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[1] Compressional, shear wave velocities and their ratio, V,/V,, were measured‘along with
porosity variations during wet and dry hydrostatic compaction of Bleurswiller,sandstone, a
25% porosity Vosgian sandstone. At first, increase in hydrostatic pressure was
accompanied by a simultaneous increase of both V), and V; as expected. At a critical
effective confining pressure P*, a large mechanical decrease of porosity was observed that
was due to pore collapse and grain crushing. Theoretically, two different processes are
affecting the elastic wave velocities in counteracting ways during cataclastic compaction:
cracking and porosity decrease. Our experimental results show ‘that,cracking is the
dominant effect, so that grain crushing and porosity reduction were accompanied by a
large decrease in velocities. The ratio V,/V; was also obscrved to change during our
experiments: In the wet specimen, V,/V; value increased from™1s72 to 1.84, while in the
dry specimen, it increased from 1.59 below P* to 1.67 beyond’P*, respectively. To
quantitatively interpret these results, an isotropic effective.medium model (EM) was used
that considered the sandstone as a mixture of gpheroidal pores and penny-shaped cracks.

In particular, the increase in V,/V, in the wet cage, is well reproduced and shows the
important role played by the mechanical coupling ofifluid with low aspect ratio cracks
(<107%). In the dry case, however, our experimental results highlight an increase of ViV
ratio during cataclastic compaction, in apparent contradiction with the predictions of
the EM model. Indeed, increases in ¥/l ratio, and hence in Poisson’s ratio, are, in
general, attributed to fluid saturation. A“¢loser look to the microstructure may provide a
possible interpretation: Beyond P*, grains aremo longer cemented. Using Digby’s granular
model as an alternative model, we were able to reach a quantitative agreement with

the experimental results. The possibletimplication is that in both dry and wet conditions,
cataclastic compaction due to, grain‘erushing induces an increase in V,/V; ratio.

Citation: Fortin, J., Y. Guéguen,and A, Schubnel (2007), Effects of pore collapse and grain crushing on ultrasonic velocities and
V,/Vs, J. Geophys. Res., 112, XXXXXX, doi1:10.1029/2005JB004005.

1. Introduction

[2] Compaction can oceur as a result of mechanical and
chemical processes [Wong et’al., 2004; Lehner and Leroy,
2004]. While chemical compaction usually becomes the
dominant process at depths greater than 4.5 km [Giles,
1997; Ramm, 1992], mechanical compaction involves the
rearrangement of grains at lower depths. Mechanical com-
paction and associated porosity reduction play an important
role in the diagenesis of sandstones and they may also affect
sandstone reservoirs during hydrocarbon production [Smits
et al., 1988; Fredrich et al., 1998]. In such cases, mecha-
nical compaction may occur because production decreases
the pore pressure and hence increases the effective stress on
the sandstone solid matrix. Results from hydrostatic com-
paction experiments on a wide range of sands and sand-
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stones are generally interpreted in terms of a critical
pressure P*, which characterizes the onset of homogeneous
pore collapse and grain crushing (nonlocalized cataclastic
flow) [Zhang et al., 1990; Wong et al., 1997].

[3] Recent field [Mollema and Antonellini, 1996], and
laboratory [Olsson, 1999; Klein et al., 2001; Baud et al.,
2004; Fortin et al., 2005, 2006] observations have focused
attention on the formation of localized compaction bands in
porous sandstones. Laboratory experiments have shown that
compaction bands occurred in sandstones with porosities
ranging from 20 to 28%, deformed at room temperature,
under a triaxial loading. The present investigation is res-
tricted to conditions of zero deviatoric stress (purely hydro-
static compaction) as the case of nonzero deviatoric stress in
Bleurswiller sandstone has been previously reported by
Fortin et al. [2005, 2006]. In such experimental conditions,
compaction bands can theoretically not occur [Rudnicki,
2004], and the deformation is assumed to be homogeneous
(principle of symmetry).

[4] The measurement of elastic wave velocities has often
been used to provide some information about the rock
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microstructure [e.g., Nur and Wang, 1989]. Being by nature
small mechanical perturbations, elastic waves are strongly
affected by the rock deformation processes. In consequence,
the behavior of the elastic wave velocities (V, and V, and
their ratio V,/V,) during pore collapse and grain crushing
is not straightforward. Indeed, elastic wave velocities can
be affected by two distinct and competitive mechanisms:
(1) cracking and (2) porosity reduction. In the first case, it is
well known that elastic wave velocities may be reduced
substantially during triaxial compression experiments in the
presence of cracks. This is observed in crystalline rocks
[e.g., Hadley, 1976], and also in porous rocks [e.g., Scott
et al., 1993]. Under hydrostatic tests, Zhang et al. [1990]
and Wong et al. [1997] demonstrate from postmortem
microstructural observations that grain crushing in sand-
stone is generally characterized by extensive microcracking
as cracks nucleate and propagate when pressure reaches the
critical pressure P*. Therefore these newly formed cracks
may induce a decrease in elastic wave velocities. Second,
Zhang et al. [1990], Wong et al. [1997], and Karner et al.
[2003] report for hydrostatic tests on porous sandstones,
that pore collapse can induce a porosity reduction higher
than 10%. Therefore porosity reduction may result in an
increase of the elastic wave velocities [Dvorkin and Nur
1996; Avseth et al., 1998].

