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ARTICLE INFO ABSTRACT

Keywords:
Water weakening
Fracture toughness

Water presence causes a dramatic reduction of sandstone strength. Under compressive stress conditions, the
strength of a rock sample is controlled by frictional parameters and the fracture toughness of the material. Here,
we report fracture toughness, frictional and uniaxial compression tests performed on five sandstones under dry

Friction . and water-saturated conditions, that provide new insight into the mechanical influence of water on sandstone
Compressive strength . . . .
Sandstones strength. The mechanical data show that water saturation causes a reduction of i) the fracture toughness and

fracture energy ranging from 6 to 35% and 21-52%, respectively; and ii) the static friction coefficient ranging
from O to 19%. The results suggest that the water weakening in sandstones (with a reduction of the uniaxial
compression strength ranging from 0 to 30%) is due to the reduction of the fracture toughness and of the static
friction coefficient of the materials. The measured fracture toughness and frictional parameters are then intro-
duced into two micro-mechanical models (a pore-emanating cracks model and a wing crack model) to predict the
water weakening. It is shown that the models predict the water weakening relatively well with a general slight
overestimation (10-20%). Finally, a parametric analysis on the wing crack model revealed that a sandstone’s
absolute strength can be estimated by means of combined physical and mechanical parameter measurements.

Micro-mechanical model

cracking'®>!” or mineral dissolution/alteration.'®

Among the studies on rock water weakening, the largest published

1. Introduction

Among the environmental parameters affecting rock mechanical
behaviour and strength, the presence of fluid, particularly water, has
been shown to be primordial. Because it is meaningful for many appli-
cations including earthquake nucleation, landslide triggering, reservoir
stimulation, mining, geotechnics, etc., rock-fluid interactions have been
widely studied. Water weakening has been reported in most types of
rocks such as sandstones,' ® carbonates, " tuff® or basalts.” The primary
mechanical effect of fluid is to reduce the effective stress acting on the
rock mass.® Under isotropic mechanical behaviour, the effective stresses
are defined by off— 65— APy, where o is the macroscopic stress Py if the
pore fluid pressure and A is the effective stress coefficient, which de-
pends on the rock and measured properties. Following the work of
Terzaghi for soils, it has been shown that for rock strength and under
drained pore fluid conditions, A is close to (or equal to) unity.”'* For
porous sandstones, the effective pressure coefficient for brittle strength
and shear-enhanced compaction were also observed to be very close to
unity.'? Additionally, water favours rock-fluid interactions, weakening
the rock mass by activating mechanisms such as: stress corrosion

* Corresponding author.
E-mail address: corentin.noel@uniromal.it (C. Noél).
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sets of experimental data are on sandstones. These data sets have shown
that water-saturated sandstones can present a lower uniaxial and triaxial
strength than dry samples. For example, Berea, Darley Dale, Flechtin-
gen, Pennant sandstones or different Buntsandstein unit sandstones from
Soultz-sous-Foréts (France) present a water weakening of 8, 14, 40, 43
and 20-40%, respectively."'°?! However, other sandstones like Fon-
tainebleau show no strength weakening in the presence of water.>?
Hawkins & McConnell® studied the effect of moisture content on 35
British sandstones, and found that the strength sensitivity to water is
dependent on the quartz and clay mineral content: the higher the quartz
and the lower the clay contents, the less sensitive the sandstone strength
is to water saturation.

Under compressive stress, rock failure originates from the nucle-
ation, propagation and coalescence of micro-cracks. In turn, micro-crack
growth is primarily controlled by 1) the frictional parameters of the pre-
existing cracks, and 2) the fracture toughness of the non-damaged
material.>>?° Based on classical micro-mechanical models, Baud
et al.! indeed interpreted water weakening in four sandstones, both in
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the brittle and cataclastic flow regimes, due to a reduction of both of
these parameters in the presence of water. However, the respective
contribution of these parameters to the water weakening of rocks is
poorly constrained by systematic measurements.

Experimental studies on the effect of water on frictional parameters
of rock surfaces have shown that static friction coefficient (i.e., the shear
stress normalised by the normal stress acting on a rock surface (e.g.,
joint, discontinuity, fault ...) at the onset of sliding) is reduced in the
presence of water for granite,”® quartzite,”” limestone,”® and granitic
gneiss.?’ For example, Jaeger’” and Zhang®® found a reduction of the
static friction coefficient ranging from 2 to 10% in the presence of water
compared to dry conditions for different sandstones. Two main possi-
bilities can explain such a reduction: 1) water decreases the adhesion
forces at contact points, and 2) water reduces the strength of the as-
perities supporting the shear stress. Additionally, a reduction of the
fracture toughness of rocks in the presence of water has been interpreted
as due to: stress corrosion,’ mineral dissolution,>” capillary forces at the
crack tip,>® clay weakening,>* grain contact lubrication,® or a reduction
of surface energy via adsorption mechanisms.' For instance, for sand-
stones, the presence of water causes a reduction of the mode I fracture
toughness typically ranging from 30 to 50% compared to dry
conditions.**3%%°

In summary, under drained conditions and at an equivalent effective
stress, the presence of water can reduce the macroscopic rock strength
via the reduction of fracture toughness and the static friction coefficient.
The weakening mechanisms are mechanical and chemical processes that
occur at the microscopic (i.e., grain) scale. A plethora of mechanisms can
explain such water weakening, and depend on a defined set of conditions
(i.e., pressure, temperature, strain rate, etc.) and/or rock type. However,
for simple experimental conditions and a defined rock type, it is not clear
if one (or more) mechanisms prevail over the others.

