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Abstract

In the present work, we investigate the mechanical weakening and deformation induced by water on a microporous carbonate
rock, the Obourg Chalk from Mons Basin (Belgium), through conventional triaxial tests and injection tests. The injection
tests were conducted by waterflooding critically loaded rock samples, initially in dry condition, in a way to minimize the
variations in the effective pressures. Furthermore, the samples were instrumented with P-wave piezoelectric transducers to
provide active ultrasonic monitoring while injecting. The results show a significant reduction in the mechanical strength of
this chalk. Analysis of the mechanical tests and the associated deformation allows us to describe the mechanical behavior as
a function of the confining pressure, which draws a brittle-ductile transition spanning from low to high confining pressure.
The injection tests, moreover, revealed that the amount of water injected before triggering mechanical instability decreases
exponentially with respect to the applied differential stress on the rock sample. The data, therefore, suggest that the failure
might be controlled by a mechanical coupling between the water-invaded zone and the dry one. Since water-weakening plays
an important role in several fields like oil industry, through secondary and tertiary recovery of hydrocarbons, Enhanced
Geothermal Systems (EGS), as well as in the mechanical stability of underground cavities, the outcome of this work is of
primary importance in mitigating any kind of problems related to these operations.
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L Sample length

g, Volumetric strain

£, Axial strain

&, Radial strain

Vp P-wave velocity

K Bulk modulus

a Biot’s coefficient

co* Normalized stress

oc Differential stress for injection test

op Triaxial compressive strength

Of Frictional strength

4 Surface energy

y' Surface energy in water-saturated
condition

1 Introduction

It is nowadays well documented that the mechanical prop-
erties of rocks can be altered depending on the nature of
the saturating fluid without any modification of the effective
pressure, thus discarding pore pressure effects which can
produce hydrofracturing. In fact, the presence of aqueous
fluids itself may induce chemical and/or physical alterations,
which lead to a mechanical strength reduction, commonly
referred to in the literature as water-weakening.

Specific physical mechanisms were proposed by different
authors to account for the water-weakening. Among them,
the capillary suction mechanism assumes that the rock con-
tains some water even in a dry state, thus increasing the
cohesion between the grains by a capillary force (Delage
et al. 1996; Schroeder and Shao 1996). This strengthening
is lost when such structures are flooded by water. Other
mechanisms appeal for chemical effects like the intergranu-
lar enhanced pressure solution, where the interplay between
the dissolved calcite and chemical species in the open pore
space promotes a stronger dissolution near the grain—grain
contacts (Heggheim et al. 2005). A combination of physico-
chemical processes has also been observed to play a major
role: Risnes et al. (2005) for instance associated the weak-
ening to an additional pressure due to the adsorbed water
layer onto the grain surfaces which is added to the pore fluid
pressure, thus decreasing further the effective pressure at
the grain contacts. Rgyne et al. (2011), by contrast, dem-
onstrated through double torsion experiments on calcite,
that the surface energy y, which is defined as half of the
work necessary to cut a solid body into two new surfaces,
decreases with the water content from 0.32 J/m? (dry cal-
cite surface) to 0.15 J/m? (wet calcite surface). Rgyne et al.
(2015), moreover, claim, based on atomic force microscopy
observations, that a hydration layer on the grain surfaces
at the grain to grain contact produces a repulsive force
that accounts for a weakening which is consistent with the
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decrease of about 50% in surface energy, observed on calcite
(Rgyne et al. 2011).

In scenarios like the secondary recovery of hydrocarbons
or in enhanced geothermal systems (EGS), attention has
been mostly paid on issues linked to the reservoir stimula-
tion to increase transmissivity. A poor investigation has been
addressed to the fluid-rock interaction that plays a key role
when dealing with the injection of a fluid not in equilibrium
with the reservoir. So far, most experimental works on injec-
tion tests were focused on the development of fracturing
with increasing the pore pressure (e.g. Stanchits et al. 2011)
or injecting different aqueous solutions into a previously
saturated rock specimen with deionized water (e.g. Madland
et al. 2011). Few authors concentrated on highlighting the
deformation processes during the water saturation, with no
variation in the effective stresses. Homand and Shao (2000)
adopted a similar procedure to study the strain induced by
water injection on mechanically loaded Liége chalk sample,
however, without triggering failure. In David et al. (2015b),
for instance, in the framework of a research project involving
researchers from CY Cergy Paris Université (Cergy-Pon-
toise, France) and CSIRO (Perth, Australia), they conducted
injection experiments on critically triaxially loaded Sher-
wood sandstone samples (David et al. 2015b; Dautriat et al.
2016). They showed how replacing the pore fluids (air or
oil) by water with a very low injection pressure, caused the
rock to fail catastrophically, with the production of a com-
plex deformation located mostly in the water-invaded zone.
It seems, therefore, that water causes the rock to undergo a
loss of cohesion (David et al. 2015b), which results from
intense damaging processes. Based on these experiments
performed on sandstones, we conducted two series of experi-
ments at CYU and in CSIRO whose aim was to extend the
experimental methodology to carbonate rocks to investigate
the strength reduction and deformation associated with the
water-weakening. Moreover, among the carbonates, chalk
is known to host huge amount of hydrocarbons (e.g. North
Sea), therefore, his economic importance is one of the most
relevant aspect.

2 Material

In this study, we investigate the behavior of Obourg Chalk.
This rock comes from the Mons Basin. Connected to the
Paris Basin (Fig. 1), the Mons Basin is traditionally defined
by the extension area of Meso-Cenozoic sediments that
accumulated within an East—West elongate subsiding zone in
southwestern Belgium. This 300 m-thick pile of sediments
settled in a small but actively subsiding area (Dupuis and
Vandycke 1989). Sedimentation initiated in the Lower Cre-
taceous with continental siliciclastics and continued under
marine conditions during the Cretaceous, resulting in chalk
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Fig. 1 Location of the Mons Basin in the Chalk district (grey) in NW
Europe

formation. More changing environments occurred during the
Tertiary era.

The structural context is part of NW Europe geodynam-
ics. Particularly, in the Mons Basin, extensional tectonics
initiated at least during the Lower Cretaceous and lasted
until the Maastrichtian (Vandycke et al. 1991; Vandycke
2002). In terms of brittle tectonics, white chalk is able to
record geodynamic events of the European platform during
and after the Cretaceous.

Obourg Chalk is a fine-grained white chalk (Robaszyn-
ski et al. 2002) that formed during the Campanian. The

maximum burial paleodepth is estimated to 200-250 m
(Dupuis and Vandycke 1989). The samples were collected
in a quarry located in Harmignies (Mons, Belgium). In
the literature, it is also sometimes referred as Mons Chalk
(Voake et al. 2019). It is composed of almost 100% calcite
(less than 1% insoluble residue; (Fay-Gomord et al. 2016)
and is considered as a good analogous for reservoir chalk
in the North Sea (Fabricius 2007). The main petrophysical
properties are given in Table 1. The porosity is high (43%
on average) whereas the permeability is low (6.4 x 10716 m?
on average), which is typical of chalk. Pore radii are also
typical of this kind of chalk.

P and S wave velocities were determined for dry samples.
P-wave velocity varies between 2200 and 2700 m/s, depend-
ing on the sample porosity. S-wave velocity ranges between
1400 and 1500 m/s.

Fay-Gomord et al. (2016) describe Obourg Chalk as a
micritic chalk. It has a mudstone dominated texture. The
main components are very well preserved elliptic coccoliths
fragments (Fig. 2a), typically in the range of 2 to 8 pm diam-
eter and 0.5 pm thickness (Fay-Gomord et al. 2017). They
form a microrhombic matrix texture with rare authigenic
calcite crystals (Fayj-Gomord et al. 2017). From thin section
analysis, 1-6% of grains, mostly planktonic foraminifera, are

Table 1 Petrophysical
parameters of Obourg Chalk

Obourg Chalk

Composition

Grain density
Bulk density
Average porosity

Water permeability (triaxial vessel)

Gas permeability (permeameter)

Peak pore throat radius (mercury injection)
Peak grain radius (statistical analysis)

99.6-99.9% CaCOj; + Smectite-Illite,
Clinoptilolite and Apatite (Voake et al.
2019)

2720 kg/m®

1550 kg/m?®+34

0.43+0.013

6.4x107"°m>+5.9%107'° (0.65 mD +0.59)
5%107° m?+4.6x107'° (5.1 mD +0.47)
0.291 pm

0.74 ym

EHT= 15006V RSOY
WO= Tdmm  mmess.