[5] Understanding the stress dependencies of seismic
velocities is important for interpreting a variety of seismic
data. The velocity dependence on confining pressure can
be phenomenologically described [Zimmerman, et al.,
1986; Shapiro, 2003] without specifying any mictome-
chanical model. However, effective medium theoties (EMT)
connect the effective elastic properties of a rocksto that of the
solid matrix (pore- and crack-free), the fluid properties, and
parameters related to pores and cracks such ‘as the crack
density p and the porosity p. Using EMT makes it possible to
specify a macroscopic behavior relying on a microscopic
mechanism. Two different approaches are frequently used in
EMT calculations: (1) one is therapproximation of an effec-
tive matrix and (2) the otheriis the approximation of an
effective field. In the first case, eachierack or pore is assumed
to be isolated in a medium. that is the effective matrix
[O’Connell and Budianskyy 1974, 1977; Salganik, 1973;
Hashin, 1988]. For example, using a differential self-consis-
tent method, Le Ravalec and.Guéguen [1996] calculated the
effective elastic moduli of a two-phase material: an isotropic
solid matrix containing an isotropic distribution of round
pores or oblate spheroidal cracks. In the second case, crack
interactions are accounted for through an effective stress. Of
special interest is the model of noninteraction approximation.
Indeed, using this assumption, the effective elastic properties
of a material containing fluid-filled pores of various shapes
can be calculated rigorously and exactly in a manner that
depends on the crack and pore distributions solely [Bristow,
1960; Walsh 1965; Kachanov, 1980; Sayers and Kachanov,
1995]. The noninteraction assumption, often wrongly con-
fused with the low crack density one, remains accurate at high
crack densities, provided the locations of crack centers are
random. Indeed, at a microscopic level, crack interactions
exist but are approximately compensated. Sayers and Kacha-
nov [1995] and Schubnel and Guéguen [2003] proved that
this assumption is the best one for certain distributions such
as random (isotropic) or aligned crack distributions. In such a
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way, the effective elastic moduli of a material containing a
mixture of saturated pores and ellipsoidal cracks were given
recently by Shafiro and Kachanov, [1997]. In this model, the
effective stress is estimated using the scheme of Mori-Tanaka
(let us point out that if the material contains only cracks, the
Mori-Tanaka scheme corresponds exactly to the noninterac-
tion assumption).

[6] In this paper, we report experimental results obtained
during the hydrostatic compaction of dry and saturated
specimens of Bleurswiller sandstone (a Vosgian sandstone
with an initial porosity pi= 25%). Elastic wave velocities (V)
and V, and their ratio V,/¥;) were measured during these
experiments: In the firstyparts of the loading, the application
of the hydrostatic'pressure closes the preexisting cracks and
pores with large aspect ratios and raises the velocities.
However, our data'show that during pore collapse and grain
crushing, .elastic wave velocities decrease, which implies
that they are more affected by cracks than by porosity
reduction. To.interpret theoretically and quantitatively these
results, we consider a porous rock as made of a mixture of
solid¢grains, spherical pores, and penny-shaped cracks. The
effective,medium model “pores and cracks™ that we used
here both in dry and fluid-saturated conditions, is based on
the works of Kachanov [1993], Kachanov et al. [1994], and
Shafiro and Kachanov [1997].

2. Experimental Methods
2.1. Sample

[7] Cylindrical specimens of 80 mm in length and
40 mm in diameter were prepared from Bleurswiller
sandstone. This sandstone was collected from the quarry
of Frain (Vosges, eastern France) and is identical to the
one previously studied by Fortin et al. [2005, 2006].
Figure la gives a picture of an intact specimen. The
physical properties are detailed in Table 1. Porosity is
about 25%. Fortin et al. [2006] have investigated micro-
structure using optical microscopy: This gray sandstone
contains ~50% quartz, ~30% feldspars, and ~20%
oxides-micas and grain sizes range from 80 um to
150 pym with a mean value of 110 pum. Figure 1b show
a scanning electron microscopy (SEM) of an intact speci-
men, for comparison: Porosity appears in black, and quartz
grains appear darker than the feldspar grains. Grains are
mostly subangular to subrounded. Clay is often located
within the pores, or between two grains. The microstruc-
ture analysis does not reveal any layering. Moreover, the
undeformed sample has an initial P wave velocity aniso-
tropy lower than 1.5%. We assume in the following that
Bleurswiller sandstone is isotropic.

2.2. Laboratory Equipment

[8] The triaxial cell installed at the Laboratoire de Géo-
logie of Ecole Normale Supérieure (Paris, France) was used
to investigate the evolution of the elastic wave velocities in
Bleurswiller sandstone deformed under hydrostatic loading.
A schematic diagram of the apparatus is shown in Figure 2.
The confining pressure is servo-controlled with an accuracy
of 0.1 MPa and can reach 300 MPa. The confining medium
is oil. The axial load can be achieved through an autocom-
pensated hydraulic piston, but it was not used in the
experiments presented in this study since we focus here
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Figure 1. (a) Picture of a nondeformed sample Of Bleurswiller sandstone. (b) SEM micrograph
(backscattered) of an intact sandstone. Epoxy-filled‘pores.appear in black; porosity is about 25%. SEM
micrograph (backscattered) of an intact sandstone. Epoxy-filled pores (p) appear in black, porosity is
about 25%. Quartz, feldspar, and clay are denoted by qtz, feld, and c, respectively.

on hydrostatic compaction with zero deviatoric stress. Pore
pressure can be driven by two precision volumetric pumps.
Pore fluid is introduced into the sample through hardened

steel end pieces placed on the top and bottom of the rock”

sample. Maximum pore pressure in the system is"100 MPa.
Both pumps can be controlled either in pressure (0.01 MPa
precision), in flow (minimum flow is 0.1%m’® W& or in
volume (precision approximately 0.005 _crna). The main
advantage of the triaxial apparatus is it§ 34 electric feed-
throughs that can allow simultaneously measurements
of ultrasonic P and S velocities, agnwell"@s local strains
(strain gauges).

2.3. Strain Measurements |

[9] The results of dry and wetexperiments are presented
in this study. In the dry experiment, ¥olumetric stain ¢, was
calculated from axial straiégand radial strain €, using ¢, =
2¢, + &,. Measurements ‘wete acquired using strain gauges
(TML FLA-20, Tokyosokki) directly glued to sample’s
surface (Figure 3a). Each of strain gauge was mounted in
a 1/4 Wheatstone bridge. Uncertainty in strain measurement
was approximately 10>, Given that pores are much more
compliant than solid grains, we assume that volumetric
strain was equal to change in porosity.

[10] In the wet experiment, the sample was deformed
under drained conditions at a constant pore pressure of
10 MPa. Pore pressure was maintained constant, and pore
volume variation throughout the experiment was recorded
using a volumometer, allowing a monitoring of the evolu-
tion of sample connected porosity. In this case, radial strain
€, was determined using ¢, = £,/3.