Here, we address the following questions: 1) do systematic mea-
surements of the fracture toughness and static friction coefficient reveal
a significant reduction under water-saturated conditions compare to dry
conditions? 2) Since water weakening in sandstones may depend on the
quartz and clay mineral content, are the measured fracture toughnesses
and static friction coefficient coefficients in direct agreement with this?
3) How do new data improve the micro-mechanical interpretation of
water weakening in sandstones? To answer these questions, we
measured the effect of water on the uniaxial compressive strength (UCS)
of five sandstones to quantify their water weakening. Then, the mode I
fracture toughness and static friction coefficient were measured under
dry and water-saturated conditions in order to constrain the relative
influence of the involved parameters. These measured mechanical pa-
rameters are used in micro-mechanical models aiming to better
constrain the physico-chemical mechanisms involved in the water
weakening of sandstones.

Table 1
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2. Experimental methodology
2.1. Starting materials

Five sandstones were used in this study: Fontainebleau sandstone
(FS) (south of Paris, France), Bentheim sandstone (BS) (Bentheim,
Germany), Adamswiller sandstone (AS) (Bas-Rhin, France), Rothbach
sandstone (RS) (Bas-Rhin, France), Darley Dale sandstone (DS) (Der-
byshire, England). These sandstones were chosen because they span a
wide range of initial porosities and different mineral compositions
(Table 1), and because their mechanical properties are well documented
in the literature.>?%%6 43

In order to characterize the tested sandstones, X-ray crystallography
and optical microscopic surveys were first performed (Table 1 and
Fig. 1). These surveys revealed that FS and BS are almost pure quartz
sandstones (97 and 89%, respectively). In addition to quartz grains, AS
and RS are also composed of a high quantity of K-feldspar (73 and 57%
of quartz, and 17 and 35% of K-feldspar, respectively). DS is mainly
composed of quartz (69%), plagioclase (10%) and K-feldspar (10%). The
tested sandstones have a phyllosilicate (i.e., including mica and clay
mineral) content ranging from 3 to 9%. The optical microscopic survey
revealed that the average grain sizes of FS, BS, AS, RS and DS are 200,
200, 135, 250 and 220 pm, respectively. The porosity of the five sand-
stones can be divided into equant pores (i.e., more or less spherical
pores) and grain contacts that form elongated cracks (Fig. 1). FS, BS, AS,
RS and DS have equant pores of diameter ranging from 10 to 100, 20 to
100, 6 to 60, 15 to 200 and 20-100 pm, respectively; their cracks line-
arly extend from 200 to 400, 200 to 600, 135 to 400, 250 to 900 and
220-650 pm, respectively.

Then, prior deformation, porosity and ultrasonic P- and S-wave
propagation velocities were measured at room pressure and temperature
to ensure experiment reproducibility. From these measurements, the
dynamic elastic moduli were inferred.

Porosities and bulk densities of the sandstones were measured using
the triple weight method (i.e., weighing the sample dry, saturated, and
saturated and immersed) assuming Archimedes’ principle0.** The five
tested sandstones have initial porosities ranging from 5 to 25% and bulk
densities ranging from 2000 to 2500 g/cm® (Table 1).

Ultrasonic P- and S-wave velocities were measured at room pressure
and temperature using two P- and S-wave piezoelectric transducers
(Olympus V103-RB and Olympus V153-RB, respectively). The electrical
signal was delivered by a generator at 1-MHz frequency and recorded
with a numerical oscilloscope. The time of the P- and S-wave arrivals
were handpicked and used to compute the P- and S-wave velocities
across the samples (V,, and Vj, respectively). The measurements were
performed both under dry and water-saturated conditions. The obtained
values for V,, and Vs are directly linked to the sample porosity, with
decreasing velocity values for higher sample porosities (Table 1).

Assuming that the samples are isotropic (note that BS, AS and RS
present a slight transverse anisotropy), their dynamic elastic moduli

Mineral composition and physical properties of the five studied sandstones. Abbreviations: qtz = quartz, mic = mica, phl = phyllosilicates, chl = chlorite, kao =
kaolinite, kfs = K-feldspar, ab = Na-plagioclase, dol = dolomite, ill = illite, smc = smectite, hm = hematite.

