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Abstract
Carbonate sediments play a prominent role on the global geological stage as they store more than 60% of world’s oil and 40% 
of world’s gas reserves. Prediction of the deformation and failure of porous carbonates is, therefore, essential to minimise res-
ervoir compaction, fault reactivation, or wellbore instability. This relies on our understanding of the mechanisms underlying 
the observed inelastic response to fluid injection or deviatoric stress perturbations. Understanding the impact of deformation/
failure on the hydraulic properties of the rock is also essential as injection/production rates will be affected. In this work, we 
present new experimental results from triaxial deformation experiments carried out to elucidate the behaviour of a porous 
limestone reservoir analogue (Savonnières limestone). Drained triaxial and isotropic compression tests were conducted at 
five different confining pressures in dry and water-saturated conditions. Stress–strain data and X-ray tomography images of 
the rock indicate two distinct types of deformation and failure regimes: at low confinement (10 MPa) brittle failure in the 
form of dilatant shear banding was dominant; whereas at higher confinement compaction bands orthogonal to the maximum 
principal stress formed. In addition to the pore pressure effect, the presence of water in the pore space significantly weak-
ened the rock, thereby shrinking the yield envelope compared to the dry conditions, and shifted the brittle–ductile transition 
to lower effective confining pressures (from 35 MPa to 29 MPa). Finally, permeability measurements during deformation 
show a reduction of an order of magnitude in the ductile regime due to the formation of the compaction bands. These results 
highlight the importance of considering the role of the saturating fluid in the brittle–ductile response of porous rocks and 
elucidate some of the microstructural processes taking place during this transition.
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1  Introduction

Carbonate sediments play a prominent role on the global 
geological stage as they store more than 60% of world’s oil 
and 40% of world’s gas reserves Schlumberger (2007). The 
production of oil and gas from carbonate rocks represents 
60% of the total production worldwide Roehl and Choquette 
(1986); Halbouty (2003). They also host more than 50% of 
the world’s deep saline aquifers Gouze and Luquot (2011), 
often considered safe candidates for effective CO2 geo-
sequestration. Porous carbonate rocks in nature are often 
mechanically weak, heterogeneous at multiple scales (e.g., 
vuggy, fractured), sensitive to effective stress changes, and 
to the chemistry of the fluid saturating the pore space (e.g., 
water-induced mechanical weakening) (Grgić 2011; Vik 
et al. 2013; Shulakova et al. 2017; Pimienta et al. 2017). 
Carbonate reservoirs are, therefore, strongly impacted by 
typical anthropogenic subsurface operations such as fluid 
injection (e.g., CO2 geo-sequestration), or fluid withdrawal 
(e.g., hydrocarbon production) that perturb the natural 
state of stress at depth, and alter the chemical equilibrium 
between the rock frame and the pore fluid.

Changes in the macroscopic properties of the rock are 
often directly related to changes in its microstructure (e.g., 
micro-cracking) in response to changes in stress, temperature 
or pore fluid chemistry, and can lead to macroscopic strain 
localisation and the formation of fractures, shear bands, or 
compaction bands (Sari et al. 2020; Stefanou and Sulem 
2014). The magnitude and extent of these changes are typi-
cally governed by the stress field (magnitude, anisotropy, 
orientation), the nature of the native pore fluid and that of 
the injected fluid (rock-fluid interactions), the nature of the 
rock formation (e.g., mineralogy, microstructure, heteroge-
neity), and its propensity for strain localisation Sulem and 
Vardoulakis (1995).