O dan 2018 @-_:_

e e |

Fig.2 a SEM picture of an intact Obourg chalk sample; b CT scan on an intact Obourg chalk sample (80 x40 mm); ¢ SEM picture of porecast,

dark areas correspond to dissolved calcite (Faj-Gomord et al. 2016)
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observed in the mudstone fabric. This is typical of a deep
offshore depositional environment. CT scan image of intact
sample in Fig. 2b indicates a very homogeneous matrix tex-
ture with sub-vertical inhomogeneities.

The contacts between the fragments are mainly punctic
and interparticle porosity is well preserved in the samples.
Resin porecasts were used by Fay-Gomord et al. (2016) to
investigate the shape and distribution of the pore network,
by dissolving 30 um thick thin sections impregnated with
epoxy-resin in a 10 M hydrochloric acid solution. It revealed
a well-connected network of pores displayed as light areas
(Fig. 2c). The general fabric is very loose, and cementation
is limited to some calcite—cement overgrowths on coccolith
fragments.

3 Experimental Methods
3.1 Sample Preparation

The chalk blocks collected in the quarry were cored per-
pendicularly to the bedding to produce cylinders of 40 mm
in diameter, they have been then cut and machined to get a
length of 80 mm. Prior to any kind of test, the samples have
been dried in the oven at a temperature of 60° for at least
48 h. A petrophysical screening of P-wave velocity, S-wave
velocity and porosity has been subsequently conducted with
the aim of selecting a uniform group of samples and remov-
ing the outliers. For each sample, porosity ¢ has been meas-
ured using the dry, saturated and immersed mass (respec-

tively, mg,, mg, and my,,,) applying the following formula:

b= < Mgag — Myry > )

Mgar = Mimm

for samples which were not saturated, porosity has been
computed using the grain and bulk density (pg,, and py,
respectively):

¢=1—<M> 2)

P grain

with p,,.,;, representing the density for pure calcite (2720 kg/

m?), confirmed by helium pycnometer on chalk grains. For
the experiments in water-saturated condition, the rock sam-
ples have been saturated with tap water by first vacuuming
them inside a bell jar for at least 6 h and then introducing
de-aired water. Samples are left in the jar for at least 48 h.

3.2 Methods for Mechanical Experiments

To understand the water-weakening nature of the stud-
ied chalk, mechanical tests have been conducted in the

@ Springer

Geomechanics lab at CYU and in the Geophysics and
Geomechanics lab at CSIRO in Perth.

In the following, the compressive principal stresses o,
0, and o5 are considered positive. The maximum stress is
denoted by ¢, and the minimum by o3, with ¢,—c5 repre-
senting the differential stress Q. The confining pressure
(0,=03) is called P and the pore pressure Pp. The differ-
ence between them:

P oy =Pc— Pp 3)
is the effective confining pressure and:

po o)y @
3

is the effective mean stress. Consistently with the sign con-
vention for stresses, positive strains represent shortening or
volume reduction. We computed the strain € by (L, — L) /L,
and the strain rate (or creep rate) ¢ dividing a strain inter-
val by the time interval; with L,, the sample length at the
defined time ¢ and L, the initial sample length. In this work,
the experiments conducted in water-saturated conditions are
also called “wet” tests.

The experimental rig used at CYU is shown schemati-
cally in Fig. 3. It is composed of a Sanchez Technolo-
gies™ triaxial pressure cell with maximum confining pres-
sure 30 MPa, mounted on a VIS loading frame from GDS
Instruments Ltd™. with maximum axial load 100 kN and
servo-controlled axial displacement and load. Axial force is
measured by a load cell located outside the pressure vessel
with an accuracy of 0.1%; the axial displacement is derived
from the rotation of the stepping motor controlling the axial
motion (accuracy 1 pm). Two GDS pressure—volume con-
trollers allow one to apply confining and pore pressures with
a precision of + 10 kPa. The hydrostatic pressure on the
rock sample is obtained by applying equal axial stress and
confining pressure. The pore and confining pressures are
measured in two ways: with internal transducers, located
inside the GDS controllers and, through three external high
precision Keller™ pressure transducers (confining, top and
bottom pore pressures) located closer to the sample. Volume
resolution of the GDS controllers is + 1 mm?. For the test in
water-saturated conditions, the volumetric strain is derived
from the volume variation of the pore pressure GDS control-
ler. In dry conditions, when a hydrostatic stress is applied,
we assumed the axial strain to be equal to the radial strain
so that the volumetric strain is given by:

& = 3% €axial (5)

which, however, it has not been involved in any further
computation.

The rock sample is placed inside a neoprene sleeve
(Fig. 4) to be isolated from the confining fluid. A
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Fig.3 Experimental rig at CY
University (Modified after Wild
et al. 2015)

o T o VR

vacuum pump

bypassvalve — |X

water
pressure/volume
controller

Fig.4 Rock sample jacketed with a neoprene sleeve with PZT trans-
ducers in place

load frame, upper beam

pressure
transducer

Viton sleave

porous plates

pressure/volume

controller
pressure
transducers
GDS load frame platen
4 - 5 60% of strength

Differential Stress

Consolidation

Effective Mean Stress

Fig.5 Injection test stages

microporous metallic plate (Darcy filter) is placed at the
contact with the pistons both to have a uniform distribution
of the inlet and outlet fluid and to attenuate the fast water
flow in the pipes just below the sample. In this study, we
performed injection tests with the novel procedure adopted
by David et al. (2015a, b). This experiment is carried out
with the following steps, summarized in Fig. 5: (1) apply-
ing a hydrostatic pressure up to 3 MPa and unloading to
0.5 MPa; this consolidation stage is implemented to homog-
enize the samples which may have different initial crack
content and thus increasing reproducibility (David et al.
2015b); (2) applying the target confining pressure with a
rate of 0.125 MPa/min; (3) increasing the axial stress with a
constant stress rate between 0.15 and 0.20 MPa/min and up
to a previously defined target (e.g. 60% of estimated strength
in Fig. 5); (4) stabilization for 30-60 min to stabilize the
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strain rate and (5) injection of water from the bottom of the
sample. During the injection stage, the pressure difference
between the fluid inlet and outlet is 0.2 MPa and is due to
an applied fluid pressure at the lower end of the sample of
~0.12 MPa and, at the same time, to a vacuuming from the
upper part (to avoid air trapping during the injection), lead-
ing to a negative pressure of ~0.08 MPa. We performed two
series of injection tests at two different confining pressures
(1.5 MPa and 4 MPa).

To plan an injection test, it is necessary to have a good
knowledge of the rock strength to avoid the applied axial
stress to be too close or even to exceed the failure stress. For
this purpose, we first conducted two series of experiments
in dry and water-saturated conditions to build the failure
envelope. To pursue that, we performed hydrostatic and tri-
axial tests. Four hydrostatic tests (two in dry and two in
water-saturated conditions) have been done by increasing
hydrostatically the stress at a constant rate of 0.1 MPa/min
beyond the critical pressure P* at the onset of pore collapse
and grain crushing. Thirteen conventional triaxial tests have
been carried out on both dry and water-saturated samples at
different confining pressures and following the same pro-
cedure as the injection tests, except that the axial load is
increased at a constant strain rate of 1x 107 s~! up to failure
and beyond. For the wet experiments, the pore fluid pressure
was kept constant at a value of 1 MPa (except for a test done
at 0.5 MPa of effective confining pressure, where the fluid
pressure was 0.5 MPa).

As shown in Fig. 4, six P-wave piezoelectric transducers
(PZTs) with 5 mm of diameter (0.5 MHz resonant frequency)
are installed directly in contact with the sample through the
sleeve, for active and passive acoustic monitoring. The PZTs
are placed in brass holders with a surface shaped so that it
can perfectly match the curved rock surface. Six holes are
made in the sleeve to have three pairs of transducers fac-
ing each other as shown in Fig. 6. They are distributed on
three horizontal planes, with the lower and the upper ones
with transducers in the same N-S oriented vertical plane
and the middle one with transducers aligned in an E-W
oriented vertical plane. With this configuration, we have
been able to measure P-wave velocity (Vp) in 15 different
pathways: three horizontal, two vertical, two oblique cross-
ing the cylinder axis (e.g. sensors 5-1) and eight oblique
off axis involving the midpoint transducers (e.g. sensors
5-3). For the purpose of this study, only the horizontal (i.e.
radial) velocities along the top, bottom and midpoint will
be shown. In certain experiments we glued the transducers
onto the rock surface; for others, we only placed them in
contact with the sample’s surface, improving, however, the
coupling by applying a little amount of a gel that enhances
the acoustic transmission. Finally, a resin is applied around
the sensors both to keep them fixed onto the surface and to
avoid any leaks of oil from the confining fluid. The acoustic
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Fig.6 Location of the six piezoelectric transducers

monitoring is controlled by an AMSYS-5 Vallen Systeme
GmbH (Germany), with six recording channels connected
to the sensors, allowing one to operate in two modes: active
(wave speed measurement) and passive (acoustic emission
AE recording). In the active mode, a proper batch file is
used to perform an automatic survey that proceeds this way:
every channel is switched between pulser and receiver so
that each time one channel is pulsing four times while the
other five channels are recording, resulting in 24 waveforms
registered, including the emitted pulses. This is then repro-
duced throughout the different channels so that, at the end of
each survey, 144 (24 X 6 channels) waveforms are recorded,
including the emitted pulses. The time interval between the
surveys varies from 45 to 60 s.