2.4. Velocity Measurements

[11] Velocities are obtained using a pulse transmission
method in which measured traveltimes of elastic wave
through the rock and sample length, corrected from radial
deformation, are used to calculate the velocities. P and S
elastic wave velocities were measured perpendicular to

axjs—symmetric axis, along diameter of the sample
(Figure 3a). To record P wave velocities we used source-

s receiver lead-zirconate piezoceramic discs (PZT) 10 mm in

diameter and 1 mm in thickness (PI255, PI ceramics,
resonant frequency of 1 MHz). Shear wave PZTs were plate
10 x 10 x 1 in dimension. P and S wave PZTs were glued
directly onto the sample surface and positioned with appro-
ximately 0.5 mm accuracy, while the distance between
opposite (paired) PZTs from which the velocities were
calculated was measured within 0.01 mm. The sending
transducers are driven by a Dirac pulse, generated by a
Sofranel  generator (approximately 370 V at 1 MHz fre-
quency). The elastic wave produced by the first transducer
is transmitted through the sample and detected by the
second transducer. The resulting signals were recorded on
an oscilloscope (Tektronix TDS-460A) and averaged over
50 waveforms. The oscilloscope digitized the averaged trace
with 2500 points at a time sweep of 25 us, thus allowing a
time resolution of 10 ns. Then, the averaged signal is
transferred to a laboratory computer for further processing.
An example of received S waveforms, at different confining
pressure is shown in Figure 3b. Traveltimes were deter-
mined using a double picking technique, i.e., the mean
between (1) the first arrival and (2) the first peak of the
signal, minus a quarter of period (Figure 3b). Traveltime
calibration was accomplished by using aluminium rods of
different lengths. In such conditions, the error in absolute

Table 1. Physical Properties of Bleurswiller Sandstone Used in
This Study

Property Value
Porosity 25%
Grain size, pm 80—-180
Permeability, x10~'¢ m? 200
Initial P wave anisotropy, % <l.5
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Figure 2. Schematic diagram of the triaxial high-pressure cell installed at the Laboratoire de Géologie

of Ecole Normale Supérieure of Paris (France).

velocity is estimated to be less than 3%, but relative error
between two consecutive measurements was reduced to
0.5%. Finally, P wave velocities (and S wave velocities)
were determined using the average of values calculated

along the two perpendicular trajectories (Figure 3a). In the 257
same way, the ratio V,/V, was calculated as the average of 258
the two ratios tg/tp (traveltimes), measured along the two 259
perpendicular trajectories. 260
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(a) Sample setup used in this study. The initial’sample diameter and length were 40 mm and

80 mm, respectively. The velocities P and S were measured perpendicular to the main axis of
the specimen. The PZT and strain gages were directly glued on the rock. (b) Example of received
S waveforms at different confining pressures obtained in the dry experiment.

2.5. Experimental Procedure

[12] Two experiments, one in dry conditions, the other in
wet conditions, were carried out under hydrostatic loading
at a confining pressure up to 280 MPa. Inside the vessel, the
sample was covered with a Neoprene jacket thatiinsulated it
from the confining oil.

[13] The dry sample was air dried at 50°C for48 hours.
The wet sample was immersed in tap water for 48 hours to
ensure complete saturation beforé'measutement. During the
wet experiment, confining pressure/was first increased to
5 MPa. Pore pressure and confining pressure were then
raised up simultaneously to l.andy6 MPa, respectively.
Pressure was held constant for at least 12 hours to obtain
full fluid saturation of the sampley At the beginning of the
wet experiment, pore pressure and confining pressure were
raised up to 10 and 20 MPa, respectively.

[14] During both experiments, confining pressure was
varied in step of 5 MPa‘and the pressurization ramp is
~0.05 MPa s '. At the ‘end of each step, confining
pressure was kept constant over a period of either 15 min
(“during elastic compaction”) or 60 minutes (““during
cataclastic compaction”). These delays are required for
two reasons: (1) they allow the changes in pore structure
to stabilize during cataclastic compaction [Zhang et al.,
1990], and (2) as noted by Gardner et al. [1965] and
Christensen and Wang [1985], there is a slow velocity
drift, as the time for velocity stabilization is linked to the
pore structure, the clay content, and the mineral contacts.
Two examples of the evolution of the P wave velocity
(wet experiment) versus time are given in Figure 4. In
Figure 4a, when effective pressure is increased from 25 to
30 MPa (dashed curve), the velocity increases drastically
by 25 m s~ ' in 3 min and then increases slowly by less
than 10 m s~ in 10 min. After 15 min, the velocity is not
totally stabilized, but its variations are small in comparison
with the amplitude of the error bar (0.5%, which corres-

ponds to 20 m s~ '). Figure 4b gives the evolution of the
P wave velocities during the cataclastic compaction of
the sample: When effective pressure is increased from 135
to 140 MPa (dashed curve), the velocity decreases. After
50 min, the velocity is stabilized, which allowed us to
increase the effective pressure from 140 to 145 MPa after
a step duration of 60 min.

[15] At the end of each experiment, the sample was
carefully unloaded at decreasing confining pressure with
10 MPa decrements and recovered for microstructural
analysis.

3. Theoretical Background

3.1. General Relations for Elastic Energy of Cracked
and Porous Rock

[16] In porous rocks, changes in porosity alone are not
sufficient to account quantitatively for the evolution of
elastic properties. Because microcracks are very compliant,
they have a major effect on elastic properties although they
represent an extremely small amount of porosity, typically
less than 1%. In porous rocks microcracks may be thought
of as representatives of narrow gaps due to asperities in
grain-to-grain contacts. Our choice of approximations
(a model considering a mixture of spheroidal pores and
penny-shaped cracks) results from a compromise between
models simple enough to get closed forms for elastic
moduli, and yet sophisticated enough to capture the key
physical processes. Using Kachanov [1993] and Shafiro
and Kachanov [1997], the effective elastic properties may
be expressed in a unique manner as a function of the
overall porosity p and the crack density p. The crack

density is defined as p = 1/V Nc?, where ¢; is the radius
of the ith crack and N is the total number of cracks
embedded in the representative elementary volume (REV)
V. The elastic potential f{o) for a given tensor stress state
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Figure 4. Time dependence of P wave velocities.
(a) Elastic compaction. When effective pressure is increased
from 25 to 30 MPa (dashed curve), the velocity stabilized
after 15 minutes. (b) Cataclastic compaction. When effective
pressure is increased from 135 to 140 MPa (dashed curve),
the velocity decreases; however, after 50 min, the velocity
is stabilized, which allowed us to increase the effective
pressure from 140 to 145 MPa after a step duration of
60 min.

