the experimental data with the numerical simulation as
well as the predicted onsets of the pure compaction
bands are given in Figs. 20, 21 and 22 for the tests at
confining pressures 4, 4.5 and 5 MPa, respectively.

3.5
3.0
25
g 20
s .
- 15 radial strain (simulation)
o axial strain (simulation)
1.0 1 — radial strain (experiment)
05 1 — axial strain (experiment)
r T .0 U T T T 1
-0.010 -0.005 0.000 0.005 0.010 0.015 0.020
strain

Fig. 16 Experimental data and numerical simulation of a
uniaxial test. The two left curves represent the radial strains
(experimental and simulated)
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5.0 q e=1/4
4.0 A rany e
/ |‘ s
_—— ; s
é— 3.0 “ /" axial strain (simulation)
= ! P radial strain (simulation)
b‘: 2.0 1 ll / — -axial strain (experiment)
} / — -radial strain (experiment)
1.0 'U/ —%— localization point
x —=— |ocalization point
00 T T T T 1
-0.002 0.000 0.002 0.004 0.006 0.008
strain

Fig. 17 Experimental data and numerical simulation of a
conventional triaxial test at 0.5 MPa confining pressure. The

two left curves represent the radial strains (experimental and
simulated)

Again only the deviatoric part of the tests is consid-
ered.

5 Permeability reduction

There was an appreciable scatter in permeability be-
tween different samples. Instead of presenting the
normalized data from all the experiments performed,
we prefer to show the primary data of those samples
with comparable permeabilities.

In Fig. 23 the axial stress as a function of the axial
strain at conventional triaxial experiments performed
at 4, 4.5 and 5 MPa effective pressures and a K-con-
stant experiment for K = 0.7 (the ratio o,/0; is equal
to 0.7, where o, = 05 and o; (i = 1,...,3) are the prin-
cipal stresses), are shown. The tests were drained with
the pore pressure kept constant at 2 MPa. The stress—
strain curves of the conventional triaxial experiments

- 0=0.345m
-

axial strain (simulation)

7 radial strain (simulation)
& — -axial strain (experiment)

4 — =radial strain (experiment)

—%— localization point

—=— |ocalization point

G441 [Mpa]

N w A~ 0o N
1 1
\\
\
\
Y
Y
Y

e
A

0 T T T T 1
0.000 0.002 0.004 0.006 0.008 0.010
strain

Fig. 18 Experimental data and numerical simulation of a
conventional triaxial test at 2 MPa confining pressure. The two

left curves represent the radial strains (experimental and
simulated)

0=0.342m

|
=4

P S

"

-, axial strain (simulation)
e radial strain (simulation)

/ — -axial strain (experiment)

| — =radial strain (experiment)

—*—localization point

—=— |ocalization point

PNl
~

G4 [Mpa]
M W R O N ®

Y
1

O T T
0.000 0.002 0.004
strain

T T 1

0.006 0.008 0.010

Fig. 19 Experimental data and numerical simulation of a
conventional triaxial test at 2.5 MPa confining pressure. The

two left curves represent the radial strains (experimental and
simulated)

in Fig. 18 are similar to those of the samples that
were subjected to loading at corresponding confining
pressures. However, there is a difference in the
strength, due to the presence of kerosene used to
saturate the samples and to creep since at 0.5 MPa
effective mean stress some preliminary permeability
measurements had to be recorded. This difference is
approximately 13.6% of the strength of the dry sam-
ples. All the above experiments are performed at
effective pressures that correspond to the cataclastic
flow regime. Permeability consistently decreases with
increasing strain, independently of whether the sam-
ple showed hardening or softening. The mechanical
data presented in Sect. 2 indicate that with the onset
of shear-enhanced compaction C* (a threshold in
differential stress) coupling of the deviatoric and
hydrostatic stresses induce considerable volumetric
strain increase. The critical stress levels C* mark the
onset of significant reduction in permeability as well.