The registered signals are then exported from the soft-
ware and, through a proper script file, the P-wave first arriv-
als are picked automatically using the Akaike Information
Criterion (AIC) (Leonard and Kennett 1999). Another script
file is adopted to convert the travel times into P-wave veloc-
ity using the correct distances between the different pairs of
sensors. No strain-dependent change in the travel path length
has been considered since we checked for the tested rock that
the impact on velocity was negligible (variation of 25 m/s at
maximum applied stress).

Different sources of error have been considered for esti-
mating the uncertainty in velocity measurements: (1) error
in picking the P-wave first arrival; (2) error in measuring
the correct distances between the transducers; (3) error in
deriving the correction factor due to the coupling between
the sensors and the sample and (4) averaging of the P-wave
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velocities computed from the 4 pulsing done by every chan-
nel in each survey.

No data about the passive mode will be taken into con-
sideration in this work since we recorded only few acous-
tic emissions during each mechanical test. Several reasons
may explain this behavior: the tested rock might have strong
energy attenuation; the energy itself could be very low or
even, the prevalence of plastic deformation with respect to
the brittle one, which provides less wave energy.

3.3 Mechanical Experiments at CSIRO

Six mechanical tests, including triaxial and injection tests,
were performed in the Geomechanics lab in CSIRO during
a short stay (2 months) in Australia.

The rock blocks were cored, and the cores machined to
obtain cylinders of about 38 mm in diameter and 78 mm in
length. As a standard procedure, a medical CT-scan was
performed on all the rock specimens, pre- and post-experi-
ments. Then, permeability and porosity were measured using
an AP-608 Automated Permeameter Porosimeter (Coretest
systems Inc™). This procedure is also used as a screening to
select the most homogeneous and similar samples, avoiding
fractures and features that could disturb the experiments.
Series of triaxial and injection experiments, at 1.5 MPa
confining pressure, were conducted on two different group
of chalk samples, with slightly different porosity. The first
group (CS_H) has a mean porosity of 43.3% (+0.12%) and
the second one (CS_L) has an average porosity of 42.7%
(+0.14%).

The mechanical tests were performed with an Autono-
mous Triaxial Cell (ATC™); for a complete description,
see Sarout et al. (2014, 2017) and Delle Piane and Sarout
(2016). This experimental setup, which differs from the one
used at CYU, is composed by three actuator pumps which
control the axial force, confining pressure and pore pressure.
The cell is built so that the confining pressure is applied
hydrostatically by a single pump. The axial displacement
is measured through two LVDTs placed on the sides of the
rock sample. Furthermore, a flexible cantilever was installed
on the middle part of the specimen to measure the radial
displacement. From the latter, the volumetric strain was
computed using the following equation:

€, = Exxia T (2 X eradial) (6)

Sixteen PZTs (0.5 MHz resonant frequency) were placed
onto the specimen surface through the sleeve, allowing one
to measure the P-wave velocity in a similar configuration
displayed in Dautriat et al. (2016), with the addition of two
PZTs in the upper and lower piston, resulting in many dif-
ferent wave paths in axial, radial and oblique directions.

However, this comprehensive set of acquired data is still
being processed and will not be discussed in this work.

3.4 Imbibition Test

An imbibition test was also conducted to characterize water
migration driven by capillary forces through the rock sample
and how it influences the P-wave propagation. The setup is
the same as the one used by David et al. (2015b). The rock
sample is hooked under an electronic balance to register the
mass variation during imbibition. A small water reservoir is
permanently in contact with the bottom of the sample which
is instrumented with six PZTs in the same configuration as
in the mechanical tests, allowing an active ultrasonic moni-
toring. The raising water will influence the different wave
paths between the P-wave transducers, successively from
bottom to top. This simple experiment was used to study the
relationship between the waterfront position and the varia-
tion in the P-wave velocity: it is shown that the latter is a
good proxy to invert the extension of the water-invaded zone
inside the pressure vessel in the mechanical tests.

4 Results

In the following, the results obtained from triaxial, hydro-
static and injection tests are displayed, as well as the out-
come of ultrasonic monitoring on selected experiments
only. The denomination of the samples for the triaxial tests
is structured as follow: the first two letters of the formation
name (Obourg) which is followed by the confining pressure
expressed in bar and a letter indicating the fluid condition (D
or W for dry and wet, respectively). For the injection tests,
the confining pressure is followed by the applied differential
stress (in bar). For instance, for an injection test carried out
at P-=1.5 MPa and differential stress =7 MPa the designa-
tion is OB15-70, whereas, for a triaxial test conducted in
dry condition at the same confining pressure as before, it
will be OB15-D.

4.1 Results for Triaxial and Hydrostatic Tests

Figure 7a, b shows the two sets of triaxial tests in dry
and water-saturated conditions, conducted at effective
confining pressures between 0.5 and 11 MPa. Note that
the y-axis scale is the same on both figures. There is a
clear difference in the mechanical behavior between dry
and wet conditions with a much lower mechanical strength
for the wet rock samples. As already reported in previ-
ous studies, our results show that water produces a sig-
nificant weakening in carbonate rocks (Heggheim et al.
2005; Risnes et al. 2005; Baud et al. 2009; Voake et al.
2019; Homand and Shao 2000). This behavior has also

@ Springer



For personal use

D. Geremia et al.

Fig.7 Mechanical data for 25 T T T 12 T T
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been observed in sandstones (Wong and Baud 2012;
David et al. 2015b; Dautriat et al. 2016). Furthermore,
the mechanical behavior outlines a difference depending
on P .4 Below P, .4, =2 MPa, beyond the yield point,
the stress—strain curve shows a stabilization with no strain
hardening, referred in the literature as an elastic-perfectly
plastic behavior (Jaeger et al. 2007). In addition, several
stress drops are occurring sometimes, like in the dry test
at P,=2 MPa, which shows a cyclic stress variation with
3.5 MPa in amplitude. Moreover, the onset of these events
appears to be more developed under dry condition. Above
P =2 MPa, the mechanical behavior still displays a
stabilization, but the stress drops disappear. Only the test
conducted at P,=11 MPa in dry condition manifests a
continuous stable strain hardening. Nevertheless, in par-
ticular cases the mechanical strength depicts a variability
which does not correlate with the confining pressure. For
instance, among the tests conducted in dry condition at
P,=1, 1.3 and 2 MPa the higher strength is for the test at
lower confining pressure. This is probably due to the het-
erogeneity of the material. Indeed, our undeformed chalk
samples exhibit sub-vertical deformation bands (Fig. 2b).
This might generate the scatter observed in the mechani-
cal data.

In Fig. 7c are displayed the triaxial tests (wet and dry)
conducted at CSIRO on the two groups CS_L and CS_H at
Pc .=1.5 MPa. Many similarities with the CYU tests are
found: (1) the peak stresses in dry conditions are higher than
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in wet conditions and the values are very close to the ones
shown in Fig. 7a, b; (2) the mechanical behavior in dry con-
ditions exhibits several stress drops not observed under wet
conditions. Unexpectedly, the dry test of the CS_H group
(sample OB15-D1, Fig. 7c) shows a clear peak with a more
pronounced strain softening at residual strength of 7.4 MPa.
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Effective Mean Stress (MPa)
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Fig.8 Effective mean stress versus volumetric strain for representa-
tive hydrostatic tests in dry and wet condition on Obourg chalk sam-
ples, performed at CYU. The onset of inelastic compaction P* for
each saturation condition is shown on the graph
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Figure 8 presents the results of two hydrostatic tests car-
ried out on dry and wet samples. As for the triaxial tests,
the yielding stress under hydrostatic loading is lower for the
sample in water-saturated condition. The critical pressure
at the onset of inelastic compaction is P*=7.07 MPa in wet
and P*=14.1 MPa in dry condition with a P* to P*y.
ratio of 0.5.