o (from which the macroscopic volume-averaged strains
are obtained as €; = Jf/0o;;) may be written as a sum:

=+ Af, (1)
where f, = 12E,[(1 + v)tr (o - 0) — v,(tr 0)’] is the
potential of the bulk material (£,v, are its Young ] modulus

and Poisson’s ratio; tr (o - o) = 0;0;; and (tr o) = (o)),
and Af'is the additional term due to pores and cracks. The
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elastic potential Af can be expressed as a sum [Kachanov,
1993]:

pores
nonint

+ A f cracks)

Af (A onint (2 )

The second term in the parentheses is the potential

associated to noninteracting cracks. In the crack case, as :

discussed by Kachanov [1993], Sayers and Kachanov
[1995], and Schubnel and Guéguen [2003], the noninterac-
tion scheme is valid upito crack density of at least 0.5. The
first term in the parentheses/is the potential associated to
noninteracting pores. The effect of stress interactions
between pores is'taken into account in the term I'. In the :
dry case, I' =.l.— p'where p is the overall porosity [e.g.,
Kachanov, 1993]..This approach corresponds to Mori-
Tanaka’s model [Mori and Tanaka, 1973]. The interaction
effect between cracks and pores is “asymmetric”: cracks do
no“affect pores, whereas pores affect cracks. In the case

where the rock is fluid saturated, the effect of stress :

mteractions due to spheroidal pores can be neglected and
r=1m

[17] Kachanov [1993] gives the expression of the elastic
potential associated with randomly oriented noninteracting
cracks:

cracks

acks h 1 v, §
Anonim - szo {tl’(o’- U') 75 |:1 — <1 —7> r:|

X <2tr(0' co) + (tra)2> },

where £ is a factor describing the penny-shaped geometry,
16(1 — v,%)

=0/ 4

"=50—w,) @

Typically, & ~ 2. The ¢ characterizes the coupling between
the solid stress and the fluid pressure, and thus determines
the fluid impact on the effective crack compliance:

§=(1 —u(,/Z) (5)

oC
Ky
6 compares the fluid bulk modulus K,to what is an apparent
crack bulk modulus (1 — v,/2)E,Ch, where ( is the crack
aspect ratio, which is the ratio between the aperture to the
diameter. In the dry case 6 — oo [e.g., Kachanov, 1993;
Schubnel and Guéguen, 2003].

[18] An expression of the elastic potential associated to

noninteracting spheroidal pores is proposed by [Shafiro and
Kachanov, 1997]

‘ 3(1 —v,) [10(1 + 1)
pores .
Aft"l()nim =P 4E0 { 7 — 51/0 tr(o’ 0') (6)
L+ 5w, 1 (o)’
750, 31 +6y]

where ¢ incorporates the following physical parameters: the
matrix stiffness, which is the stiffness of the solid portion,
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Figure 5. Effective elastic moduli of an idealized dry rock
made of a mixture of penny-shaped cracks and spheroidal
pores. (a) Effective bulk modulus K/K,,, (b) effective shear
modulus G/G,, and (c) effective Poisson ratio v/v, plotted
versus crack density p (range [0—0.5]). The curves are given
at fixed porosity ¢, which varies from ¢ = 0% to ¢ = 30%.
The bulk and shear moduli of the dry matrix (K,, G,) are
summarized in Table 2.

379 the fluid compressibility, and the pore geometry. For a
380 spherical pore, Shafiro and Kachanov [1997] showed that

_2E,/K;—3(1-2v,)
9 1—v, ’

84 (7)
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For liquid water (K,~ 2 GPa) and elastic constants equal to
E, =40 GPa and v, = 0.24, ¢, is equal to 5.4.

3.2. Effective Moduli of Dry Rock

[19] In the dry case, the stress perturbations due to the
presence of spheroidal pores is taken into account and I' =
1 — p. Parameters 6 and ¢, are very large. Thus, from
equation (2), the effective shear modulus G (which can be
directly inverted fromthe S wave velocities), and the effective
bulk modulus K (which can be directly inverted from a
combination of the P and.S wave velocities), can be derived as

K, h o 3(1 —v,
K £ A _p 30 =w) g
K 1 —pil =20, 2 1—p2(1 —2v,)
G(, h o 15(1 — 0
-2 = adie {I,L} p (I —v,) 9)
G l1—pl+v, 5 1—p 7-5v,

where Ky and G, are the bulk and shear moduli of the crack-
and porosity=free matrix. Note that a dry effective modulus
is, also called a dry frame modulus, it is also called the
drainéd modulus in quasi-static poroelasticity theory. The
evolution’of the elastic moduli K/K,, G/G,, and v/v, are
plotted versus the crack density for different porosity values
(range ¢ = 0—-30%) on Figures 5a, 5b, and Sc, respectively.
Input data for the solid matrix are detailed in Table 2.

[20] The crack density being constant, a decrease in
porosity induces a moderate increase of both the effective
bulk and shear moduli while the Poisson ratio v decreases
slightly. Reciprocally, at a given porosity, an increase of
the crack density reduces the bulk and shear moduli.
However, the Poisson ratio (Figure 5c) is affected in a
different manner by cracks and decreases with increasing
crack density. Note that the effects of cracks and pores are
opposite on v/v,: An increase of crack density reduces v/v,,
whereas an increase of porosity increases v/v,.

3.3. Effective Moduli of Fluid-Saturated Rock
[21] In the wet case, the bulk and shear moduli can also

be derived from equation (2) and can be expressed as
K, h vy\ 6 3(1 —v,)
17_1+p1—2%{1_[1_(1_§>1+w}}+pﬂ1—2%)
o
L+6)7
(10)

G, h 2 v\ 6 151 = v,)

Yoy 1—71—1——»—— " Vo)

G +p1+y0{ 5{ ( 2 1+—}}+p 7= 50,
(11)

In this case, the bulk and shear moduli are functions of the
elastic properties of the matrix, the porosity p, the crack

Table 2. Bulk Modulus K, and Shear Modulus G, of the Wet and
Dry Matrix (Crack- and Porosity-Free)®

