EPJ Web of Conferences 6, 22006 (2010)
DOI:10.1051/epjcont/20100622006
© Owned by the authors, published by EDP Sciences, 2010

Stress path dependent hydromechanical behaviour of
heterogeneous carbonate rock

N. Gland? J. Dautriat? A. DimanoV, and J. Rapharfel

'.E.P., 1-4 av. de Bois Préau, 92852, Rueil-Maloai<edex, France
ZLaboratoire de Mécanique des Solides, UMR 7649]eRolytechnique, 91128 Palaiseau, France

Abstract. The influence of stress paths, representative eserwoir conditions, on the
hydromechanical behavior of a moderately heterogemecarbonate has been investigated.
Multiscale structural heterogeneities, common fetance in carbonate rocks, can strongly alter the
mechanical response and significantly influenceethaution of flow properties with stress. Using
a triaxial cell, the permeability evolutions duriogmpression and the effects of brittle (fracture)
and plastic (pore collapse) deformations at yieldre measured. A strong scattering was observed
on the mechanical response both in term of comibitigs and failure threshold. Using the
porosity scaling predicted by an adapted effecthedium theory (based on crack growth under
Hertzian contact), we have rescaled the criticasgures by the normalized porosity deviation. This
procedure reduces efficiently the scattering, riavgan the framework of proportional stress path
loading, a linear relation between the criticalgstges and the stress path parameter througteall th
deformation regimes. It leads to a new formulafmrthe critical state envelope in the 'mean stress
deviatoric stress' diagram. The attractive featirthis new yield envelope formulation relies on
the fact that only the two most common differentchamnical tests 'Uniaxial Compression' and
'Hydrostatic Compression’, are needed to defingegnthe yield envelope. Volumic strains and
normalized permeabilities are finally mapped inshesses diagram and correlated.

1. Introduction

QOil field production leads to change in reservairgopressure, resulting in modifications of effeeti
stresses acting on the reservoir; it induces bdaktie and inelastic deformations of rocks and
potentially compaction at the reservoir scale. €mgsformations of the porous structures modify the
transport properties, and thus the production iefficy [1]. Several extensive experimental studies
have investigated the dependency of rock perméaliln effective pressure, during the brittle
regime and cataclastic flow of sandstones [2,3%4,%n carbonates, the microstructural control of
failure mechanisms is more complex than in sanést@md remains an extended matter of research
[7]. The macroscopic yielding seems to be contdll®y both crystal plasticity and grains
microcracking. On low porosity limestones, mechahdaata have been interpreted on the basis of a
crystal plasticity model [8]. Since for more poroterbonates, microcracking becomes the major
damage mechanism, such model is not appropriat®][&nd others effective media models [11,12]
based on microcracks growths theory are tested Fdlowing a similar approach, we highlight the
effects of heterogeneities on the mechanical respohbioclastic carbonates.
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2. Microstructural description and heterogeneities

Fig. 1. M|crostructure of Estaillades Carbonate: (a) p CTgmaf 'a mini- plug, SEM (BSE) images of (b)
triple junction: microporous and dense grains algnopore; (C) zoom in a microporous grain.

The Estaillades carbonate is composed almost exelysof calcite micro-grains of size ranging
from 1um to 10um (Fig.1(c)). Nevertheless, thisboaate presents structural heterogeneities at
different scales [14]. The Figure 1(a) shows that micro-grains of calcite gather in two kinds of
aggregates of size less than 500um, some very déigéd(b) top), and the others microporous
(Fig.1(b) left). A larger porosity is also presdmtween the aggregates (Fig.1(b) right). These
aggregates characterize the elementary micro-tgsaeity. This double porosity structure is
confirmed by Hg Porosimetry and NMR T2 distribusdi5].
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Fig. 2. Petrophysical characteristics of the Estailladebazate: (a) porosity and (b) permeability histogsa
of ~30 samples cored in a single bloc; to illugttiie heterogeneity, CT-RX (c) density map and ¢ipgity
profile of a very heterogeneous sample.