Sample Mineral composition Average grain Porosity Bulk dry density Vp (m/s) Vs (m/s)
. 3
size (ym) 0 (8/cm? dry saturated dry saturated
Fontainebleau  97% qtz, 3% mic 200 499 +0.7 2526 + 52 3643 + 4562 + 2210 + 2631 +
566 324 431 198
Bentheim 89% qtz, 8% phl (1% chl, 7% kao), 2% kfs, 0.6% 200 24.0+0.2 2010+9 2965 + 3198 + 1850 + 1840 + 94
ab, 0.8% dol 76 206 48
Adamswiller 73% qtz, 9% phl (4% mic, 0.2% ill/smc, 3% chl, 135 243+ 0.4 2011 +£16 2516 + 2921 + 1621 + 1513 + 63
2% kao), 17% kfs, 0.7% hm 113 122 40
Rothbach 57% qtz, 6% phl (5% mic, 1% ill/smc, 0.3% chl, 240 19.9 + 0.4 2117 £ 15 3022 + 3413 £ 2002 + 1955 + 79
0.3% kao), 35% kfs 113 201 48
Darley Dale 69% qtz, 9% phl (0.2% mic, 0.6% chl, 8% kao), 220 153+ 0.6 2243 £ 21 2985 + 3454 + 1994 + 1924 +
10% kfs, 10% ab 58 176 60 111
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Fig. 1. Optical micrographs under a cross-polarized microscope of a) Fontainebleau sandstone, b) Bentheim sandstone, ¢) Adamswiller sandstone, d) Rothbach
sandstone and e) Darley Dale sandstone. The red and green arrows show equant pores and cracks at the grain junctions, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

have been computed from the measured porosity (¢), density (p), V, and

] A=pV? - 2G 4
Vs, following the ASTM Standard*’: P
{pr (3v§ — 4v3)] (Vg - 2V3)
o S N (¢ y=-"—+ (5)
2 _ 2
(vz-v2) 2(v2-v2)
G=pV? @) where E, G, K, 4, and v are the Young, shear, and bulk moduli, Lamé’s
first parameter and Poisson’s ratio, respectively (Table 2).
2G
K=1+— 3
3

Table 2
Dynamic elastic parameters obtained from the dry P- and S-wave velocity survey (i.e., equations (1)-(5)) for the five tested sandstones.

Sample Dynamic Young’s modulus, E Dynamic shear modulus, G Dynamic bulk modulus, K Dynamic Lamé’s 1st parameter, 1 Dynamic Poisson’s

(GPa) (GPa) (GPa) (GPa) ratio, v

Fontainebleau 30.3 £10.7 12.7 £ 49 17.2+ 4.8 34.2 £10.5 0,20 £+ 0.07

Bentheim 16.2 + 0.8 6.9+ 0.4 85+0.7 17.7 £ 0.9 0,18 £+ 0.02

Adamswiller 12.1 +£ 0.7 53+0.3 5.7+ 0.7 12.7 £ 0.9 0,14 + 0.03

Rothbach 18.8 + 1.2 85+04 8.0+1.2 19.4 £ 15 0,11 £+ 0.04

Darley Dale 19.4 £ 0.5 89+0.6 8.1+1.3 20.0 £ 0.7 0,09 £+ 0.06
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2.2. Experimental methods

Three different types of experiments were performed in this study:
uniaxial compression, fracture toughness and friction experiments. They
required different specific initial sample geometries, deformation ap-
paratuses, experimental procedures and data analyses. The following is
divided into three methodology sections, one for each type of
experiment.

In order to understand how water influences the mechanical
behaviour of sandstones, the experiments were performed under both
dry and water-saturated conditions. In the following, “dry experiment”
refers to experiments performed with samples that have been placed in
an oven for at least 12 h and then placed in a desiccator at room tem-
perature for at least 5 h prior to deformation at room temperature. For
all setups (uniaxial compression, fracture toughness and friction ex-
periments), “saturated experiment” refers to experiments performed
with samples that have been first placed in an oven for at least 12 h, then
saturated under vacuum with de-aired distilled water at ambient pres-
sure and temperature. Additionally, the saturated experiments were all

a) b)

International Journal of Rock Mechanics and Mining Sciences 147 (2021) 104916

performed under immersed (i.e., samples immersed into distilled water
during their deformation) and drained conditions. Note that, even if in
sandstones the porosity is highly connected,*? potential isolated pores
cannot be saturated. Note also that the characteristic time for water to
diffuse across the entire sample is less than 1 s for all the sandstones used
(see Noél et al.*®).

In the following sample preparation processes, tap water was used as
cooling fluid and that samples were prepared from unique blocks to
reduce inhomogeneity.

2.2.1. Uniaxial compression

For the uniaxial compression experiments, samples were first dia-
mond drilled to a diameter of 36- or 28-mm, depending on available
materials. Cylinders were then sawed and the opposite faces ground flat
in order to prevent any parallelism defects (£50-pm precision) for a final
length of 72 or 56 mm (i.e., twice the sample diameter). For BS, AS and
RS, bedding planes were clearly visible, and samples were cored with the
planes perpendicular to the sample axis (Fig. 2a).