Whereas the weakening is clearly manifested in the
mechanical strength, the Young’s modulus, derived from
the triaxial tests, seems to be just slightly influenced, with
values that span from 3.45 to 6.68 GPa (5.26 GPa on aver-
age) in wet condition and from 4.54 to 9.22 GPa (mean value
6.14 GPa) in dry condition with a large scatter in both cases
(Fig. 7). In addition, they display no correlation with con-
fining pressure. In contrast, the bulk modulus K, computed
from the hydrostatic tests, is reduced by a factor 2 in the wet
sample, from 2.98 to 1.56 GPa, giving a ratio K, /Ky, of
0.52 which is very similar to the ratio obtained for the criti-
cal pressures P*. Furthermore, they yield a Biot’s coefficient
o of 0.96 and 0.98, respectively, in dry and wet conditions,
computed by:

wet

-5
a=1-g @)
with Kj, the solid modulus (77 GPa for calcite) and K, the
bulk modulus.

The presence of water induces elastic weakening mostly
noticeable on the bulk moduli rather than Young’s moduli.
Risnes et al. (2005) also observed no striking difference in
the Young’s modulus derived by triaxial tests conducted
on samples of Liege chalk in different water saturation
conditions.
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Fig.9 P-wave velocity variation in function of time for triaxial tests
on dry Obourg chalk samples, performed at CYU. In blue is displayed
the differential stress versus time. The velocity data are represented

For the triaxial tests, volumetric strains could only be
obtained for the tests in wet condition, because they are
derived from the volume variation of the pore pressure
pump. Dilatancy was observed only in two experiments at
P, .x=0.4 and 0.5 MPa. All the tests conducted at P .4
higher than 0.5 MPa are accompanied by shear-enhanced
compaction promoted by the differential stress. However,
in most of the tests, no visual evidence of deformation was
found on the rock specimen retrieved from the triaxial cell.
A description of thin sections is provided in paragraph 5.1.

Figure 9a, b shows the results of the active acoustic
monitoring on two triaxial dry tests conducted at P.=1
and 4.5 MPa. In Fig. 9a, the variations of P-wave veloc-
ity in three horizontal planes provide a good indicator of
the development of damage. In fact, when approaching the
yield stress, velocities start to decrease continuously but not
homogeneously, as observed also by Nicolas et al. (2016)
on Tavel limestone. In Fig. 9a, damage seems to develop
from top to bottom, whereas the reverse is true for Fig. 9b.
A correlation between the major cyclic stress variation
and the velocity drops can also be observed. Similarly, at
P.=4.5 MPa, the P-wave velocity starts decreasing near the
yield stress. However, in some cases, it stabilizes with no
further variation in the mid and top planes. Further decrease
is observed when the mechanical behavior shows signs of
strain softening at the end of the test. The onset of P-wave
velocity decrease is a proxy for damage development and
can be used to define more precisely the yield stresses on our
experiments. Nonetheless, the observed velocity differences
at the three planes location, highlight the inhomogeneity in
the strain field which can be due to a strain localization in
fracture and/or deformation bands. Moreover, in the test at
higher confining pressure (Fig. 9b) the V), variation seems to
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by crosses and the dotted lines depict the error which is on aver-
age +35 m/s: a Sample OB10_D (P-=1 MPa); b Sample OB45_D
(Pc=4.5 MPa)
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P* Dry

P* Wet

Yield - Dry

Yield - Wet

Peak Stress - Dry
Peak Stress - Wet

Inj. Test CYU - 1.5 MPa
o * Inj.TestCYU -4 MPa
#  Inj.Test above yield CYU |
# Inj.Test CSIRO - 1.5 MPa
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Figure 10b

Differential Stress (MPa) - Q

*
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Effective Mean Stress (MPa) - P

Fig. 10 a Compilation of peak stress, yield stress and P* in the stress
space Q—P for triaxial and hydrostatic experiments performed on wet
and dry Obourg chalk samples. Stress states for the injection tests are

be more homogeneous in the three levels, indicating a more
uniform and diffuse deformation.

In Fig. 10, the critical stress state values in the dry (in
black) and wet (in red) tests, corresponding to the peak stress
(circles), the yield stress (triangles) and the critical pressure
P* (solid stars), are gathered in a Q—P plot with Q, the dif-
ferential stress and P, the effective mean stress. As shown
in the previous paragraph, the critical stresses are well cor-
related with P-wave velocity variations, thus, to define them
accurately, a combination of criteria involving P-wave veloc-
ity and mechanical behavior were used. As expected, the
presence of water strongly shrinks the failure and yield enve-
lopes to lower stress values. Moreover, the shape of the two
envelopes in wet and dry conditions is comparable with what
has been found for several types of limestones (Wong and
Baud 2012): Solnhofen (Baud et al. 2000), Tavel (Vajdova
et al. 2004), Indiana (Vajdova et al. 2004) and Richemont
(Xie et al. 2011) as well as for Liege chalk (Homand and
Shao 2000) and Anstrude limestone (Han et al. 2016). The
peak stresses are linearly correlated with some scatter for
the dry tests, whereas the yield stresses map out an ellipti-
cal or parabolic cap. Table 2 gathers the critical results from
triaxial and hydrostatic tests.

4.2 Results for Imbibition Test

The imbibition test has been properly designed to highlight
the P-wave velocity variation relative to the waterfront rise.
Figure 11 shows the P-wave velocity variation at the mid-
dle pathway of the rock sample versus time. When water is
approaching the half of the specimen (position 1 in Fig. 11),
velocity starts to be affected resulting in a Vp drop of about
10%. This stage is followed by a stabilization which is
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stress state of the injection tests

interrupted by a V rise starting when water reaches the top
of the sample at position 2 in Fig. 11. The latter observation
might be generated by a transition, when the water reaches
the top, from a regime dominated by capillary driven fluid
motion to diffusion-controlled pore filling. In this way, water
tends to completely saturate the pore volume which results
in a phenomenon defined in the literature as squirt flow. This
mechanism implies that the stress fluctuation generated by
the high frequency P-wave passing in the porous medium,
generates a pore-pressure gradient which is not quickly
equilibrated, resulting in stiffer elastic moduli (Vinciguerra
et al. 2006; Mavko et al. 2009). Note that as air remains
trapped in the pore space, the complete saturation of the
sample is prevented, which impedes the P-wave velocity to
increase further.

4.3 Results for Injection Tests

With the knowledge of the failure envelope of the Obourg
chalk (Fig. 10), the injection tests were planned so that the
applied differential stress Q was systematically above the wet
(water saturated) failure envelope and below the dry yield
envelope, except for two early tests (OB12-84 and OB20-84)
conducted in a preliminary calibration stage, where it was
higher than the dry yield envelope. Doing so, the experi-
ment proceeds by loading a dry rock sample at a stress
state below the yield point to keep the sample in the elastic
regime and avoid the development of inelastic deformation
induced by the applied load. Figure 10b is a close-up of
Fig. 10a showing the eleven injection tests performed: seven
at P,=1.5 MPa (5 at CYU represented by blue asterisks and
2 at CSIRO by purple asterisks), two at P,=1.2 and 2 MPa
(both depicted with black asterisks) and two at P,=4 MPa
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Table 2 Critical stresses

; N Sample name Confining Effective mean Peak stress (MPa) Yield Critical Pore
obtained n triaxial and pressure stress at failure stress pressure P*  pressure
hydrostatic tests und@r. dry and (MPa) (MPa) (MPa) (MPa) (MPa)
water-saturated conditions. H
in the sample name stands for Dry
Hydrostatic test OBO7-D 07 351 8.57 504 - -

OB10-D 1.0 4.32 10.71 6.98 - -
OB13-D 1.3 4.92 10.88 7.69 - -
OB15-D1 1.5 4.94 10.32 - - -
OB15-D2 1.5 5.19 11.07 - - -
OB20-D 2.0 542 10.60 8.14 - -
OB45-D 4.5 7.44 - 8.99 - -
OB75-D 7.5 9.76 - 6.73 - -
OB110-D 11.0 12.47 - 4.84 - -
OBH-D - - - - 14.10 -
Wet
OB04-W 14 2.25 5.26 4.19 - 1.0
OB05-W 1.0 2.05 4.67 2.98 - 0.5
OB10-W 2.0 3.08 6.20 4.11 - 1.0
OBI5-W1 1.5 3.63 6.39 - - 1.0
OBI5-W2 1.5 3.65 6.45 - - 1.0
OB16-W 2.6 3.60 6.06 4.63 - 1.0
OB20-W 3.0 4.24 6.92 4.41 - 1.0
OB45-W 55 5.77 - 3.89 - 1.0
OBH-W - - - - 7.07 0.5
1.02 and volume of injected water normalized to pore volume
pe— 1 vs time. Proceeding with the injection, two events (1 and
! ML 2) characterized by an increase of the axial strain rate cor-
2098 T. related to small stress drops can be identified in Fig. 12a,
% 1 b. It is worth to note that the event 1 is also correlated to
ﬂ; 0.96 | | a decrease of the water flow rate; in fact, while in the first
E - L, part it follows a lin'ear trend, it 'becomes non-linear at Fhe
é ' .lg AL onsetlof event 1, Wlth a decreasn}g slope. Our explan?tlon
2 02| Ii 2 %Mw‘t‘r Wl WO for this phenomenon is the damaging and loss of porosity of
% |4 the sample, which decreases the permeability and, therefore,
091 & "-15 fw the flow rate; for this reason, we associate this event as the
starting point of an enhanced damage. It is worth to remark
088, 000 2000 3000 4000 soo0  sooo  7o00  that even if the applied differential stress is lower than the
Time (s)