As illustrated on the Figure 2 with a particulanigterogeneous sample, the spatial distributiohef t
aggregates (c) can lead to local variations of gibydd) and thus to a meso-heterogeneity. For the
present hydromechanical study, homogeneous andratetieheterogeneous samples were selected.
At sample scale, the porosity variation from onengle to another (Fig.2(a)), between 24% and
31%, traduces the macro-heterogeneity. These lyeteedties, at different scales, lead to significant
permeability fluctuations from 50mD to 175mD (Fi@h}. As a result, no correlation between
porosity and permeability can be really identified.
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3. Stress-path dependent mechanical properties
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Fig. 3. Mean stress - strains (vertical in red, horizoirtdllue, volumic in black) curves, typical of the¢e
deformation regimes: (a) brittle; (b) transitiomath shear enhanced compaction and (c) purely cotapa
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In this study, the samples are compressed trigxetid continuously, following different stress
paths, representative of reservoir conditions [di6fined by the parameter:

_Ag,

Ao,

with Agy andAgy, the horizontal and vertical stresses incremedits.triaxial cell [17] operates for
confining pressure and vertical stress up to 690bavinsure the sealing of the elastomer sleeve on
the sample, for permeability measurements, aralnitnfinement op.=30 bar is required. Seven
sets of three samples (dimensions: 80mm heightdameter) were submitted to each following
stress pattK=0, K=0.125,K=0.25,K=0.375,K=0.5, K=0.75 andK=1. The axial loading ratAgy,
was set to 1 bar/min for all and the radial loading rafegy was set according €. The mechanical
response of the samples is obviously dependerteotelected stress path, but for a given loading

path, the response is also tightly linked to thgrde of heterogeneity between the different tested
samples. These aspects are detailed below.

(1)

Brittle Regime. ForK=0 andK=0.125, the damage is localized and results ateshiold pressure

in a brittle failure, either by two conjugated fra®s, or by a single oblique fracture, whose
inclination with respect to the vertical stressedtion depends oK, but also on the structural
heterogeneities.

L ocalized Compactant Regime. ForK=0.25 andK=0.375, the regime is transitional, or semi-brittle
The elastic regime shows limited compaction uphe tritical pressure threshofsl, where the
apparition of a localized shear band induces a osaopic vertical compaction. The pressure rise
stabilizes this compaction, up to a second critiraksure threshofal’, which define the cataclastic
dilatant regime. As observed by others authorst[8$ regime does not show any localization, but
results in deformed barrel-shaped samples. Undatdiig, we observe an important reduction of
porosity, whose evolution corresponds to the budfodnation. But during unloading, we also
observe the opening of a new porosity, linked fudé microcracking.

Diffuse Compactant Regime. For K=0.75 andK=1, abovep’, the deformation regime is purely
compactant (ses in Fig.3(c)) with the collapse of the macro-potpsietwork [15], initially present
between the different aggregates (Fig.1(b)). Thiescno-pores collapse corresponds in the Hg
porosimetry distribution to the shift from 10um3pm of the capillary macro-throat sizes. While,
homogeneous samples compact homogeneously, CTityoposfiles show that for heterogeneous
samples, the regions displaying the most importamtpaction (i.e. porosity reduction) correspond
to the initially more porous parts.
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4. Renormalisation of critical pressures
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Fig. 4. (a) porosities and (d) normalized porosities ofdtbmpressed samples according to the stress path
parameteK; corresponding (b) inelastic mean strgsgtriangles) and (c) yield mean strgggothers
symbols); scattering prevents identificatiorp(f) relations (see grey regions); (e, f) mean stress
normalisation by scaling parameter (d) reducesdtagtering and allows to identify linepK) relations.