The uniaxial compression experiments were performed with a

Fig. 2. Experimental setup used for a) uni-
axial compression experiments, b) fracture
toughness experiments and c) friction ex-
periments. A) ball joint to prevent mis-
alignments, B) piezoelectric sensors, C) top
piston, D) uniaxial compression sample, E)
bedding plane (perpendicular to the direc-
tion of compression), F) chain to attach an
extensometer to measure radial de-
formations, G) bottom piston, H) large pis-
ton used for fracture toughness experiments,
I) CCNBD sample, J) machined crack of the

CCNBD sample, K) “L-shape” metal plates
glued on the sample to attach an extensom-
eter and measure the crack mouth opening,
L) frictionless assembly, M) large sample

holder, N) large sample for friction experi-
ments, O) small sample holder, P) small
sample for friction experiments. Note that
for saturated experiments, the saturated
samples were immersed into distilled water
during the experiments.
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hydraulic press from Walter and Bai company. Samples were inserted
between two pistons placed under the press (Fig. 2a). The top piston is
equipped with a ball joint to prevent any misalignment (Fig. 2aA). The
equipment allows for an axial stress up to 1 GPa (+50-kPa resolution) on
36 mm diameter samples. During the sample deformation, axial dis-
placements were measured using two linear optoelectronic transducers
mounted close to the sample, with a precision of 1 pm. Radial dis-
placements were measured with an extensometer mounted on a chain at
the centre of the sample with a 1-pm precision (Fig. 2aF). In addition,
wideband (200-950 kHz) piezoelectric sensors were placed in each
piston (Fig. 2aB) to monitor the high-frequency Acoustic Emission (AE)
events which radiated from the samples during their deformations. The
emitted signal was amplified to 40 dB through preamplifiers, and the
trigger was set to only record events with an amplitude higher than
0.056 V, that is, ~1.75 times higher than the background noise of the
experimental setup (measured at 0.032 V), preventing noise recording.
Each event that fulfilled this condition was recorded at a 1-MHz sam-
pling rate, in a 400 ps window.

After placing the sample between the two pistons, the axial stress was
increased by applying a constant displacement rate of 7.2 x 10~% mm
s1or5.6 x 107* mm s! for the 72 or 56 mm long samples, respec-
tively, which corresponds to a strain rate of ¢4 ~ 107> s~ 1. The exper-
iments were stopped after the sample’s macroscopic failure. Note that
this method follows the ISRM suggested methodology.*” During sample
deformation, the recording rate was set to 0.5 Hz. Each uniaxial
compression experiment was performed twice to verify the experimental
reproducibility.

The axial displacements were corrected for the elastic distortion of
the apparatus (i.e., press column and pistons), calibrated using a metal
plug of known stiffness. The axial strain was then inferred from the ratio
between the corrected axial displacement and the initial sample length.
The radial strain was computed as the ratio between the extension of the
chain placed around the sample and its initial perimeter. The volumetric
strain was computed by summing the axial strain and twice the radial
strain (&yo] = €ax + 2€rad)-

2.2.2. Fracture toughness

The Cracked Chevron-notched Brazilian Disk (CCNBD) geometry was
used for fracture toughness measurements. This geometry was chosen
because it allows for a stable crack propagation using a relatively simple
machined specimen and standard rock testing apparatus. Cores were
first diamond drilled to a diameter of 80 mm. Disks were then sawed and
opposite faces ground flat (100 pm) for a final height of 30 mm. Then,
a notch was made by inserting 16 mm of a diamond saw (50.95-mm
diameter) on both sides of the sample at its centre following the ISRM
norms. *® If bedding planes were observed, the sample was cored parallel
and the notched perpendicular to the planes. Fracture toughness was
therefore measured perpendicular to the bedding planes (i.e., arrester
orientation, Fig. 2b).

For the fracture toughness experiments, the CCNBD samples were
placed under the hydraulic press described above (Fig. 2b). Large pis-
tons were attached to the press to facilitate sample positioning
(Fig. 2bH). The system allows for an axial force up to 2 MN with a
resolution of 0.5 kN. During the sample deformation, axial displace-
ments were measured with two linear optoelectronic transducers
mounted close to the sample with a precision of 1 pm. The crack mouth
opening (i.e., the horizontal opening of the machined notch) was
monitored with an extensometer (+1-pm precision) placed between two
“L-shape” metal plates glued on the sample (Fig. 2bK).