At low effective confining pressure porous carbonates 
mechanically fail in a brittle manner, which is typically 
characterised by the development of locallised damage and 
dilatancy under increasing deviatoric compressive stress Pat-
erson and Wong (2005). By increasing the effective pressure, 
porous carbonates progressively transition toward a ductile 
deformation regime (e.g.,Baud et al. 2000; Wong and Baud 
2012; Kodaka et al. 2017; Leuthold et al. 2021) with more 
diffuse deformation often associated with strain hardening 
Baud et al. 2000; Vajdova et al. 2004. The transitional brit-
tle/ductile regime features a mixture of the attributes of the 
above two end members: diffuse irreversible deformation 
followed by strain localisation, where yield and strain hard-
ening/softening take place. Compaction bands are a specific 
yield/failure mode in porous rocks, reportedly occurring in 

the transitional brittle/ductile deformation regime. In this 
regime, discrete thin bands orthogonal to the increasing 
maximum compressive stress can form. Within these bands, 
a significant porosity/permeability reduction (Dautriat et al. 
2009; Dimanov et al. 2011), this reduction is often associ-
ated with grain cracking, crushing and reduction in size, 
concomitant with cataclastic pore collapse and pore size 
reduction (Papamichos et al. 1993; Sulem and Vardoulakis 
1995; Fortin et al. 2005, 2007; Wong et al. 1997; Zhu et al. 
2002; Zhang and Spiers 2005; Ghabezloo et al. 2009; Abdal-
lah et al. 2021). Intra-crystalline plasticity of calcite grains 
(twinning) has also been shown to contribute significantly to 
the overall volume reduction observed in compaction bands 
(Baud et al. 2000; Zhu et al. 2010; Issen 2002).

Assuming that the native pore fluid in situ is in equilib-
rium with the rock-forming minerals, hydro-chemical inter-
actions associated with the injection of a different fluid (e.g., 
CO2 ) can lead to changes in the mechanical (e.g., strength 
reduction) and hydraulic (e.g., permeability reduction) 
properties of the rock as well as the elastic/seismic proper-
ties of porous rocks (Baud et al. 2000; David et al. 2015), 
and further affect the overall project economics (Colback 
and Wiid 1965; Hawkins and McConnell 1992; Vàsàrhelyi 
2005; Erguler and Ulusay 2009). Multiple water weakening 
mechanisms have been reported in the literature, operating 
at various time scales in different rock types, e.g., adsorption 
effects at grain surfaces (Orowan 1944; Rebinder et al. 1948; 
Baud et al. 2000; Pimienta et al. 2017), capillary effects, 
water- clay mineral interactions (Schmitt et al. 1994; David 
et al. 2015), mineral solubility (especially in calcite-rich 
rocks, Risnes et al. (2005)), and stress corrosion at the tip 
of the fractures/cracks (Atkinson and Meredith 1987; Zhu 
and Wong 1997). Mechanical weakening can occur with 
exposure to non-native pore fluids (e.g., fluid injection), the 
Ekofisk field, Norwegian North sea, is an example of a com-
pacting chalk reservoir with considerable subsequent sea 
floor subsidence due water weakening (Teufel et al. 1991; 
Sylte et al. 1999). Fluid-driven mineral dissolution can occur 
locally in calcite-rich rocks, which will affect the mechani-
cal failure mode at a given mean effective stress (depth) 
(Zhang and Spiers 2005; Zhang et al. 2010; Croize et al. 
2013). Stress corrosion is another mechanism thought to 
promote the growth of pre-existing cracks in calcite grains, 
and indirectly affect the characteristics of the brittle–duc-
tile transition Gratier et al. (1999). This suggests that water 
weakening can affect not only the mechanical strength and 
elastic/seismic response of the rock, but also the mechani-
cal failure mode, and, therefore, strain localisation and its 
consequences on reservoir properties.
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Evaluating in the laboratory to what extent a fluid affects 
the mechanical strength, elastic/seismic properties and the 
mechanical failure mode (strain localisation) of a homoge-
neous carbonate reservoir analogue is the objective of this 
work. The impact of compaction bands and other strain 
localisation phenomena on the permeability of the rock is 
also evaluated. To this end, a series of conventional (axi-
symmetric) triaxial tests on multiple and virtually identical 
cylindrical samples of Savonnières limestone have been con-
ducted in dry and water-saturated (drained) conditions. For 
comparison purposes, each sample was tested at a different 
mean effective stress value, covering the brittle and ductile 
deformation regimes for this particular rock. For all tests, the 
deviatoric stress loading was applied at the same constant 
axial displacement rate, sufficiently low to achieve drained 
conditions everywhere within the water-saturated samples.