Fig. 11 P-wave velocity variations plotted vs. time during the imbibi-

tion test

(green asterisks). Following the stages of pre-consolidation,
loading and stabilization depicted in Fig. 5, water injection
starts when applying a small pore pressure gradient of about
0.2 MPa between the ends of the sample. A typical example
is shown in Fig. 12 with the injection test OB15-70 carried
out on a rock specimen loaded at 7.0 MPa differential stress,
corresponding to 67% of the dry peak stress (10.49 MPa).
Three parameters are plotted: axial strain, differential stress

yield one in dry condition, the sample undergoes creep, with
a low strain rate (4.6 x 107% s™!) even before injection started.
Indeed, we observed on triaxial tests, that even in the linear
elastic behavior, this high porous chalk might accumulate
some irreversible strain, which is enhanced at the yield.
Increasing further the injection of water, the sample
fails after event 2, producing a big stress drop and a sharp
increase in strain rate (red arrow in Fig. 12a). A visual
inspection of the sample retrieved from the triaxial pressure
vessel showed multiple manifestations of failure at the rock
surface with different orientations, with a similar inclina-
tion of about 30° with respect to the sample axis (Fig. 12d).
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Fig. 12 Injection tests per-

0OB15-70 68% of dry strength

formed on sample OB15-70. 2 a
The axial strain (a), differential 5’:’ T 1
stress (b) and the normalized he 081 2
volume injected (c) are plotted “T: 061 1 l l
vs. time starting from the injec- %041 l
tion stage. The arrows represent 02— : -

0 500 1000 1500 2000 2500 3000 3500

critical moments described in
the text; d post-test picture of

-

sample OB15-70. The dashed
line highlights some of the dam-
age features produced during
injection

o

a0

:
— |1
-

Diff. Stress (MPa)
@ g
=]

2000 2500 3000 3500

Cc

641
6.2 : ; :
500 1000 1500
3'36(}
3
= 40+
B l 1
£
© 20k
g 20
=2
g, . . .
0 500 1000 1500
Time (s)
0B15-70 68% of dry strength
2600 T T T T T
FAILURE |
| 1.4
2400 | Top |
!
WMMW%%W 12
1
2200 F T |
— N
% Hﬁ TZ . " 31 11 =
22000 | 1 ¥ B © ! =
8 LA : } §
2 e | 108 @
2 1800 B R . +Boﬂorn } ks
o + **PHH, Ak | <
= *‘"N—Hq.%* ] 06
o s .
1600 | +$§;‘°m R
——— Middle | &
Axial Strai .04
1400 - Xlal rain . } -
Axial Strain |
|
1200 ‘ ‘ ‘ ‘ ‘ L do2
0 500 1000 1500 2000 2500 3000

Time (s)

Fig. 13 P-wave velocity variation vs. time for injection test on sample
OB15-70, P-=1.5 MPa and Q=7 MPa. In blue is displayed the axial
strain versus time. The velocity data are represented by crosses and
the dotted lines depict the error which is on average +45 m/s

Furthermore, these features are observed only in the lower
half of the sample, while the upper part seems undamaged.

Figure 13 shows the evolution of P-wave velocity meas-
ured in the three horizontal directions: bottom, midpoint and
top during the injection. As the waterfront gradually rises
upward, it induces a decrease in P-wave velocity, first at
the bottom, then at the middle and finally at the top (events
1, 2 and 3 in Fig. 13). Besides water imbibition, the onset
of inelastic deformation (observed at event 1 in Fig. 12) is
a secondary contribution to the P-wave velocity reduction
which, however, took place just after the variation induced
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by the water and, for this reason, we could not discriminate
it. Nevertheless, as observed in a standard imbibition test
at room conditions (Fig. 11), once the waterfront reaches
the plane where the ultrasonic transducers are located, the
P-wave velocity becomes stable with no further change. In
contrast, we observe in Fig. 13 that after the strong velocity
decrease, generated by the water rise, the velocity further
decreases at point A with a lower slope, a manifestation of
the ongoing rock deformation. Furthermore, the delayed
arrival of the water front at point 3 (top) compared to point
2 (middle) in Fig. 13 shows that the ongoing deformation
leads to a decrease of rock permeability.

At sample failure, a sharp velocity drop is observed only
on the mid and bottom transducers planes with a higher drop
in the latter, confirming that the damage is located only in
the lower half of the sample, as visually observed in the
post-mortem sample (Fig. 12d), while the water front just
reached the upper transducers plane. In other words, the top
of the sample was probably still dry at failure.

In Fig. 7c are also plotted the injection tests carried out at
CSIRO, OB15-71 and OB15-74. The former shows similari-
ties in the elastic behavior with the dry triaxial tests, whereas
the residual strength post-mechanical instability reflects the
behavior of the wet triaxial test. Indeed, the sample is ini-
tially dry during the loading stage whereas it is nominally
saturated at the end of the test. However, the axial strain at
failure is not correlated to the triaxial tests. In contrast, the
injection test OB15-74 shows significant differences with
respect to the triaxial tests, even if the axial strain at failure
is similar.
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5 Discussion

In the following paragraphs, we characterize the mechani-
cal behavior, coupled with structural observations for the
triaxial and injection tests. Thereafter, we propose a descrip-
tion of the parameters governing failure in the injection test.
Finally, we discuss the water-weakening effect in terms of
porosity and specific surface area.

5.1 Structural Observations on Post Deformation
Rock Samples

Structural observations on both pre- and post-deformed
rock samples were done to gain information about the tested
material and the failure modes. Four lab-deformed samples
have been cut perpendicular to the axial direction (i.e. per-
pendicular to the maximum stress) to prepare 30 um-thick
thin sections. Two of these selected samples have been
deformed in dry condition in triaxial tests at P,=2 MPa
and 4.5 MPa (samples OB20-D and OB45-D, respectively)
and two in wet conditions at the same P, . (samples OB20-
W and OB45-D, respectively). The thin sections have been
analysed with a petrographic microscope in polarized light
and, a description of the observed features (e.g. fractures,
deformation bands) is proposed. Figure 14a shows that
sample OB20-D failed by the development of both defor-
mation bands (1) and fractures (2). Looking closer to the
deformation band (Fig. 14b), it appears like a narrow area of
200-300 um in thickness, with an open crack in the middle
and compacted areas on both sides with reduction in poros-
ity. Baud et al. (2009) observed a similar feature in a Saint-
Maximin Limestone (SML) sample deformed at 5 MPa con-
fining pressure, which was interpreted as a compactive shear
band due the coupling between the compacting area and the
macroscopic crack. In sample OB45-D (Fig. 14c), an evenly
distributed deformation is observed with several compaction
bands, although some open cracks are still present. In fact,
three different features can be distinguished: (1) compaction
bands, with only reduction in porosity; (2) compaction bands
with an inner part where an open crack seems to develop/
initiate; (3) compactive shear bands. The thin sections for the
sample deformed in wet conditions show similar attributes.
In sample OB20-W (P =2 MPa, Fig. 14d), compactive
shear bands are formed albeit with a larger width of about
1 mm. Moreover, this band depicts a symmetric change in
gray levels going outward from the crack plane. In sample
OB45-W (Pc_eff=4.5 MPa, Fig. 14e), the localized inelastic
deformation is made of a widespread cataclasis composed
by a tight network of compaction bands.

The X ray CT scans shown in Fig. 15a, b have been done
on a sample triaxially deformed at P,=1.5 MPa in dry con-
dition. The pre-deformation scan is shown for comparison

(Fig. 15a). The formation of an open fracture is well delin-
eated with an angle of about 30° with respect to the sam-
ple axis. It is also possible to distinguish in some area an
increase in density around the fracture, (indicated by the
arrows 1 and 2). This is well in line with our observations
on thin sections, with the presence of a diffuse compactive
band surrounding an open crack. The X ray CT scans of
the water-saturated sample deformed at the same effective
confining pressure (Fig. 15c, d), depict, once again, the for-
mation of a discontinued open fracture with a denser part on
both sides. Furthermore, in the upper part, a sub-horizontal
fracture occurs (1 in Fig. 15d), with irregular surfaces that
recalls a stylolite.