After placing the sample under the press with the machined notch
aligned parallel to the direction of the applied force, a constant
displacement rate of 2.5 x 102 mm s~! was applied up to crack prop-
agation. This fast displacement rate was chosen so that the experiments
would last less than 10 s, as recommended by the ISRM.*® During the
sample deformation, the recording rate was 0.01 Hz. Note that each
fracture toughness experiment was performed twice to verify the

International Journal of Rock Mechanics and Mining Sciences 147 (2021) 104916

experimental reproducibility.
The mode I stress intensity factor at the machined crack tips was

computed by*® %
Fu
K = 6
=3VR (6)

where F,y is the axial force applied on the CCNBD sample, B and R are
the sample thickness and radius, respectively. For the geometry used,

Y =uexp(vay) )

where u and v are constants listed in the ISRM norms and «; is the long
half machined crack length normalised by the sample radius. The mode I
fracture toughness (i.e., critical stress intensity factor), K, of the sample
was computed using equations (6) and (7) and for the maximum axial
force recorded during the experiment. From the measured K. and the
computed Young’s modulus and Poisson’s ratio (inferred from V}, and
Vs) the fracture energy, G, could by computed assuming plane strain
conditions by”*:

_Ki(1-17)

GC
E

=2 ®

To compute G, even if static moduli can be derived from uniaxial
compression experiments, to take sample variability into account, we
chose to use the dynamic moduli as they can be measured just before the
fracture toughness experiment of each sample. Indeed, they are non-
destructive measurements, as opposed to uniaxial compression experi-
ments. Note that the values of the static and dynamic moduli are quite
similar (Table 3).

2.2.3. Friction

To find the frictional parameters of the tested sample, direct shear
experiments were performed in a single shear configuration (also called
rock joint testing). Two rectangular cuboids of 70 x 35 x 13 mm and 20
x 35 x 13 mm (+£10 pm) were prepared for each experiment (Fig. 2c).
The sliding surfaces were polished with a rough abrasive disc (Struers®
MDpiano 80, comparable to no. 80 SiC abrasive paper), however, the
surface roughness was mostly controlled by the samples grain size and
porosity.

The biaxial deformation apparatus was composed of three forcing
blocks of stainless steel (Fig. 2¢). For simplicity, only one side was used
for rock friction (Fig. 2cN and P). On the other side, a frictionless surface
(i.e., GLYCODUR®, PTFE-based 3-layers material, with friction <0.02)
was used (Fig. 2cL). The apparatus is equipped with a horizontal hy-
draulic piston providing a normal force to the samples up to 180 kN
(£0.04-kN precision), and a vertical piston connected to four high ve-
locity linear motors that apply the shear force up to 193 kN with an
accuracy of 0.04 kN. The system allows for the shearing of the sample at
velocities ranging from 1 pm s™! to 0.25 m s~'. The horizontal (i.e.,
normal) and vertical (i.e., shear) displacements are measured with op-
tical encoders having a resolution of 5 nm. For more details on the
experimental apparatus, see Violay et al.>

After placing the samples in the sample holders (Fig. 2cM and O) and
positioning them in the biaxial apparatus, the normal stress was raised
slowly at 1 MPa/min up to 5 MPa. Then, the shear stress was increased
by applying a constant displacement rate on the vertical piston at 1 pm/
s. After 2 mm of displacement, the axial piston was stopped and the
shear stress released. The normal stress was raised again to 10 MPa prior
to shearing the sample another 2 mm. This procedure was performed 5
times to obtain the frictional behaviour of the sandstones at different
normal stress (5, 10, 15, 20 and 25 MPa). During sample deformation,
the recording rate was 0.1 Hz. Note that this method follows the ISRM
suggested methodology.>®

The normal and shear displacements were corrected from the elastic
distortion of the horizontal and vertical pistons, respectively, calibrated
using a metal plug of known stiffness. The normal and shear stresses
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applied on the discontinuity (i.e., simulated joint or fault) were
computed as the ratio of the normal force and the shear force, respec-
tively, with the sample contact area (6, = Fy,/Aand 7 = F;/ A). The
shear stress was corrected for the machine’s friction contribution. For
each normal stress the static shear stress, 75 (i.e., the shear stress at the
onset of sliding), was picked. The linear regression between the static
shear stress and the normal stress applied was computed to obtain the
static friction coefficient, us, of the tested rock samples, with a cohesion
(C) that is assumed to be 0 (i.e., 75 = pon + C).

3. Results
3.1. Uniaxial compression

For all the tested sandstones and under both dry and saturated
conditions, the mechanical results of the uniaxial compression experi-
ments (Fig. 3 and Fig. 4) follow the classical five stages of deformation.
Initially, the axial stress — axial strain curves (Fig 3a and 4b) are non-
linear due to the closure of the micro-cracks oriented sub-
perpendicular to the direction of compression, as well as to the
sample-loading interface’s deformation.”® During this phase, almost no
radial strain is observed and no AE events are emitted. Then, the samples

International Journal of Rock Mechanics and Mining Sciences 147 (2021) 104916

show a linear increase in axial stress with the axial and volumetric
strain. Again, no AE events are recorded. This phase ends at the onset of
dilatancy, a point denoted C’ (Fig 3 and 4a and b), which is marked by a
deviation from linearity of the axial stress — axial strain and axial stress —
volumetric strain curves, as well as an onset of AE events. After C' is
reached, the axial stress versus strain curves follows a non-linear in-
crease until the peak axial stress is reached (Fig 3 and 4a and b), and AE
events follow an exponential increase. Ultimately, the sample enters a
strain softening phase (i.e., stress drop) and the sample macroscopically
fails.