2 � Materials and Methods

2.1 � The Savonnières Limestone

The Savonnières is a Jurassic limestone quarried in the 
Eastern part of France near the town of Savonnières-en-
Perthois (Moh 2008; Fronteau et al. 2010). This shelly 
oolitic limestone is composed of ellipsoidal ooids and 
sea shells embedded in a matrix of sparry calcite cement 
(sparite). The ooids are more or less hollowed out (cal-
cite dissolution) to form oomoldic pores with a charac-
teristic size > 100 �m Qajar et al. (2013). This limestone 
is made of virtually 100% calcite, and appears made of 
small, closely woven, grey-beige grains with many vesicles 
Shulakova et al. (2017) (see Fig. 1a). In terms of micro-
structure, this limestone is similar to the Brauvilliers lime-
stone, also reported in the literature (e.g., Vo-Thanh 1995; 
Cadoret et al. 1995; Tserkovnyak and Johnson 2002).

The block of Savonnières limestone available for this 
study was first imaged with a medical X-ray CT scanner at 
a resolution of 100 � m x 100 � m x 400 � m per voxel. The 

reconstructed 3D density map shows the relative homo-
geneity of the rock at the cm to dm scale with the avail-
able resolution (see Fig. 1b). All rock material used in this 
work was extracted from this block, including the triaxial 
test plugs, i.e., cylinders with D = 38mm and L ≈ 76mm. 
As a consequence, all the samples used for characterisa-
tion and testing at the laboratory scale are assumed to be 
identical and representative of the Savonnières limestone 
formation. The test plugs were first cored with water act-
ing as the cooling/lubricating fluid, then dried in an oven 
at 60◦ C for 48 h. The porosity and permeability at 2 MPa 
effective pressure of one representative plug extracted 
from the parent block of Savonnières limestone was eval-
uated using Nitrogen gas and the pulse-decay technique 
(CoreTest AP-608 apparatus). The dry density was esti-
mated from the ratio of the dry mass to the bulk volume 
of the dry rock sample. Note that five repeated measure-
ments were conducted under these conditions to evaluate 
the associated uncertainty, i.e.,

2.2 � Laboratory Methods

2.2.1 � Characterisation and Testing Procedures

Prior to testing, each rock sample is imaged with a medi-
cal X-ray CT scanner at a resolution of 100 � m x 100 � m 
x 400 � m per voxel. It is then set up within a rubber sleeve 
and between two steel end-platens in contact with the top 
and bottom end faces of the sample to avoid contact with 
the confining oil within the pressure chamber of the triaxial 
vessel. This arrangement also allows for the independent 
control of the pore pressure and vertical stress. The pressure 
chamber is then closed and filled with confining oil. For the 

Porosity: � = 30.48% ± 1.44,

Gas permeability: kgas = 58.9 mD ± 7.3,

Bulk density (dry): �dry = 1.887 g/cm3 ± 0.0015.

Fig. 1   a Scanning Electron 
Microscope (SEM) images of 
a representative thin section 
extracted from the Savonnières 
limestone block in it natural 
state Shulakova et al. (2017). b 
CT-scan image of the Savon-
nières block from which the 
samples were cored. Note 
that the geometry of the block 
generates artefacts on the X-ray 
particle propagation from each 
corner of the block, which leads 
to these visualisation artefacts

(a) (b)
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dry samples, confining pressure is increased to achieve the 
target value for each triaxial test (1, 5, 10, 15, or 22 MPa). 
The wet samples are water-saturated prior to testing in a 
desiccator under vacuum for 48 h. After setting them up in 
the pressure chamber, a low confining pressure of about 0.7 
MPa is first applied, then water is flushed through the sample 
between the bottom and top ends of the sample with a small 
pressure gradient of 0.4 MPa (low flow rate). This procedure 
ensures that air potentially trapped within the pore space of 
the sample and the pore fluid lines is flushed out by displac-
ing several pore volumes of water. The confining and pore 
pressures are then increased simultaneously but at different 
rates to achieve the target effective pressure for each test, i.e., 
the confining pressure target is either 1.5, 5.5, 10.5, 15.5, or 
22.5 MPa, while the pore pressure target is always 0.5 MPa.