Our mechanical data show that starting from
P =1 MPa, the behavior in the wet experiments is char-
acterized by shear-enhanced compaction, which is con-
firmed by this sections observation (localized structures in
samples OB20-D and OB20-W). This behavior is typical
of the transition from brittle to ductile regimes (Wong and
Baud 2012) with the formation of localized shear bands.
The observed damage seems to develop as follow: first, the
grains undergo crushing and rotation producing compaction
surfaces, then, when the porosity is reduced of a critical level
in these areas, a macroscopic open crack is formed, generat-
ing the observed stress drop. Furthermore, the micrograph
depicted in Fig. 14f (sample OB45-D) shows that the grain
crushing and cracking involves the rock matrix, while the
stiffer microfossil shell remains unaffected. The mechanical
data showed by Baud et al. (2009) on Saint-Maximin Lime-
stone (37% of porosity) display the same kind of stress drops
as we observed here in Obourg Chalk. Baud et al. (2004,
2017) linked the occurrence of these stress drops to the
production of compaction localizations in the sample, and
the formation of several deformation bands. Hence, we con-
sider the behavior observed in our mechanical tests between
P +=0.5 MPa and 2 MPa as belonging to the brittle-ductile
transition or transitional regime (Wong et al. 1997). The
plateau in the mechanical data after the yield and coexist-
ing with peak stresses also seems to indicate a transitional
regime (Wong and Baud 2012).

At P, .s=4.5 MPa, the differential stress-axial strain
curve in dry and wet conditions show once more a stabiliza-
tion beyond the yield stress, whereas the stress drops disap-
pear. In addition, looking at the thin sections, even if the
deformation seems to be homogeneously distributed in the
sample, it is, however, localized in multiple structures. This
is distinctively shown in the dry tested sample (Fig. 14c) but
also in the water-saturated tested sample (Fig. 14e). Indeed,
the sample OB45-W is pervaded by several compactive
bands of about 100 pum in thickness, rather than a homogene-
ous cataclastic flow, whereas, the areas between those bands
seem to remain undamaged. The absence of stress drops at
P, g higher than 2 MPa may be due to the higher confining
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Fig. 14 Series of micrographs from thin sections on post-deformation
Obourg chalk samples taken perpendicular to the sample axis. The
numbers represent features described in the text: a-b dry triaxial

pressure that inhibits the formation of shear fractures; hence,
once one compaction band is formed, deformation moves
to other areas. It is important to emphasize that no intent
was done to study the plastic deformation possibly experi-
enced during our mechanical tests since the very low grain
size makes it difficult to observe. Keeping that in mind, the
relatively undamaged areas might have experienced plas-
tic deformation that we were not able to observe, while the
grain crushing and rotation might have been localized in
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test at Po=2 MPa (OB20_D); ¢, f dry triaxial test at P-=4.5 MPa
(OB45_D); d wet triaxial test at P.=2 MPa (OB20_W); e wet tri-
axial test at Po=4.5 MPa (OB45_W)

high-density structures more easily detectable. Nevertheless,
the mechanical data of the sample at P, =11 MPa manifest
strain hardening, typical of a ductile regime.

These observations support a continuous evolution with
increasing confining pressure, from dilatancy, to localized
deformation in few structures, to pervasive localized com-
paction and, ideally, at higher confining pressure, toward a
homogeneous cataclastic flow. These results are well con-
sistent with the previous study on porous carbonate rocks
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Fig. 15 Pictures in grayscale displaying slices of CT-scan performed
on Obourg chalk samples at CSIRO, taken parallel to the sample axis.
High intensity =dense. The arrows represent features described in the
text: a—b CT scan on pre (a) and post (b) triaxial test performed at
P-=1.5 MPa in dry condition; ¢—d CT scan on pre (¢) and post (d)
triaxial test performed at P-=1.5 MPa in water-saturated condition

(Homand and Shao 2000; Baud et al. 2009, 2017; Han
et al. 2016). Moreover, Obourg chalk has a very low brittle
to ductile transition compared to other carbonate rocks.

5.2 Microstructures Resulting from Injection Tests

Microstructural studies were also performed on samples that
experienced injection tests. Figure 16 shows the microCT
Scans, done at IFP Energies Nouvelles (IFPEN) after three
injection tests. Figure 16a displays the sample OB15-75
tested at 0Q=7.5 MPa and P.=1.5 MPa, just below the yield
envelope in dry condition. The scan shows the presence of
a high-density compactive area forming a conical shape in
the bottom part of the sample. Moreover, a more developed
feature, on the right side of the scan, departs from this cone

with successive low- and high-density zones propagating up
to the middle of the rock sample. Note that the upper half
of the sample seems to be completely undamaged. These
observations agree with the mechanical data showing that
the sample failed when only 13% of the pore volume has
been flushed by water, meaning that necessarily the water
was located only in the lower part of the rock specimen. Fig-
ure 16b shows a slice in the damaged part, perpendicularly
to the axis as shown in Fig. 16a. The conical damaged zone
is made of several curved bands (e.g. white arrows) which,
in some cases, propagate toward the surfaces forming radial
features. Such type of deformation with multiple radial
fractures has been observed also by David et al. (2015b) on
Sherwood sandstone samples after injection tests, following
the same experimental methodology, and by Batiste et al.
(2004) and Desrues et al. (1996) on a sand pack deformed in
triaxial experiments. The similarity between these observa-
tions lead David et al. (2015b) to interpret such features as
due to a loss of cohesion between the grains in the water-
invaded part.

Figure 16¢ corresponds to a microCT scan on sample
OB15-65 deformed at Q=6.5 MPa and P,=1.5 MPa, just
above the peak stress in wet condition. In this experiment,
deformation is widespread over the entire sample, with a
thick diffuse band of maximum width 10 mm and conical
damaged structures in both the bottom and the top. The sam-
ple failed when the amount of injected water exceeded 100%
of the pore volume, in good agreement with the structural
observations. Aside the damage location, this test differs
from the previous one in the deformation type of the conical
feature which is composed of a set of open fractures. Fur-
thermore, the diffuse band in Fig. 16d is bordered by open
cracks which formed after the compactive bands.

Finally, increasing the confining pressure to 4 MPa and
the differential stress to 8.5 MPa just below the dry yield
envelope like OB15-75, sample OB40-85 presents similar
features as OB15-75. In this case, the water volume needed
to induce failure was equal to 10.5% of the pore volume and,
as expected, damage is only located in the lower half of the
rock sample (Fig. 16e, f). In contrast, the overall damage
experienced by the sample is associated with the merging of
multiple bands giving rise to an evenly distributed cataclasis.
The evolution of the failure mode with increasing effective
confining pressure in the injection tests seems, moreover,
to be very similar to what has been observed in the triaxial
tests: going from P,=2 MPa to 4.5 MPa, the number of
bands generated during the damaging increased, leading to
a homogeneously distributed deformation.

The injection tests performed at CSIRO (mechanical data
displayed in Fig. 7c) present differences and similarities with
respect to the ones done at CYU. First, the sample OB15-
74 tested at P,=1.5 MPa and Q=7.4 MPa (Fig. 17a, b)
does not show any conical damaged structure near the edge
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Fig. 16 Pictures in grayscale
displaying slices of uCT-scan
performed on Obourg chalk
samples at IFPEN, taken
parallel and perpendicular to
the sample axis. High inten-
sity =dense. The arrows
represent features described
in the text: a-b parallel and
perpendicular slice on sample
OB 15-75 post-injection test
(stress state: Po=1.5 MPa,
Q=17.5 MPa); c¢—d parallel and
perpendicular slice on sample
OB15-65 post-injection test.
Stress state: Po=1.5 MPa,
Q=6.5 MPa; e—f Parallel and
perpendicular slice on sample
OB40-85 post-injection test.
Stress state: Po=4 MPa,
Q0=8.5MPa

Fig. 17 Pictures in grayscale displaying slices of CT-scan performed
on Obourg chalk samples at CSIRO, taken parallel to the sample axis.
High intensity=dense. The arrows represent features described in
the text: a—b CT-scan on sample OB15-74 pre (a) and post (a) injec-

of the sample. Moreover, the deformation seems to involve
the entire sample even if the water injected at failure was
47% of the pore volume. Nevertheless, the highest damage
is located in the lower half of the sample, with the presence
of an open fracture that seems to border the thin deformation
band that affects the entire sample at about 30° with respect

@ Springer

tion test performed at Po=1.5 MPa and Q=7.4 MPa; c¢-d CT-scan
on sample OB15-71 pre (¢) and post (d) injection test performed at
P-=1.5MPaand Q=7.1 MPa

to the sample axis (black arrows in Fig. 17b). Figure 17c, d
shows the CT scans of sample OB15-71 tested at the same
confining pressure but at Q="7.1 MPa. In this case, the water
injected at failure was 114% of the pore volume and the
damage is mostly located in the middle-upper region. Once
again, it is composed by a diffuse band bounded by open
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fractures on both sides, generating a damage very similar to
the one observed in OB15-65 (Fig. 16¢).