87 9=1/2
7 = e
6 - P
= 5 rd . —
o Vs radial strain (simulation)
£ 4 ’ axial strain (simulation)
6': 3 — -radial strain (experiment)
— -axial strain (experiment)
2 A —%-— localization point
14 —=—|ocalization point
0 T T T T :
0.000 0.002 0.004 0.006 0.008 0.010
strain

Fig. 20 Experimental data and numerical simulation of a
conventional triaxial test at 4 MPa confining pressure. The two

left curves represent the radial strains (experimental and
simulated)
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8 6=1/2
7 .
6 -
‘© 5 axial strain (simulation)
o 1 7 . . . .
= 4 radial strain (simulation)
';' — -axial strain (experiment)
® 31 — =radial strain (experiment)
21 —*—localization point
1 —=— |ocalization point
O T T 1
0 0.005 0.01 0.015
strain

Fig. 21 Experimental data and numerical simulation of a
conventional triaxial test at 4.5 MPa confining pressure. The
two left curves represent the radial strains (experimental and
simulated)

e=T/2
X

=

4 axial strain (simulation)
radial strain (simulation)

— -axial strain (experiment)

d — -radial strain (experiment)

—%— loalization point

a —=— |ocalization point

o, [Mpa]
o = N W Hd OO N 0 ©
| I —
—_—a

0.006 0.008 0.01 0.012

strain

0 0.002 0.004

Fig. 22 Experimental data and numerical simulation of a
conventional triaxial test at 5 MPa confining pressure. The two
left curves represent the radial strains (experimental and
simulated)

74 hydrostath

axial effective stress [Mpa]
N

0 0.005 0.01 0.015 0.02 0.025

axial strain

Fig. 23 Axial effective stress versus axial strain curves obtained
from conventional triaxial and a K-constant experiments per-
formed for testing permeability evolution
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Before the onset of shear-enhanced compaction per-
meability is primarily controlled by the effective mean
stress, independent of the deviatoric stresses. With the
onset of shear-enhanced compaction, however, the
nonhydrostatic loading exerts dominant control over
permeability (Fig. 24).

Minor differences can be seen between the hydro-
static and triaxial experiments when permeability
is plotted as a function of volumetric strain (overall
positive correlation).

6 Concluding remarks

The mechanical behavior of Tuffeau de Maastricht
calcarenite was studied. Dry conventional triaxial and
hydrostatic experiments were performed. The data
obtained was used to calibrate the parameters of the
single hardening elastoplastic model developed by Kim
and Lade. The numerical results were in good agree-
ment with the experimental ones. The tested samples
were CT scanned and petrographic thin sections were
taken based on these CT scans, in an effort to identify
the presence of deformation bands.

The model predicts dilatant shear bands in the
brittle faulting regime in accordance with the experi-
mental observation, while in the transitional regime
between brittle faulting and cataclastic flow predicts
compactive shear bands and almost pure compaction
bands. The localization points in the cases of dilatant
shear bands and compactive shear bands occur post-
peak (after the peak in the stress—strain curve is
attained). Almost pure compaction bands are pre-
dicted before the onset of shear-enhanced compaction
(that is the first local peak). The localization points in
all test back analysis are very close to the first local
peaks where deformation bands are assumed to form

\_hydrostatic

permeability [mDarcy]
S

0 : : . :
0 2 4 6 8
mean effective stress p [Mpa]

Fig. 24 Permeability plotted against mean effective stress for
conventional triaxial experiments in the cataclastic flow regime
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with the exception of the test back analysis of the tri-
axial experiment performed at 5 MPa confining pres-
sure, where the onset of the compaction band is
predicted quite pre-peak.

Conventional triaxial and K-constant experiments
were also performed to elucidate the stress dependence
of permeability. The effective mean stresses were suf-
ficiently high that the sample failed by cataclastic flow.
The critical stress levels C* (onsets of shear-enhanced
compaction) mark the onset of considerable perme-
ability reduction due to the coupling effect of the de-
viatoric and hydrostatic stresses. Before the onset of
shear-enhanced compaction, permeability is primarily
controlled by the effective mean stress, independent of
the deviatoric stresses.
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