Once equilibrated at the target effective pressure, an 
increasing compressive vertical stress is applied along 
the samples’ axis at a constant vertical displacement rate 

corresponding to a strain rate of about 10−5s−1 , while 
keeping the radial stress and pore pressure constant, i.e., 
drained conditions for both dry and water-saturated sam-
ples. In view of the estimated permeability of the Savon-
nières limestone ( ≈ 60 mD), the selected loading rate 
allows drainage of the pore fluid out of the water-satu-
rated samples, which ensures the pore pressure of 0.5MPa 
is uniform during triaxial loading. The vertical stress is 
progressively increased up to and beyond the mechanical 
yield and failure of each rock sample. In addition, a dry 
and a water-saturated sample were tested under increas-
ing confining pressure with no deviatoric stress until pore 
collapse and grain crushing take place.

For each rock sample, axial and radial strains, con-
fining pressure, deviatoric stress, and pore pressure 
are monitored throughout the experiment. In addition, 
for the water-saturated samples, the evolution of water 

Fig. 2   Autonomous Triaxial Cell at CSIRO’s Geomechanics and Geomechanics Laboratory. Figure reproduced from Sarout et al. (2014)
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permeability along the sample’s axis under constant stress 
was measured. Finally, after triaxial testing, mechanical 
yield/failure, and subsequent stress release (unloading), 
the samples are imaged with a medical X-ray CT at room 
conditions in order to characterise the failure mode and 

associated strain localisation features (at the same resolu-
tion of 100 � m x 100 � m x 400 � m per voxel).

Fig. 3   Environmental Triaxial Automated System at Duke university. Figure modified from Ltd (2020)
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2.2.2 � Triaxial Stress Vessels and Sample Instrumentation

In practice, two distinct triaxial vessels with similar capa-
bilities were used: (i) the Autonomous Triaxial Cell (ATC) 
available in CSIRO’s Geomechanics and Geophysics Labo-
ratory: confining and pore pressure up to 70MPa, axial load 
up to 400kN, temperature up to 100◦ C (see Fig. 2); and (ii) 
the Environmental Triaxial Automated System (ETAS) 
available at Duke University: confining pressure and pore 
pressure up to 100MPa, axial load up to 100kN, tempera-
ture up to 100◦ C (see Fig. 3). Both vessels are designed to 
test cylindrical samples with a diameter D = 38mm, and a 
length L ≈ 76mm.

In the ATC, two vertical LVDTs are attached to 
the sides of the top and bottom platens (diametrically 
opposed locations) within the pressure chamber to moni-
tor the sample’s change in length. Two radial cantilevers 
are also attached to the sample’s lateral surface at mid 
height, through the rubber sleeve, to monitor the radial 
deformation of the rock sample along mutually orthogo-
nal directions within the horizontal plane. In the ETAS, 
LVDTs and radial gages are used to monitor the axial and 
the radial deformations, respectively. The recorded strain 
data represent the average deformation of the sample over 
its entire volume, and are used to calculate the volumetric 
strain, i.e., �volumetric = �axial + 2 ⋅ �radial

2.2.3 � Permeability Estimation During Deformation

The constant-head permeability tests were performed in a 
triaxial cell under different conditions of confining pres-
sure (5, 15 and 22 MPa) to measure the axial measurement 
of flows. Three advanced high pressure/volume controller 
(HPDPC) pumps have deployed for this experimental cam-
paign, the first pump used to control the targeted confine-
ment pressure. the other two pumps used to regulate the pore 
pressure (0.5 MPa) and to maintain a differential pressure 
for ( ΔP = 0.25 Mpa ) for all tests and we measure the flow 
rate q.