Our data ofp* andp’, presented in Figure 4(b,c), show that for a giseess patlK, it exists an
important scattering; in the worst case (for instafor K=1), a difference of more than 100 bar
between the two extreme values can be observedliedrly prevents any meaningful elliptic
description in [§,q) stresses space, either for the onset of inelgstic for the yield. While, it is
common to normaliz@ andq by the valuep, (for K=1), which determination is impossible here,
due to the scattering. In addition, we notice igurées 4(a,b,c), that the greatest variations dtati
mean pressures correspond to the samples presehéndpiggest variations of porosity. The
scattering of the mechanical data is thereforeetated to the strong heterogeneity of the porous
structure of the studied carbonate. To reducenifsact, we have applied an effective media model
[12], which combines the theory of Hertzian contdlee yield mechanics (microcrack growth) and
an effective granular medium model [18]. This molilgks in particular the critical pore collapse
pressurep (in hydrostatic condition) to the porositgyand the grain sizey through a power law
scaling with an exponent -3/2:

P 0(dy®) ™, @)
By considering the aggregate size as constantawe performed a normalisation of the presspfes
andp values (Fig.4(e,f)) by the normalized porositiésach sample (Fig.4(d)) as:

-3/2
p— % ¢
P-P/ |75 ,
(@
This normalization procedure reduces very signifiyathe scattering of the data and linear relation
emerge clearly between the critical mean pressaamdshe stress path paramefetrig.4(e,f)). The
slope of this straight line corresponds to theedéfce between the critical mean pressprefor a

hydrostatic compression te$t<1) andp, for an uniaxial compression te#t<0). Thus, the critical
pressure for any stress path paramekecan be obtained by:

b =(p; = po)K + . (4)

®3)
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5. Inelastic and yield caps
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Fig. 5. Inelastic and yield caps (dashed and solid lingy ahean stress normalization, obtained from tiesli
p(K) relations (see Fig. 6.(e) and (f)).

The transposition of the linear relation (4) irte stresses spaqed) establishes a new yield model,
depending only oK. Since, for a givelK, the vertical stress, and horizontal stress; verify:

Oy =K(0v_pc)+ P, 5)
with p,, the initial confining pressure. For any propamtbstress path (and thus damage regime), the
deviatoric stresq is related to the mean presspriy:

(L-K)
q=37——5\P~P). (6)
(1+ 2K)( )
Combining equations (4) and (6), we obtain a nepression for the yield envelope, as illustrated in
the Figure 5:

g =3P~ plp=p) -
(pl - 3p0 + Zp)
The Figure 5 shows a good agreement of the inelédtished line) and yield (solid line) envelopes
defined by equation (7) with the experimental caltipressures normalized according to equation

(3). Above ~250bar of mean pressure, this new ftatimn underlines the hydrostatic component of
the stress tensor on the damage mechanisms; indetdeen ~250 bar arqu =375 bar, the cap

geometry tends towards a certain Iineatfﬁ;,D - p* , which is coherent with the observations of the

compactant behaviour at yield fe&€>0.5. For smaller mean pressures, the contributibrihe
deviatoric component is more important, in agreegmeith the mechanisms of shear induced
compaction and brittle failure. Contrary to the ssigal elliptic approach, this new envelope
formulation does not require any fitting paramet®nly two kinds of mechanical test, one at
constant confining pressur&®<£0 for instance), the other in hydrostatic condifiare needed to
describe fully the yield envelope. Yet, due to thebonate heterogeneity, several tests for these tw
stress paths should be performed to average thterseg.
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6. Cap parametrization
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Fig. 6. Cap parametrization: local slopes at ends, ape>dapdrture point from linearity (see Eq. 7 to 14).

Characteristic features of the proposed cap modie stresses spaged) (Eq. 7) are presented on
the Figure 6; those parameters can be obtainectlgifeom the two experiments=0 andK=1.
The local slope of the capbeing given by:

(p; +p.~2p) _, (pi - PAp-p,)

a= - - : (8)
(pl _3p0+2p) (pl 3p0+2p)
the local slopes g, andp;
TRS)
—_ (pl pc)
a, = (10)
)

are respectively,=0.87 andm,=-1.23 forp.=30bar,p, =96 bar ang, =375 bar.
The apex of the cap, characterizeddgy,=0 (g is maximum), corresponds to the mean pressure:

p __(\/_\/pl +3p0 4p1p0+3pc(p1 po) +3p0 pl), (11)

Equation (7) is then used to obtain the correspundi..« and the stress path parameter
K . intersecting the cap at its apex is obtained bylination of equations (6) and (7):

(Bp;m =3p - q;ax)

(3 p. -3p, + Zq;ax]

One obtaing) =132 barQ),_ = 212 bar andK . =0.13.