Solid Matrix Dry Solid Matrix Wet Fluid
K,, GPa 213 25.8 2
G,, GPa 18 16.2 0

0>

K, and G, were calculated from the velocities data, assuming that the
crack density p = 0 when the velocities reach maximum values during the
experiments. Theses values are used in the effective medium model ““cracks
and pores.”
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Figure 6. Effective elastic moduli of an idealized wet rock made of a mixture of penny-shaped cracks
and spheroidal pores. (a) Effective bulk modulus K/K,,, (b) effective shear modulus G/G,, and (c) effective
Poisson ratio v/v, plotted versus crack density p (range [0—0.5]). The curves are given at fixed aspect
ratio ¢, which varies from ¢ = 1 to ¢ = 10~*. In these plots the porosity is constant and ¢ = 20%. The bulk

and shear moduli of the wet matrix (K,, G,) are summarized in Table 2.

density p, and the aspect ratio ¢ (which affects the saturation
parameter 8). As in the dry case, the bulk and shear moduli
are inversely proportional to both the porosity and the crack
density. A new important parameter to be taken into
consideration here is the aspect ratio (. Figures 6a, 6b,
and 6¢ show the evolution of both the bulk and shear

moduli (K/K,,, G/G,) and the Poisson’s ratio v/v, versus the
crack density for different values of aspect ratio (. The
porosity was fixed to 20%, and the matrix parameters are
summarized in Table 2. For a fluid-saturated rock and an
aspect ratio ¢ < ~107 the bulk and shear moduli decrease
as ( increases. Note that the controlling parameters is 6. It is
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Figure 7. (a) and (b) Mechanical data for the dry and wet specimens. The porosity reduction is plotted
versus effective pressure. The critical pressure P* indicates the beginning of pore collapse and grain
crushing. P* is lower in the wet specimen than in the dry specimen, which is explained by chemico-
chemical weakening effects. The unloading is plotted as dashed lines. (c) and (d) Velocity measurements
for the dry and wet specimens. The elastic wave velocities P and S are plotted versus the effective
pressure. At the critical pressure P*, the velocities decrease because of grain crushing and pore collapse.
Note that at pressure P ~ 220 and P ~ 160, in the dry and wet specimens, respectively, the velocities
increase again. The unloading is plotted as dashed lines.

equivalent to increase ¢ by increasing ¢ or decreasing K. by the differential self-consistent model of Le Ravalec and

The effect is the strongest (1) for the bulk modulus when  Guéguen [1996].
compared to the shear modulus and (2) in the limiting cases

¢ =1 (cracks are no longer cracks but spheres) or 6 =6, =00 4 Results
(dry medium). The evolution of Poisson’s ratio v/v,, is very

different compared to the dry case (Figure 6¢): (1) if 10™' < 4.1. Porosity Reduction Versus Pressure

¢ < 1, vlv, decreases slightly as p increases; and (2) [22]. In the following, we use the gonvention .that com-
however, if 107* < ¢ < 1072, the Poisson’s ratio increases as  Pressive stresses and compactive strains are positive. Pore

crack density increases. Such a behavior was also predicted ~ Pressure is denoted by P, and the difference between
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Figure 8. SEM micrograph (backscattered) of Bleurswil-
ler sandstone. Epoxy-filled pores appear in black. (a) and
(b) Pictures of the specimens deformed under dry condition.
Crushed grains and cement fragments fill pore space, which
result in large decrease of the porosity. (¢) Fractured grains
at grain-grain contacts.
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confining pressure P, and pore pressure is referred to as
“effective pressure” P.

[23] Figures 7a and 7b show the evolution of porosity
versus effective pressure for the dry and wet experiments,
respectively. In both cases, at P < P*, porosity reduction
shows a linear dependence with effective pressure. On both
curves, the inflection point, P*, corresponds to the onset of
grain crushing and pore collapse [Zhang et al., 1990, Wong
et al., 1997], equal 6180 and 135 MPa, in the dry and wet
experiment, respectlvely Beyond P*, acceleratlng inelastic
volume compaction oeeurs due to extensive grain crushing,
grain displacement, and potesCollapse. Although there are a
number of commg I@Ssure dependent features on the two
plots, the water-saturated sample is much weaker than the
dry one. Sughga différence in stress/strain response is
probably ca;hsed by chemical weakening effects and stress
corrosion, du%:‘to pnesence of a chem1ca11y active pore fluid
and has\\already“ "been observed in previous experiments
[Mtc?lalské\\and Freiman, 1981; Read et al., 1995; Baud

£ al. 2000a] Followmg Baud et al. [ZOOOa] the water-

¢ning effect on grain crushlng can be expressed as
P# :;ry, (7//7)*?, where v and 7' are the specific surface
energies of the dry and wet matrices, respectlvely Our
"experimental results yield to 7'/y = 0.82, a value in the
range of those observed in Darley Dale, Gosford, and Boise

\sandstones reported by Baud et al. [2000a].

- 4 2. [Elastic Wave Velocities Data

[24] Figures 7c and 7d present the evolution of P and S
wave velocities with effective pressure for the dry and wet
experiment, respectively. A low effective pressure, up to
50 MPa, V,, and V increase drastically with pressure. Then
for 50 < P < P*, the rate of increase in velocities is very
small. Such a behavior in porous rocks has been reported
by Lo et al. [1986]; Ayling et al. [1994]; Prasad and
Manghnani [1997] and is interpreted by the closure of
preexisting cracks and pores with small aspect ratios.

[25s] However, at P*, in dry or wet conditions and although
porosity decreases, both P and S wave velocities drop
sharply and decrease by several percent. This can only be
explained by the nucleation and/or propagation of newly
formed cracks appearing at high pressure. While pore
collapse and porosity reduction tend to increase elastic wave
velocities, newly formed cracks due to grain crushing tend to
decrease the velocities. At first, increased damage and newly
formed cracks play a dominant role. This result is consistent
with the effective medium theory developed in section 3.
Beyond P*, Figures 7c and 7d show clear inflection points,
at P ~ 220 MPa and P ~ 160 MPa in the dry and wet cases,
respectively, where velocities start to increase again. At this
point, the newly formed cracks are progressively being
closed and the material becomes stiffer again.

[26] Velocities measured during depressurization (dashed
lines on the plots) remain lower than those measured during
pressurization, demonstrating the extensive damage accu-
mulation as cracks reopen and propagate during unloading.