A distilled water was used in this study and the perme-
ability measurements were conducted at different points of 
loading as shown in Table 1 and Fig. 8. For reference, a first 
water permeability measurement is conducted before start-
ing the triaxial loading. After that, at specific values of axial 
strain, triaxial loading is momentarily halted to conduct 
additional permeability tests. Permeability is estimated using 
the steady-state method, i.e., a constant pressure gradient 
is imposed across the rock sample ΔP = 0.25 Mpa ), while 
the resulting flow rate is monitored until a steady regime is 
achieved. These permeability estimations are conducted dur-
ing triaxial testing in the Environmental Triaxial Automated 
System (ETAS) with samples of Savonnières limestone 76 
mm in length and 38 mm in diameter. The permeability k of 
the sample to water can be determined using Darcy’s law as:

where ΔP is the pressure difference across the sample (Pa), L 
is the length of the sample (m), � is the viscosity of the fluid 
(Pa.s), q is the flow rate (m3/s), and A is the cross sectional 
area of the sample.

2.2.4 � X‑Ray Computer Tomography (XRCT)

X-ray Computed Tomography is a technique used to image 
the internal volume of materials. The absorption of X-rays 
by materials is essentially related to their density, yielding 
2D grey level/density maps that can be reconstructed into 3D 
density maps using existing algorithms and softwares (e.g., 
Osirix software by Pixmeo Ltd.). It is a valuable tool for 
evaluating the heterogeneities present in a rock sample (e.g., 
cracks, vuggs, fractures), and characterising its structure at 
the resolution allowed by the available XRCT scanner (typi-
cally sub-mm). All samples to be deformed in the triaxial 
stress vessel are imaged before (intact state) and after testing 
(post-mortem) using CSIRO’s Siemens SOMATOM Defini-
tion AS scanner (see Figure 4), at an effective resolution of 
100 � m x 100 � m x 400 �m.

3 � Experimental Results

3.1 � Stress–Strain Response

This section presents the results of the triaxial deformation 
experiments and the macroscopic mechanical behaviour of 
the Savonnières limestone, taking by convention compres-
sive stress and compaction strain as positive. Figure 5 shows 
the resulting stress–strain curves of two representative triax-
ial testing scenarios (these experiments conducted at CSIRO 
laboratory), i.e., dry and water-saturated samples (drained) 

(1)k =
�L

A

q

ΔP
,

Table 1   The table shows the stages where the permeability measure-
ments were conducted for the three triaxial tests (5,15 and 22 MPa 
effective confining pressure). Note that the pore pore and differential 
pressure were the same (0.5 0.25 MPa, respectively) for all measure-
ments and we monitor the flow rate

Effective 
confining Pr. 
(MPa)

1
st Measure-

ment at % 
�
axial

2
nd Meas-

urement at % 
�
axial

3
rd Meas-

urement at 
% �

axial

4
th Meas-

urement at 
% �

axial

5 0 0.29 4.9 -
15 0 0.32 4.39 -
22 0 0.36 13.69 16.52



6547The Brittle–Ductile Transition and the Formation of Compaction Bands in the Savonnières…

1 3

. Under increasing deviatoric stress, the Savonnières lime-
stone deforms first in a quasi-linear and elastic manner. 
When the load is increased further, the rock progressively 
accumulates permanent inelastic strain (unrecoverable), and 
its stress–strain response deviates from linearity as mechani-
cal yield/failure develops.

Figure 6 reports the stress–strain curves resulting from 
the effective confining pressure tests conducted on the dry 
and water-saturated (drained) samples with no applied 
deviatoric stress. The stress–strain response is quasi-linear 
and elastic until a threshold effective confining pressure is 
reached, i.e., Peff = 35 and 46 MPa for the water-saturated 
and dry samples, respectively. In other words, a higher 
effective confining pressure is necessary to reach mechani-
cal yield for the dry sample in comparison to the water-
saturated (drained) one. In summary, it appears that the dry 
samples of Savonnières limestone are mechanically stronger 
than the water-saturated ones, whether they are subjected to 
a deviatoric stress loading, or to an isotropic stress loading.