In contrast to the compactive behavior delineated
by the triaxial tests at confining pressures higher than
P.=0.5 MPa, the injection test OB15-74 (Fig. 18) shows
that while undergoing shear-enhanced compaction, it is
also subjected to an opposite evolution in the porosity
change (blue curve in Fig. 18). The stress state at this
point is referred in the literature as the critical stress C’*
(Wong and Baud 2012). In fact, the majority of the injec-
tion tests reached a total axial strain higher than 3%, which
is much higher than the maximum axial strain attained in
the triaxial tests (0.8%). For both injection tests performed
at CSIRO, the volumetric strain exhibits first a compac-
tive behavior that switches, when the sample is failing, to
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Fig. 18 Axial, radial and volumetric strain plotted in function of time
from injection test on sample OB15-74 (P-=1.5 MPa, Q=7.4 MPa)
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Fig. 19 a Compilation of volume injected at failure (normalized with
respect to the sample pore volume) plotted versus the relative dry
strength for injection tests performed at CYU and CSIRO. With black
crosses are represented the data with no porosity correction applied,
black circles are the same data with the correction. The dry strength

dilatancy which may be identified in the open fractures
bonding the compaction band. Furthermore, in the test
OB15-74, the volumetric strain shifts again to porosity
reduction when the radial strain variation ceases (Fig. 19).
However, this latter observation must be taken with cau-
tion because a local radial measurement might be strongly
impacted by the fracture localization.

In summary, the failure modes and the damage pro-
duced in both triaxial and injection tests at low confining
pressure seem comparable. The higher damage observed
in the injection tests arises from the experiment itself, i.e.
as in a brittle creep test, it results from a higher total strain
accumulated at the end of the test. Such differences were
also observed by Brantut et al. (2013), comparing creep
and triaxial experiments on Darley Dale sandstone (Heap
et al. 2009). The complex damage features, like the conical
fractured area, might just be an artefact due to the fric-
tion at the sample-piston interface, since it is not (or just
slightly) observed, in the test conducted with the ATC at
CSIRO. Nevertheless, it is clearly demonstrated that water
induces a strong weakening with probably loss of cohesion
(David et al. 2015b) in the water-invaded area. Then, as a
second order effect, the experimental setup could influence
more or less the location of the produced damage. Apart
from the injection tests performed at a stress state close
or above the yield point, in which only a little amount
of injected water is enough to induce failure, the dam-
age generally affects the overall rock specimen but with a
higher intensity in the water-invaded zone. Therefore, even
though water is located in the lower half of the sample,
the strength might depend on both parts: the dry and the
water-invaded zones. A critical saturation is then neces-
sary to trigger the mechanical instability, which depends
on the stress applied on the rock sample. The relationship
between the amount of water injected respect to the pore
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(Dry S.) and yield (Dry Y.) and the wet strength (Wet S.) are dis-
played for comparison. b Creep rate before and after injection derived
from the injection tests conducted at CYU at P.=1.5 MPa, compared
with the literature data (Brantut et al. 2013)
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volume at failure and the stress state of the injection tests
is discussed in the next section.

5.3 Effect of Waterflooding on Mechanical Strength

Generally, all the injection tests exhibit the same behavior. In
Table 3, we compiled all the critical parameters derived from
these tests: stress state, porosity and water injected at fail-
ure. Two of these parameters were selected to characterize
the mechanical failure induced by water flooding in Obourg
chalk: the amount of water injected at failure (normalized
to the sample pore volume) and the stress state (Q). From
the mechanical data obtained from triaxial tests conducted
on dry samples at P,=1.5 MPa, we observed the following
relationship between peak stress (op), expressed in MPa, and
porosity (¢), expressed in fraction:

op = —26.51¢p +22.19 8)

As this equation does not show a good fitting (chi-
square =3, giving an error to the peak stresses of 0.3 MPa),
it is worth mentioning that we only use it in a narrow poros-
ity range between 0.42 and 0.44. Through this equation, we
first extrapolated the peak stresses for the samples tested in
the injection tests according to their porosity and then, we
normalized the applied differential stress to the respective
strength, obtaining the relative dry strength corrected with
respect to the porosity. Figure 19a shows the injected pore
volume at failure correlated to the relative dry strength for
the injection experiments performed at P,=1.5 MPa. In the
figure, two set of data are displayed, representing the data
with and without the porosity correction (Eq. 8). Clearly, the
correction causes a reduction in scattering as the corrected
data follow a better trend (R>=0.92). This shows that the
scattering is mainly associated with the porosity variability

Table 3 Critical parameters from injection tests conducted in this study

and that Eq. 8 captures this effect accurately. For both
curves, the volume of water necessary to induce mechani-
cal instability decreases exponentially with respect to the
differential stress. From the corrected dataset, considering
the normalized parameters Q, the ratio between applied dif-
ferential stress and dry strength, and V,, the ratio between
injected water volume at failure and total pore volume, the
following empirical relationship was found:

Qr
=Aexp|—=
V= ( Q,,> ©
with experimental parameters A=6.9 10°> and Q= 0.0477.
Furthermore, the most significant change occurs at stress
states lower than the yield dry values (~0.72 of relative dry
strength). This means that, as soon as we approach the yield
stress point, the cracks start to form even without water and
the injection of few percentage would quickly promote their
propagation. Hence, at differential stress higher than the
yield, the injection of a small amount of water representing
only few percents of pore volume is enough to trigger the
sample failure.

At this point, one can argue that the relationship between
the water injected at failure and the differential stress
(Fig. 19a) might be due to the fact that the effect of water
in producing weakening is only linked to an increase in the
creep rate reducing the time to have failure; hence, is the
failure just a matter of total strain that the rock can sup-
port or does the saturation level play a role?. We compared
in Fig. 19b the creep strain rates of the injection tests per-
formed at P.=1.5 MPa and conducted at CYU with a com-
pilation of data from Brantut et al. (2013). In this figure, the
strain rate is plotted as a function of the normalized stress
o* which is given by:

Sample name Differential Confining pres- Effective mean Relative dry Porosity (%) Water inj. at failure
stress (MPa) sure (MPa) stress (MPa) strength corrected respect to pore
volume

OB12-84 8.4 1.2 4 0.79 43.7 0.06

OB15-65 6.5 1.5 3.7 0.62 443 1.02

OB15-70 7 1.5 3.8 0.67 44.1 0.5

OB15-71 7.1 1.5 39 0.66 42.8 1.14
OB15-73A 7.3 1.5 3.9 0.67 429 0.65
OB15-73B 7.3 1.5 39 0.66 422 0.83

OB15-74 7.4 1.5 4 0.7 43.5 0.48

OB15-75 7.5 1.5 4 0.71 44 0.14

0B20-84 8.4 2 4.8 0.77 42.3 0.06

0OB40-70 7 4 6.3 - 43.7 0.54

OB40-85 8.5 4 6.8 - 43.6 0.11
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» ("c—"F)
cf=——= (10)
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where o is the applied differential stress, o} the compressive
strength and oy the frictional strength. The latter is com-
puted using the Coulomb’s criterion and considering a fric-
tion coefficient equal to 0.52, derived using the sliding wing
crack model (Cotterell and Rice 1980; Ashby and Sammis
1990) on the triaxial tests in dry conditions at low confin-
ing pressure. As the applied differential stress increases, ¢*
approaches unity. We note that the strain rates before the
injection display higher values than other rocks type at the
same stress state, even if, the sensitivity with the differen-
tial stress is small. In contrast, after the injection, the creep
strain rates undergo an increase of up to 1 order of magni-
tude, showing also a higher sensitivity with respect to the
differential stress. Nonetheless, in brittle creep experiments,
tertiary creep generally only initiates when a critical level
of inelastic strain is reached (Kranz and Scholz 1977; Baud
and Meredith 1997), which marks the initiation of damage
localization. The total axial strain reached by the injection
tests conducted at P,=1.5 MPa does not show a clear cor-
relation with the stress state, which might be also due to
the mechanical variability of this chalk. Hence, even if the
injection of water induces a higher strain rate as the applied
differential stress increases (Fig. 19b), this might not be the
cause of the reducing time of failure if different rock samples
fail at different strain level. Nevertheless, more experiments
are required to clarify this concept.