The sample’s UCS (peak axial stress) and C' decay with increasing the
sample porosity (Fig. 5). The five tested sandstones present lower C’' and
UCS under water-saturated conditions as opposed to dry conditions, i.e.,
water weakening (Figs. 4 and 5 and Table 3). Under water-saturated
conditions, the axial stress at C' is 97, 92, 83, 96 and 70% of that
observed in the dry experiments and the UCS is 90, 92, 77, 95 and 70%
of that observed in the dry experiments for FS, BS, AS, RS and DS,
respectively. Moreover, water-saturated samples reach C’ and their UCS
at lower axial strain values than dry samples (Fig. 4b). AEs are also
strongly reduced under water-saturated conditions (Fig. 4c).
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Fig. 3. Mechanical and AE data obtained for the uniaxial compression tests of Darley Dale sandstones deformed under dry and saturated conditions. a) Axial stress as
a function of the axial strain, b) cumulative AE events and volumetric strain as a function of the axial strain. An example of C’' and the UCS is shown for a dry sample.
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3.2. Fracture toughness

For the tested sandstones and both under dry and water-saturated
conditions, the mechanical data of the fracture toughness experiments
all show similar trends (Fig. 6). First, the data show a quasi-linear in-
crease of Kj as a function of both the axial displacement and the crack
mouth opening, followed by a deviation from linearity prior to reaching
a peak (Kyc). After the peak value, a drop in Ky and a large crack mouth
opening occur as the sample fractures. Note that all the experiments are
considered valid as the sample failed with the formation of a crack
aligned with the machined notch (i.e., mode I fracturing), as recom-
mended by the ISRM. A visual inspection of the fractured surface at the
end of the experiments revealed that the fractures mainly propagate at
the grain junctions and not within the grains.

Fig. 4. Mechanical and AE data obtained for
the uniaxial compression tests of the five
sandstones deformed under dry and water-
saturated conditions. a) Axial stress as a
function of the volumetric strain, b) axial
stress as a function of the axial strain and c)
cumulative AE events as a function of the
axial strain. An example of C' and the UCS is
shown for a Fontainebleau sandstone exper-
iment performed under water-saturated con-
ditions. Note that the AE data are very well
correlated with the mechanical data, pre-
senting an increase in events before and at
each stress drop.

Fig. 5. Axial stress at C' and the uniaxial
compressive strength (UCS) of the five tested
sandstones under dry and water-saturated
conditions as a function of the initial
measured porosity. The red rectangle pre-
sents a zoom on BS, AS, RS and DS. For C'
data, the error bars correspond to the dif-
ference between the deviation of linearity of
the axial stress — axial strain curves and the
onset of AE events. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)

K. is a decreasing function of the porosity (Fig. 7a). Additionally,

water-saturated samples failed at a lower value of K. than dry samples
(Fig. 7a and Table 3). Indeed, Kj. under water-saturated condition is 10,
6, 25, 18 and 34% lower than under dry conditions for FS, BS, AS, RS and
DS, respectively (Fig. 7a). Similar results are found for the fracture en-
ergy, G., with a reduction of 44, 21, 49, 43 and 52% for FS, BS, AS, RS
and DS, respectively (Fig. 7b).

3.3. Friction

For all the tested sandstones and under both dry and water-saturated
conditions, the friction data show similar behaviour (Fig. 8). At all the
normal stresses, first, a linear increase of the shear stress as a function of
the horizontal displacement is observed (Fig. 8a). During this phase, the
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Fig. 7. a) Fracture toughness and b) fracture energy as a function of the sample’s initial porosity for the five tested sandstones under both dry and water-

saturated conditions.

discontinuity (i.e., simulated joint or fault) is stuck (i.e., not moving)
and the sample deforms elastically. This phase ends when the shear
stress reaches the shear strength, and the joint starts to slide (red circle
in Fig. 8a). The shear stress at the onset of sliding as a function of the
normal stress form a single line, with the slope being the friction coef-
ficient (us), and the y-intercept being the joint cohesion (C) (Fig. 8b-f).
After the onset of sliding, the sample continues to slide at an almost
constant shear stress, and typically reaches a steady-state value equal to,
or slightly lower than, us (Fig. 8a). Note that for FS, and at elevated
normal stresses (i.e., o, > 15 MPa), unstable slip behaviour was
observed, as indicated by stick-slip sequences. Also note that, for BS, AS,
RS and DS, the samples collapsed at elevated normal stresses.

The experiments demonstrate that the static friction coefficients of
the water-saturated samples are generally lower than that of the dry
samples (Fig. 8 and Table 3). Indeed, the static friction coefficients are
18, 16 and 19% lower for FS, AS and DS under water-saturated condi-
tions compared to dry conditions. They are, however, equivalent under
both conditions for BS and RS. Note that no trend of the static friction
coefficient with the porosity could be found.