Imax max
The departure from linearity of the cap at higheefive pressure in the vicinity qf;, can be
qyantified by the normalized gap between the ditdige of slopea; passingp; and the the cap
g (p) defined by equation (7):

qmax

K.

Qmax

(12)

*
Oeq 7

al'(p_ p;)

Ag,, =1 (13)
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The mean pressure corresponding to the linearitiatien criterionAd,,, is:
_ (@-A9,)(p” —3p, Py) + A0, P.(PL —3P0) + 2P, P

20, (P = Pe) + (P =3Pp + )
and significant deviatiof\(],, = 10 % is thus reached fqm,,, = 241 bar.

pAqal ! (14)

7. Stress-path dependent hydraulic properties
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Fig. 7. (a) volumic strain, (b) vertical permeability af@) pore volume compressibility evolutions, as @action
of the mean stress, according to the seven inastigstress paths; (a,b) Same data set and (o) @itseset.

We investigate also the permeability and pore cessgibility evolutions during the different loading
paths. Initially, the samples are saturated witheb(30g/L NaCl). For the permeability, the flowtea

is set at 0.1 mL/min and the differential pressarmeasured, while the pore pressure is maintained
at p,=10bar by a back pressure regulator. To measurpdhe volume compressibility, the drained
volume is monitored by a digital volumeter, whiteetpore pressure is maintainedg 10 bar by a
gas buffer. In the linear deformation regime (Hg)Y, the permeability evolution (Fig.7(b)) is lare
and pretty independent of the stress path; theageepermeability reduction coefficiept is ~5.5%

for 100bar of mean pressure increment. In the stsespacep(q), we observe that the permeability
evolution is controlled essentially by the meareeti’e pressure, as shown by the vertical iso-
permeability lines (Fig.8(b)). In the linear defation regime, the pore volume compressibility
(Fig.7(c)) is constant and also independent ofstiness path with a mean value @f~0.8GPa-1.
Above the inelastic threshold, the permeabilitylations diverge. At high mean stress, we observe a
good correlation for all stress paths between tbkimmic strain and the vertical permeability
evolution (Fig.8); heterogeneity influence is aléghlighted by the inversion of the curves between
the stress pathK=0.75 andK=1 (Fig.7(a,b)). The inflection of the iso-permdupilines at low
mean pressure highlights the influence of deviatstiess on the permeability evolutions. At high
pressure, for stress pal»0.5, in the plastic deformation regime, the cagiertends to follow a
pore volume compressibilit§,-~4 GPa-1.

300,
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B
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50 100 150 200 250 300 350 400 450 500 550 600 650 0 50 100 150 200 250 300 350 400 450 500 550 600 650 :
Mean Stress p = (6,+26,)/3 (bar) Mean Stress p = (0,+26)/3 (bar)

Fig. 8. (a) Iso-volumic strain and iso-vertical permeabilitaps, calculated by linear interpolation of tinstf
data set of seven stress-paths compression expesitf®ee Fig. 7(a,b)).
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8. Conclusion

We have observed the different damage modes arithffeets of the microstructural heterogeneities
during hydromechanical compaction tests of carlmsatnples loaded according to different stress
paths. The stress path paramdétas the main parameter controlling the deformatiegime and the
permeabilities evolution. However, in the internsdiregimes, different samples submitted to a
sameK can show significantly different responses, du¢hter heterogeneities of porous structure.
This variability leads to a strong scattering af thata in terms of critical pressures, which makes
fitting of a yield envelope in the stresses spawblpmatic. Relying on a yield model of effective
media, we propose a normalization of the criticedsgures by the normalized porosities of the
different samples, which reduces significantly tbeattering and allows to derive of a new
expression for the inelastic and yield envelopathout any fitting parameter (in opposition to the
classical elliptical formulation). The mechanicaltal obtained on the Estaillades carbonate agree
quite better with this envelope shape. Its elalamats easy to carry out since it necessitates only
two kinds of classical mechanical tests, one ast@om confining pressure (i.8=0), and another
one, in hydrostatic conditions (i.lé=1).
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