Generally, the fluid sensitivity of the strain rate has been
associated to a stress corrosion at the tip of cracks which
enhances the subcritical crack growth (Brantut et al. 2013).
This happens because of the adsorption of water onto the
grain surface which can decrease the surface energy, and
so the fracture toughness. Moreover, the chemistry of the
fluid can have a strong impact on the creep rate and in gen-
eral on the mechanical resistance. Risnes et al. (2003) dem-
onstrated through mechanical experiments on Liege chalk
that the yield stress and the tensile strength are influenced
by the dissolved salt in the involved fluid. They stated that
the weakening is governed by the water activity, which
decreases by increasing the salt content. Madland et al.
(2011) also showed how the injection of water with differ-
ent dissolved salts has a different impact on the mechani-
cal stability of Liege chalk and Stevns Klint chalk. They
observed an enhancement of the weakening when water con-
taining MgCl, or seawater were injected and, they discussed
a substitution between calcium and magnesium due to dis-
solution and mineral precipitation as the dominant mecha-
nism. We used in the present work a single fluid (tap water)
and, for this reason, more work is needed to highlight the
effect of fluid chemistry which is beyond the scope of this

paper. Preliminary results from uniaxial compressive tests
on the studied chalk showed that the weakening is strongly
influenced by the chemical species and slightly by the salt
concentration.

Homand and Shao (2000), through experimental tests of
water injection into oil-saturated sample, stated that exists
a critical water saturation after which a sudden transition
between two different mechanical behavior occurs. In the
same scenario, by considering the relative pore volume
injected at failure (Fig. 19a) as water saturation, it might be
stated that the rock strength decreases progressively with
increasing the saturation. A similar decrease in mechanical
resistance with water saturation has been also observed by
Risnes et al. (2005) on Liege Chalk by means of mechanical
experiments varying the fluid saturation with a mixture of
water and ethylene glycol. Indeed, they observed on hydro-
static, triaxial and Brazilian tests that the strength decreases
with increasing the Mole % of water with a major change in
the first percentages of water saturation. Rgyne et al. (2011)
through double torsion experiments on calcite, also noticed
the same kind of trend in the variation of the surface energy,
which is defined as the half of the work necessary to cut a
solid body in two new surfaces, with respect to the fraction
of water adsorbed onto the surface. They observed indeed,
from dry to wet condition a decrease from 0.32 to 0.15 J/m>.

5.4 Mechanisms of Water-Weakening

Applying the observation of Rgyne et al. (2011) on calcite
mineral surface to rock, the weakening might be induced by
the water that, adsorbing onto the grain surface, decreases
the energy to develop cracking. In this scenario, water should
have a strong mobility in the rock pore network because,
to promote fracturing, it should be always present at the
crack tips while these are advancing. These observations
can also apply to the triaxial tests done on Obourg Chalk
where in the tests in wet condition, the stress drops seem to
be reduced in frequency and attenuated in amplitude. This
could be ascribed to the fact that when fracturing, water is
not capable to quickly follow the process zone at the crack
tip, which remains dry. Doing so, the fracture propagation
would be inhibited because of the applied differential stress
which is much lower than the strength in dry condition. This
could also explain the difference in deformation between the
dry and wet tests performed at P, .z=4.5 MPa.

Baud et al. (2000) introduced the parameter A as the ratio
between the surface energies in wet (y) and dry (y) con-
ditions and explained that, in the Hertzian fracture model
(Zhang et al. 1990a, b) the ratio between the critical pres-

sures P* . and P* 4 is related to 4 in the following way:
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* 3/2
Pwel _ 7_’ / _ )’3/2

T = an
Pdry 4

Using our P* values, we obtain a surface energies ratio
A of 0.63 which is higher compared to the value derived by
Rgyne et al. (2011) on calcite (0.47). A compilation of 1
values from previous studies on carbonate rocks and sand-
stones is shown in Fig. 20a. Most of them have been derived
from the critical stresses P* in wet and dry condition. For
the Tavel limestone, Nicolas et al. (2016) obtained A from
the fracture toughness acquired using the sliding wing crack
model (Cotterell and Rice 1980; Ashby and Sammis 1990).
David et al. (2015b), by contrast, calculated A for Sherwood
sandstone from the strength reduction in triaxial experi-
ments in dry and wet conditions. A linear evolution was
found when plotting A vs porosity ¢:

A=a-bg (12)

with experimental parameters a =1.009 and »=0.826.
This trend is, nevertheless, totally expected. Indeed, besides
considering the surface really in contact with water, as the
porosity increases so does the amount of water, which is
reflected in an increased weakening. Furthermore, we can
note that the intercept of the linear regression is 1 at porosity
0 as no weakening is expected when porosity (thus water)
is absent. Apart the general trend, it seems that the data
can be clustered in three different groups depending on
porosity (11-21%, 30-37%, 42-44%) where each of these
show locally an opposite trend with respect to the previ-
ous one, where the weakening decreases with increasing
porosity. It is hence clear that porosity plays a primary role
in the water-weakening but, other parameters must have a
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A sherwood sandstone - David et al, 2015
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Fig.20 a Compilation of A parameters plotted versus porosity for dif-
ferent rocks obtained from the literature. Each symbol represents a
different source of data and carbonate rocks are depicted with solid
red symbols; b Compilation of A plotted in function of the specific
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secondary influence, like the pore shape and size, the grain
size, as well as the rock mineralogy and the fluid chem-
istry. To highlight this, we computed the specific surface
area of Obourg chalk and Tavel limestone by assuming the
bulk rock being composed of spherical grains of diameter
0.00158 and 0.005 mm (Nicolas et al. 2016), respectively,
and considering the grain density of calcite (2720 kg/m?).
Moreover, using the values reported by Risnes et al. (2005)
for Liege Chalk, by Baud et al. (2009) for Majella and Saint-
Maximin limestones (SML) and by Lai and Krevor (2014)
for Berea sandstone, obtained through BET method, we pro-
duced the graph in Fig. 20b, where the specific surface area
is related to A. It appears clear that the weakening depends
on the water-grains contact area. Furthermore, rocks con-
taining only calcite seem to fall in a good linear trend with
a high R*=0.92, whereas sandstones and SML (61% calcite
and 39% quartz, Baud et al. 2009) for a given surface area,
display a lower weakening which can be explained by the
different mineralogy which in turn might behave differently
with respect to calcite in terms of surface energy reduction.
Moreover, the presence of clay in Berea sandstone might add
further complications due to their swelling nature.

6 Conclusion

We have investigated the water-weakening effect on Obourg
Chalk by means of conventional mechanical tests and injec-
tion tests. The mechanical behavior shows that it deforms in
brittle condition only at very low P,. A transitional regime is
observed over a wide range of confining pressures, with the
development of compaction localizations increasing until a
homogeneous cataclasis is produced at P, above 4.5 MPa.

1.2
1 [ |
¢
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< .
o6k T
n . -
- A = 0.47 for pure calcite (Reyne et al. 2011)
04r & Tavel limestone - Nicolas et al. 2016
' @  Obourg chalk - This work
| | Berea sandstone - Bawd et al. 2000, Lai & Krevor 2014
0.2k 4 Majella limestone - Baud et al. 2009
’ 4 SMLlimestone - Baud et al, 2009
P Liége chalk - Risnes et al, 2005
-------- Regression on pure limestones
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Surface area (mzfg)

surface area. In red are shown the carbonate rocks whereas in black
the sandstones and limestone containing quartz (e.g. Saint-Maximin
limestone)
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Water has a strong effect on this highly porous carbonate
rock, resulting in a reduction of about 50% in the mechanical
strength (P*o/P* 4, =0.5). Moreover, it seems that water
also inhibits the development of the episodic stress drops
observed in dry conditions probably because it promotes
grain crushing and rotation rather than shear fractures.

It is shown that injecting water at very low pressure, into
a dry sample triaxially loaded at differential stress lower than
yield in dry condition, led the sample to fail. Furthermore,
a critical saturation is required to trigger deformation and
failure. This critical water saturation, moreover, displays
an exponential trend with respect to the differential stress
applied on the rock specimen, hence, it strongly depends
on how far the stress state is from the failure envelope. The
injection of water induces a deformation comparable to the
conventional triaxial tests. Even if it is more developed and
diffused in the water-invaded zone, damage also propagates
in the dry areas, suggesting that a mechanical coupling
between the saturated and dry part might control the failure.

Beside all the possible weakening mechanisms, poros-
ity and, in particular the surface area, are among the main
controlling parameters, hence, further studies are necessary
to unravel their role.

Our results can have a strong impact on waterflooding,
EOR and EGS operations, since replacing the in-situ fluid
with a foreign one could induce a significant damage, which
would lead to a decrease in reservoir transmissivity, hence
reducing considerably the production and lifetime of reser-
voirs. Furthermore, our results would also have an impact in
geotechnical issues, since water-weakening is known to play
a major role on surface subsidence induced by the collapse
of underground cavities.
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