4. Discussion

The experimental results show that, among the five tested sand-
stones, water-saturated conditions (compared to dry conditions) cause a
reduction in: i) the fracture toughness and fracture energy; and ii) the
static friction coefficient, which can explain the reduction of the UCS, as
well as the onset of dilatancy.

In the following, the effect of water weakening on sandstone strength
and the possible involved mechanisms are discussed. Micro-mechanical
models are described and used to interpret and discuss the mechanisms
involved in the water weakening.

4.1. Water weakening of sandstone

The performed uniaxial compression experiments showed that the
UCS is reduced by 10, 8, 23, 5 and 30% for FS, BS, AS, RS and DS,
respectively, in presence of water compared to dry conditions. Note that
for FS, due to the sample strength variability under similar condition, no
clear conclusion can be drawn on the water weakening. Similar water
weakening values of strength can be found in the literature. For DS,
Baud et al.! measured a triaxial strength water weakening ranging from
12 to 17%. Other studied sandstones present similar weakening values
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that typically range from 8 to 50%.">'>1%2! Finally, for FS, previous
measurements have also shown no significant strength reduction with
the presence of water.”?”

Under compressive loading, the macroscopic brittle failure of a rock
occurs by damage/micro-crack nucleation, propagation and coa-
lescence.”> %" In turn, the physical parameters that define the aptitude of
cracks to nucleate and propagate are the fracture toughness (or fracture
energy) and the static friction coefficient. Interestingly, our experi-
mental results demonstrate that both the mode I fracture toughness and
the static friction coefficient of the tested sandstones are reduced in the
presence of water (Fig 7 and 8), in agreement with Baud et al.' Indeed,
among the five tested sandstones, water saturation (compares to dry

Normal stress (MPa)

conditions) causes a reduction of: the fracture toughness and fracture
energy ranging from 6 to 35% and 21-52%, respectively, and the static
friction coefficient ranging from 0 to 19%. This is in agreement with
previous results on sandstones and other rocks, where water saturation
was previously found to reduce Ki22%557 and ﬂs,26 29 see Table 4-6.
However, the rock strength weakening, as well as Kj. and ys, are variable
depending on the tested rock sample, raising the question: What is
controlling the efficiency of the water weakening in rocks?

The experiments performed show that the porosity has no influence
on sandstone weakening (Fig. 5). This is in agreement with the study of
Hawkins & McConnell® performed on sandstones with initial porosities
ranging from about 2 to 40%. Hawkins & McConnell,” however, found a
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Table 3
Summary of the static Young’s modulus (E;), the UCS, Kj. and y; obtained experimentally under both dry and water-saturated conditions.

Sample Dry static  Saturated Dry uniaxial Saturated Water Dry Saturated Water Dry static Saturated Water
Young’s static compressive uniaxial weakening of fracture fracture weakening of friction static weakening of
modulus, Young’s strength, compressive the strength, toughness, toughness, the fracture coefficient, friction the static

modulus, strength, toughness, coefficient,  friction
coefficient,
EAY (GPa) ES™(GPa) UCSY™ (MPa) UCS™ (MPa) UCS®Y K &Y K™ K&K Y At PR
ucsY (MPam'?) (MPa.m"?)

Fontainebleau 59.8 58.7 283.75 £92.6 255.05+52.3 0.90 1.60+0.30 1.45+0.24 0.91 0.733 0.720 0.82

Bentheim 15.3 15.4 52.86 + 3.1 48.87 + 3.9 0.92 0.55+0.04 0.52 4+ 0.05 0.95 0.643 0.737 1.15

Adamswiller  10.4 8.9 49.23 37.73 0.77 0.49+0.03 0.33 +£0.02 0.67 0.757 0.636 0.84

Rothbach 17.1 17.3 60.01 £ 2.0 57.06 = 0.7 0.95 0.81 +£0.01 0.65+ 0.01 0.80 0.730 0.725 0.99

Darley Dale 15.1 15.2 65.55 £7.1 45.53 £ 0.9 0.70 0.79+0.01 0.51 +£0.02 0.65 0.793 0.646 0.81

correlation between the mineral content and the efficiency of the water
weakening of the sandstones: The sensitivity to water increases with
higher clay mineral content, and decreases for high quartz content. To
investigate the effect of quartz and clay-minerals, and more generally of
mineral composition, on the water weakening effect, we computed the
normalised onset of dilatancy C’ and the normalised UCS, that is, the

ratio between the axial stress of the water-saturated experiments and of
the dry ones (64:%"/0a2Y). These were plotted as a function of the
principal mineral content of the sandstones obtained from X-ray crys-
tallography analysis (Fig. 9). This comparison revealed a mixed effect of
the mineral composition. Indeed, no clear trend can be seen on the water
weakening of UCS and the mineral content (Fig. 9).