3.2 � Mechanical Yield/Failure Modes

Figure 7 shows the 3D density map of the rock samples 
obtained with a medical X-ray CT scanner after defor-
mation under deviatoric loading. For both the dry and 
the water-saturated samples, the occurrence and geo-
metrical attributes of strain localisation under deviatoric 
stress loading, and the associated yield/failure mode are 
strongly controlled by the effective confining pressure 
(depth) at which each triaxial test is conducted.

For the dry samples, shear bands with a high angle 
develop during the tests conducted at 1 and 5 MPa effec-
tive confining pressure, which is consistent with a brit-
tle shear deformation regime. At 10 and 15 MPa effec-
tive confinement pressure we observe shear-enhanced 
compaction bands with a lower angle. In contrast, at 22 
MPa the Savonnières limestone exhibits discrete compac-
tion bands sub-orthogonal to the direction of maximum 

Fig. 4   Siemens SOMATOM Definition AS medical X-ray CT scanner available at CSIRO



6548	 M. Sari et al.

1 3

compressive stress. This suggests a progressive transition 
from a brittle shear to a more ductile deformation regime 
with increasing effective confining pressure.

A qualitatively similar brittle/ductile transition is 
observed for the water-saturated samples. However, the 
brittle/ductile transition seems to occur at a lower value of 
effective confining pressure compared to the dry samples. 
This observation is to be correlated with the fact that the 
presence of water in the pore space has been shown in the 
previous section to mechanically weaken the Savonnières 
limestone.

3.3 � Permeability Evolution

Figure 8 shows the evolution of differential stress and 
permeability with axial strain for triaxial experiments 
conducted at Duke University at an effective confining 
pressure of 5,10 and 22 MPa. These data clearly show 
an overall reduction in water permeability with increas-
ing axial strain during triaxial loading. Note that for the 
samples deformed at 5 or 10 MPa effective confining pres-
sure, the brittle shear failure of the sample prevented any 
permeability measurement to be conducted beyond about 

Fig. 5   Top: stress–strain data for multiple tests conducted at different 
effective confining pressures for both dry (left) and water-saturated 
(right) samples. Pore pressure is always constant and uniform at 0.5 
MPa within each water-saturated sample). Bottom: Mean stress as a 

function of volumetric strain for a dry (left) and a water-saturated and 
drained sample of Savonnières (right), from experiments conducted at 
CSIRO Laboratory

Fig. 6   Isotropic compression data for both dry and saturated condi-
tion
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5 % axial strain (brittle failure by shear fracturing then 
slip along the shear fracture). For the sample deformed at 
22 MPa effective confining pressure, a much larger axial 
strain value of nearly 18% could be reached in this semi-
ductile deformation regime. At the highest axial strain val-
ues reached for this test, the compaction bands observed in 
the 3D X-ray CT images (see previous section) must have 
formed and can be confidently invoked as the cause of the 
observed permeability reduction from approximately 25 
to 2 mD.

4 � Discussion and Conclusion

4.1 � Water Weakening

The stress at which the onset of inelastic strain occurs is 
called the yield point and can be identified as the devia-
tion from the linear-elastic response (Jaeger et al. 2007; 
Parker 2003; Bedford et al. 2018). Deforming rocks, both 
in the compaction and dilation regimes, are pressure sen-
sitive, that means the stress at which yield occurs varies 
with pressure. The yield curve can, therefore, be defined 

Fig. 7   3D porosity map of the rock samples obtained with a medical 
X-ray CT scanner after triaxial deformation at different effective con-
fining pressures. Top row: dry samples. Bottom row: water-saturated 
drained samples. The dominant failure mode is changing with con-

finement from dilational (low angle to maximum compressive stress )  
to compactional (high angles to maximum compressive stress). Note 
that some of the samples detached at the localisation features due to 
the stress relaxation

in the so-called P-Q stress space as the locus of the yield 
point obtained for each triaxial test conducted at a different 
effective confining pressure. P is the mean effective stress: P 
= (�1 + �2 + �3)∕3 − pf  , where pf  is the pore fluid pressure, 
and �i are the principal stresses. Q is the differential stress: 
Q = �1 − �3.