4.3. Microstructural Observations

[27] Detailed microstructural analysis was performed on
the dry sample using scanning electron microscopy (SEM).
To prepare SEM sections, samples 20 x 40 mm in size were
cut parallel to the long specimen axis. Sections were
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Figure 9. Evolution of crack density as a function of the
effective pressure found in the dry specimen. Curves 1 and
2 show p values inverted from equation (9) (G modulus)
and (8) (K modulus), respectively. Curve 3 shows the
average between these two values of p. The beginning o
pore collapse and grain crushing P* is associated with
increase of the crack density. Curves 1 and 2 start té'diverg
at P*, which may be explained by a mechanism of rolli
contacts. The unloading is shown as a dashed line.

gold coated.

[28] Thin sections do not reveal ocalized
crushing. Figures 8a and 8b are&EM@aphs of the
deformed sample and illustrate the exten ain crushing
that took place during deformatien (co Figures 8a and
8b with Figure 1b). Grain fra; ts fill up the existing
pores leading to a large decréase inwthe porosity. Crack
nucleation takes place at grai in contacts (Figure 8c),
resulting in cracks at_a scale with the original grain size.
Moreover the crushing me gra in produces small micro-
cracks and the scale of the fine produced is of the order of
few microns (Figures 8a and 8b). Note that after unloading
the rock was still cohesive.

5. Interpretations
5.1. Crack Density Evolution as Inferred From Elastic
Wave Velocities Variations

[20] The effective shear and bulk moduli GK are directly
inverted from elastic wave velocities data using

4
G=yV}  and K=w(V;—§V3>-

[30] The bulk density of the rock % is corrected from
porosity variations, with 1) = 1,(1 — p) and 1, = 2.6 10° kg
m . We assume that the crack porosity variation is negli-
gible compared to the overall porosity. When velocities
reach maximum values: at P ~ 140 MPa and P ~ 100 MPa
in the dry and wet experiment, respectively (Figure 7), the
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rock is considered to be crack free (p = 0) and the porosity is
known. Then the shear and bulk moduli of the crack- and
porosity-free matrix (K,G,) can be estimated. Those values
are reported in Table 2.
5.1.1. Dry Experiment
[31] In the dry case, the effective medium model (pores
and cracks) gives two independent relations (equations (8)
and (9)) for a single crack parameter: the crack density. On
Figure 9, the evolutidh of crack density is plotted versus
pressure. Curve 1 p values inferred from S wave data
(equation (9)) while 2 plots p values inferred from a
combination of P and s data (equation (8)). Curve 3
¢ of “pyobtained from those two values.
k den p decreases from 1 to 0 as the
ssure PUiS raised from 0 to 50 MPa. Since

Initially, crac

es with small aspect ratio. Note that the
een the values inferred from equations (8)
is excellent up to P*.
When pore collapse and grain crushing take place
(at P =/P%*), the crack density p raises from 0 to a mean
alue of 0.1 (curve 3). An anomalous feature just beyond
that crack densities inferred from equations (8) and
9) become different: Inversion of G moduli gives a p value

lose to 0.2, whereas inversion of K moduli data gives a p
value closer to 0.05. This discrepancy will be further
analyzed in section 5.2. During depressurization (dashed
lines), crack density increases drastically, showing not only
crack reopening, but permanent damage accumulation.
5.1.2. Fluid-Saturated Experiment

[33] In the wet experiment, both crack density p and
average aspect ratio ¢ can be derived from the S and P wave
data (equations (10) and (11)). Figure 10a plots crack
density as a function of effective pressure. Figures 10a
and 9 show some common features: a decrease of crack
density from 1 to O in the first part of the loading path and
then a jump at the beginning of pore collapse and grain
crushing (at P > P*). However, in this experiment, the
crack density inferred beyond P* is equal to p = 0.4, which
is a much higher value than in the dry case. Such a
difference could be explained by chemomechanical effects,
in the same way P* has a much lower value.

[34] The evolution of average crack aspect ratio with
effective pressure P is given in Figure 10b. As effective
pressure is raised from 0 to 60 MPa, average crack aspect
ratio increase exponentially from 2 x 1072 to 0.5. Indeed,
as pressure increases, the thinnest, most compliant cracks
are first closed and this process leads to an increase of the
average crack aspect ratio. When 60 MPa < P < 135 MPa,
the crack density is fixed to 0, then from equations (10)
and (11) there is an infinite number of solutions for (.
However, we can imagine that during this stage, all
compliant cracks are closed, which leads, in theory, to
an average aspect ratio close to 1. At P*, the average
aspect ratio decreases suddenly from 0.5 to ¢ =3 x 1077,
showing that new cracks were created at that point. Then
beyond P*, ( decreases exponentially to reach a final
value of 3 x 107* at 250 MPa. At the end of this
experiment, the average crack aspect ratio is much lower
than at the beginning (more than one order of magnitude).
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Figure 10. (a) Evolution of crack density an aspect
ratio as functions of the effec&ve pgssureiin the wet
specimen. P* is associated with an incre ack density
higher than these found in Fi rxﬁmcks created at
the beginning of grain crushing P*)have small aspect
ratio, ¢ < 1072,

This implies that the ism
very thin cracks, which
microstructural observati

[35] These simple inver results show that our effec-
tive medium model is a very powerful tool in order to
describe the physical state of damage within a saturated

rock.

5.2. Evolution of the Ratios V,/V

[36] Taking into consideration V,/V ratio leads to look at
the rock from two different and complementary point of
views.

5.2.1. Effective Medium Model

[37] Figure 11 plots the evolution of V,/V ratios in the
dry and wet experiments. On Figure 11, dots correspond to
the experimental data, and solid lines represent the estima-
ted values of V,/V; as inferred from the effective medium
model, using the values for mean crack densities and aspect
ratio shown on Figures 9 and 10. Recalling that V,/V; is a
single function of Poisson ratio ((V,/ Vot =21 — vyl —
2v), an increase in V,/V is associated with an increase in v
and reciprocally. In the dry case, the V,/V ratio of dry rock

grain crushing create
ent with our postmortem
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increases substantially with increasing pressure (for P <
50 MPa). Again, this is a consequence of the viscoelastic
closure of the preexisting cracks. In contrast, in the same
range of pressure, when the rock is saturated with water, the
V,/V ratio decreases as effective pressure increases. Similar
observations have been reported in previous experiments
[Nur and Wang, 1989; Dvorkin and Walls, 2000]. In this
pressure range, both in the dry and wet cases, the agreement
between experimental”data and predicted value from EM
theory is good. Bet 50 MPa and P*, the V,,/V ratio is a
constant which reflec intrinsic rock properties: V,/V, =
1.59 and V,/Vy=1.72 in ry and wet case, respectively.
V,/V is larger in saturated conditions, which is in agreement

with the result of smann’s static theory [Gassmann,
1951] and p perimental studies [Nur and Wang,
1989].

[38] O ntal observations show that cataclastic

is associated with a sudden increase of the V,/V
P*), this is observed both in wet and dry

eter ¢ used in model, and the dominant effect of average
ack aspect ratio reduction ( is in the range 10 >—~10"* at
*, see Figures 10b and 6¢ during closure of the newly

ed cracks.

[39] In the dry case, however, our modeling does not
predict an increase of the V,/V; ratio with increasing crack
density but rather a slight decrease (Figures 11 and 5c). This
last observation points out the limit of the previous effective
medium model, which seems to be a better approximation in
saturated conditions than in dry ones. This is probably due
to the fact that stress interactions between cracks are larger
in dry than saturated conditions, as water tends to act as a
screen to stress perturbations. Thus the noninteraction
approximation is likely to be a better approximation in

Vp/Vs ratio

1.5 P*dry

1.4 |

200 250

100 150 300

Effective pressure, MPa

Figure 11. Evolution of the V,/V ratio in the wet and dry
specimens as functions of effective pressure. Dots are
experimental data. The curves are estimations of V,/V
derived from the effective medium model “cracks and
pores,” using crack density and aspect ratio shown in
Figures 9 and 10. When pore collapse and grain crushing
occur in the dry specimen, experimental data show an
increase of V,/V, which is not predicted by the effective
medium model (see Figure 5c).

12 of 16

621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656



657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682

684
685

XXXXXX
1.8
1.75
a/b=1000 000
L7¢ Pressure > P* a/b=10
.2 T -
b= 1.65 |
5 an=t
E Pressure <P*
> 1.55 .’//‘/W
15T
145 L alb=1
1.4

0 005 01 015 02 025 03 035 04 045 05

Intrinsic Poisson's Ratio

Figure 12. Digby’s model. It is a granular model
introducing » = bonding radius and @ = contact radius. It
gives the evolution of the ratio V,/V; as a function of
the intrinsic Poisson’s ratio of the grain, for different value
of a/b. When P < P*, V,/V = 1.59, which corresponds to a/
b ~ 3.5, with an intrinsic Poisson ratio fixed at v, = 0.18,
when P > P*, V,/V, = 1.67, and a/b ~ 12. The physical
explanation is that most grains are no more bonded at this
second stage, which yields to lower values of b.

wet conditions. Additionally, and most importantly, the
extra crack parameter ¢, which is absent in the dry scheme,
enables a finer description of the rockumicrostructural
evolution, and increases the degree of freedom'in the elastic
wave velocity inversion from —1 to zere:
5.2.2. Granular Model

[40] An alternative approach can be followed in order to
understand the evolution of the J/,/Fgratio in dry con-
ditions. While the previous effective medium model con-
siders the rock as a continuous matrix eontaining inclusions
(here pores and cracks), a complementary view is to look at
it as a discontinuous_granular meédium. In such way,
Digby’s [1981] dry granularnmedium model assumes that
the rock is a homogeneoussand isotropic granular medium,
formed by randomly packed spherical grains. Neighboring
spheres of radius R are initially firmly bonded across small,
circular regions of average radius b. As the hydrostatic
pressure increases in the medium, the spheres deform in
such a way that the contact regions of all the neighboring
spheres increases up to a radius @ but remain flat and
circular. In such a configuration, ¢ > b and a, b < R. The
simple case b = a corresponds to the usual Hertz-Mindlin
result where the contact is infinitely rough and no slip is
allowed. On the contrary, for an unconsolidated sand, b
goes to zero. Using Dighys [1981] model, the V,/V ratio
can be expressed as

(Q)Z 3%(2 — o) +4(1 — 1)

, 12
v %(2_y0)+3(1—u0) 12

where v, is the Poisson ratio of the solid grains. The V,/V
ratio is now again a function of two independent
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dimensionless quantities: (a/b) and v,. The evolution of
the V,/V ratio is plotted as function of v, for different
values of a/b on Figure 12. Note that the V,,/V; ratio depends
weakly on initial v, value. Figure 12 shows that the
important parameter here is (a/b). Digby’s [1981] model
predicts a maximum value of V,/Vy ~ 1.74 when b — 0.
[41] In dry conditions and in the range 50 MPa < P < P*,
V,/Vs=1.59. Using equation (12) and v, ~ 0.18 yields a/b ~
3.5. At P> 220 MPa;V,/Vs = 1.67 is consistent with a/b ~
12. Such an increaseiin (a/b) beyond P* can be interpreted as
a decrease in b, the bonding radius, which means the grains
are less cemented. This istexactly what is expected from
grain crushing, as it produces small uncemented grains
(Figure 8). However, because only a fraction of the original
grains have been.crushed at the end of our experiments (the
rock is still cohesive when retrieved from the pressure
vessel), the maximum value of V,/V; = 1.74 is not reached.
The above interpretation allows us to add some comple-
mentary comments to section 5.1.1. As pointed previously,
Figure 9 shows that the dry crack density inverted from
shear’'waves alone is larger than the one inverted from both
compressional and shear waves. This, in fact, implies that
the shear modulus G “sees” more damage than the bulk
modulus K and suggests that the new grains contacts of the
small uncemented grains produced by crushing resist better
to ‘compression than to shear, just as rolling contacts do.