Figure 9 compares the yield envelopes obtained for the 
dry and water-saturated (drained) tests reported in Figs. 5 
(triaxial loading) and 6 (isotropic loading). We observe that 
the presence of water instead of air in the pore space of the 
Savonnières limestone reduces the mechanical strength of 
the rock for both triaxial and isotropic loading modes, and 
for all effective confining pressures tested. This results in a 
significant shrinkage of the yield envelope associated with 
exposure to the saturating water, and this strength reduc-
tion is more pronounced in the transition toward the ductile 
regime at higher effective confining pressures. In general, 
the role of the saturating fluid has a significant affect on the 
mechanical properties (yield stress, creep, etc.) as shown by 
Gennaro and Pereira (2013), the key example of the water 
weakening is what had occurred at the Ekofisk Field in the 
Norwegian sector of the North Sea Teufel et al. (1991); Sylte 
et al. (1999).
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4.2 � Failure Mode and Compaction Bands

The post-mortem XRCT images of the samples subjected 
to triaxial loading illustrate the transition of the strain 
localisation structure within the samples from shear frac-
turing at low angle to the maximum (vertical) compres-
sive stress, to sub-orthogonal shear-enhanced compaction 
with increasing effective confining pressure. This transition 
from brittle faulting to cataclastic flow can be correlated 
with the stress–strain data reported in Fig. 5, i.e., transi-
tion from strain softening at low confinement pressure to 
strain hardening at high confinement pressure. The onset of 
shear-enhanced compaction and development of cataclastic 
flow also correlates well with the considerable permeability 
reduction observed (one order of magnitude) as shown in 
Fig. 8. These correlated observations strongly suggest the 
formation of sub-horizontal compaction bands, effectively 
reducing the vertical permeability of the rock.

Figure10 shows the comparison between the permeability 
data obtained on intact samples of Savonnières limestone 
under hydrostatic loading using nitrogen and the perme-
ability data that obtained using a triaxial apparatus using 
water as pore fluid for three confinements (5, 10, 22 MPa). 
Those results show a difference of a factor  3 between the 
two measurement techniques (about 25 mD at 5,10,22 MPa 
with water, about 60mD using nitrogen).

This could be due to the difference in the effective pres-
sure state the samples were subjected to during each perme-
ability measurement (2 MPa with nitrogen, and 5 MPa or 
more with water), or could be due to the change in micro-
structure associated with the water weakening that takes 
place when we saturate the rock’s pore space with water. We 
further speculate that the observed weakening and possible 
micro-structural changes are due to chemical or capillary/
surface energy forces as often discussed in the literature, 

Fig. 8   Experimental data for Savonnières samples where the differen-
tial stress and permeability are plotted against axial strain for multiple 
effective confining pressures. Experiments conducted at Duke Uni-
versity

Fig. 9   Yield envelope for both 
scenarios (dry, saturated) show-
ing the values of the triaxial 
tests as well as the isotropic 
compression tests. The seem-
ingly distorted shapes at the cap 
are due to the fact that values 
of the isotropics tests, which 
are stress controlled, are larger 
than the values obtained from 
the triaxial tests, which are dis-
placement controlled. All yield 
points are visually identified 
where the corresponding stress–
strain curves deviate from their 
initial linear elastic response 
(Jaeger et al. 2007; Parker 2003; 
Bedford et al. 2018)
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even though unfortunately, the data available so far are insuf-
ficient to discriminate conclusively between these possible 
mechanisms.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
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