5.3. Comparison With Other Studies Done on
Sandstones and Limestones

[42] Only few studies report the simultaneous evolutions
of elastic wave velocities and porosity during pore collapse
and grain crushing in porous rocks. Johnston and Toksoz
[1980] and Nur and Simmons [1969] report experimental
results obtained on Bedford limestone, a coarse-grained
biogenetic limestone, poorly cemented by crystalline calcite
with an initial porosity of 12%. Their experiments were
performed in dry conditions and porosity reduction was
calculated from axial strain measurements only, assuming
that the deformation in the rock was isotropic. Figure 13
summarizes their results: Porosity reduction (Figure 13a),
P wave velocities (Figure 13b), and S wave velocities
(Figure 13c) are plotted versus effective pressure. The onset
of pore collapse was reached at P* ~ 100 MPa (Figure 13a).
In contrast to Bleurswiller sandstone, the P and S wave
velocities both increased as P* was reached. Again and as
discussed throughout our study, the balance between the
effects of an increase in crack density and a reduction of
porosity can be invoked to explain the decoupling between
the evolution of elastic wave velocities and porosity. In
contrast with our experimental results obtained on a higher
porosity rock, porosity reduction seemed to have a domi-
nant effect on the evolution of elastic wave velocities.
However, this would not longer be true if the rock’s initial
porosity was smaller, such as in the case of Solnhoffen
limestone (p ~ 4%), as reported recently by Schubnel et al.
[2005]. Therefore there must be a critical porosity under
which the effect of porosity reduction becomes dominant
during pore collapse. In sandstones, this critical porosity is
high (>25%), whereas in limestones, it seems to be in
between 4 and 12%. Such a difference between limestones
and sandstones can be explained by the micromechanisms
associated with pore collapse itself. In sandstones, pore
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Figure 13. Dry hydrostatic compaction ofiBedford lime-
stone [from Johnston and Tokséz, 1980]. (a), Porosity
reduction, (b) P wave velocities, and (c) S waye ‘velocities
as a function of effective pressure. Injcontrast with the
experiments performed on Bleurswiller sandstone, the
beginning of pore collapse (P¥*) is assoeciated with an
increase of the P and S wave velocities. The behavior of the
velocities is explained by the micromechanisms of the
deformation: In limestone, pore eellapse is mainly due to
calcite plasticity, and grain _crushing is minor. Dashed lines
represent unloading.

collapse is a result of grain‘crushing [Zhang et al., 1990;
Meénendez et al., 1996] as porosity reduction is the conse-
quence of the filling of pore space by fragmented grains. In
limestones, however, pore collapse is the result of intra-
granular plasticity of calcite, i.e., twinning and dislocation
glide [Fredrich et al., 1989; Baud et al., 2000b; Vajdova
et al., 2004; Schubnel et al., 2005]. Hence cracking might
be less pervasive and crack densities likely smaller. Never-
theless, the evolution of dynamic elastic properties during
the deformation of limestones could probably be predicted
successfully using the effective medium model pores and
cracks that we presented in this study (see Figures 5 and 6).

[43] Finally, we would like to point out that both in
limestones and sandstones, depressurization induces large
decreases of elastic wave velocities (dashed lines on
Figure 13), which proves the important role played by
stress relief cracking in crack propagation. Such an obser-
vation was also performed on very low porosity calcic
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rocks such as Carrara marble and Solnhoffen limestone
[Schubnel et al., 2005] and even granites from the URL
underground laboratory [Collins and Young, 2000]. This
points out as well the limitations of postmortem micro-
structural investigations.

6. Conclusions

[44] Elastic P andsS*wave velocities have been measured
during hydrostatic eompression of the Bleurswiller sand-
stone in both dry and wet conditions. During the first part of
the loading, the elastic wave velocities increased due to the
closure of preexisting eracks, then the rate of increase in
velocities was very small. Beyond a critical effective
pressure P*, pore collapse and grain crushing took place,
which was readily:confirmed by microstructural observa-
tions. However, and counter intuitively, both P and S wave
velocities decrease at P*. This could nevertheless be inter-
preted, by showing that newly formed cracks produced by
grain crushing played a dominant role on the evolution of
elastic wave velocities.

[45] A new effective medium model [Kachanov, 1993;
Shafiro and Kachanov, 1997] containing both penny shaped
cracks and spheroidal holes, enabled us to interpret our
experimental results in terms of the competition arising
from an increase in crack density and a decrease of porosity
during grain crushing and pore collapse. This model was
proven to be a very powerful tool in order to quantify the
physical state of the crack population within a rock. In
particular, the model permitted retracing the evolution of
both the crack density and the average aspect ratio from
elastic wave velocities, and thus quantification of visco-
elastic crack closure/opening, damage accumulation, and/or
crack propagation during an entire loading cycle. Similar
inversions were performed recently in nonporous rocks with
equal success [Benson et al., 2006; Schubnel et al., 2006].
However, the model seems to be more reliable in wet
conditions. In dry conditions, the model failed in predicting
the observed increase of the V,/V ratio during pore collapse
and grain crushing. An alternative approach was then used,
based on Dighy’s [1981] granular media modeling. It
showed that the increase in V,/V; ratio can be analyzed as
a transformation of the rock into a granular uncemented
medium.

[46] The ratio V,/V is a quantity frequently used in
seismology and V,/V, anomalies have sometimes been
recorded before and after earthquakes. For example, after
the Antofagasta earthquake, an anomaly of V,/V, was
observed [Husen and Kissling, 2001; Koerner et al.,
2004]: V,/V, increased from 1.72 to a significant mean
value of 1.77. Husen and Kissling [2001] suggested that the
anomaly was fluid driven. Indeed, an increase of V,/V at
low temperature is, in general, interpreted in terms of fluid
content for the sole reason that elastic wave velocities are
dramatically affected by pore fluid properties. Compres-
sional wave velocities are higher in fluid saturated rocks
than in dry rocks, whereas the shear velocities are about the
same which results in an overall increase of the V,/V ratio
[Gassmann, 1951]. However, the experimental results
reported in this study show that grain crushing can induce
an increase in V,/V, as well. In our case, the V,/V ratio
increased from 1.59 to 1.67 in the dry case, and from 1.72 to
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>1.8 in the wet case (note that the analogy between field
and experimental data is strictly valid for the dry case, for
the wet case frequency effect due to high frequency used in
the laboratory should be corrected). This result has been
interpreted in the wet case as the result of both damage
accumulation (increase in crack density) and crack geome-
try (newly formed cracks with low aspect ratio <10~ ?). In
the dry case, grains are becoming less and less cemented so
that the rock is losing its cohesion. The physical implication
is that V,,/V is not only a function of the saturation, but also
of the microstructural state of the rock, i.e., of the crack
density, the average crack aspect ratio, and the overall
cohesion of the grains. This might have important implica-
tions for the understanding of V,/V; anomalies in fault zones
and fault gouges in the field.
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