Table 4
Literature data for uniaxial and triaxial strength under both dry and water-saturated conditions.
Sample Effective confining pressure, P.-P¢ Dry strength Saturated strength Saturated strength/Dry reference
(MPa) (MPa) (MPa) strength
Darley Dale 10 126 110 0.87 Baud et al. (2000)"
30 190 163 0.86
50 263 217 0.83
Berea 10 115 36 0.31
40 186 83 0.45
Pegnant 0 253 144 0.57 Hadizadeh and Law (1991)"°
Flechtingen 0 82 55 0.67 Zang et al. (1996)!
Ruhr 20 211 215 1.02 Duda and Renner (2013)°
Wilkeson 20 181 160 0.88
Fontainebleau 20 616 586 0.95
Bentheim 30 184 183 0.99 Reviron et al. (2009)*
Fontainebleau 0 71 77 1.08
Applecross 0 141.3 99.3 0.7 Hawkin and McConnell
Donegal Quartzite 0 237.9 184 0.77 (1992)°
Basal Quartzite 0 247 202.1 0.82
Brownstones 0 152 107.4 0.71
Pilton 0 173.3 152.2 0.88
Upper Cromhall 0 161.4 143.9 0.89
Millstone Grit 0 59.3 39.6 0.67
Holcombe Brook Grit 0 119.1 49 0.41
Siliceous Sandstone 0 198.4 182.2 0.92
Elland Flags 0 59.9 31.4 0.52
Thornhill Rock 0 89.9 38.4 0.43
Middle Coal Measures 0 37.1 25.3 0.68
Crackington 0 298.2 232.3 0.78
Formation
Pennant 0 114.2 50 0.44
Annan 0 66.3 43.6 0.66
Penrith 0 66 53.1 0.8
Redcliffe 0 36.1 22.4 0.62
Midford Sands 0 23.2 14.6 0.63
Ardingly 0 42.2 36.9 0.87
Ashdown 0 30.6 32.3 1.06
Greensand 0 10.5 2.3 0.22
Voltzia unit 0 152.4 105.1 0.69 Heap et al. (2019)%°
Intermédiaires unit 0 147 99.5 0.68
Karlstal unit 0 101.4 76.9 0.76
Rehberg unit 0 102.1 56.5 0.55
Trifels unit 0 90.9 60 0.66
Annweiler unit 0 244 188.8 0.77
Anté-Annweiler unit 0 82.1 45.8 0.56
Adamswiller 0 42.5 32.7 0.77
Rothbach 0 57.8 43.6 0.75
Fontainebleau 0 283.75 + 92.6 255.05 + 52.3 0.90 This study
Bentheim 0 52.86 + 3.1 48.87 + 3.9 0.92
Adamswiller 0 49.23 37.73 0.77
Rothbach 0 60.01 + 2.0 57.06 £ 0.7 0.95
Darley Dale 0 65.55+ 7.1 45.53 £ 0.9 0.70

10
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Table 5
Literature data of fracture toughness under both dry and water-saturated conditions. RH = Relative Humidity.
Sample Dry fracture toughness, Saturated fracture Fracture toughness water reference comment
K3V (MPa.m'/?) toughness, K2 (MPa.m'/ weakening, Ki*/K 3™
)
Dholpur sandstone 0.37 0.25 0.68 Guha Roy et al.
Jabalpur white 0.79 0.54 0.68 (2017)*°
sandstone
Jabalpur red 1.05 0.74 0.7
sandstone
Jharia shale 0.31 0.15 0.48
Kumamoto andesite 1.91 + 0.03 1.66 + 0.05 0.87 Nara et al. (2012)** here dry is for 20 < RH<30% and
Oshima granite 2.14 + 0.09 2.06 + 0.06 0.96 saturated for 80 < RH<90%
Berea sandstone 0.36 £+ 0.01 0.30 + 0.01 0.83
Shirahama 0.73 £ 0.01 0.39 £+ 0.02 0.53
sandstone
Kushiro sandstone 0.89 £ 0.07 0.60 + 0.02 0.67
Monroe County 0.44 + 0.08 0.22 + 0.04 0.5 Maruvanchery and Kim
sandstone (2019)*
Kunming sandstone 0.51 +0.01 0.29 + 0.01 0.57 Zhou et al. (2018)°” here, saturated corresponds to a
water content of 3.5%
Fontainebleau 1.60 + 0.30 1.45 + 0.24 0.91 This study
sandstone
Bentheim sandstone  0.55 + 0.04 0.52 £+ 0.05 0.95
Adamswiller 0.49 + 0.03 0.33 £+ 0.02 0.67
sandstone
Rothbach sandstone  0.81 + 0.01 0.65 + 0.01 0.80
Darley Dale 0.79 £ 0.01 0.51 £+ 0.02 0.65
sandstone
Table 6
Literature data of the frictional parameter under both dry and water-saturated conditions.
Sample Dry static friction Saturated static friction Water weakening of the static reference comment

coefficient, u™ coefficient, p™"

friction coefficient, us™/ud™

Hawkesbuy sansdtone  0.52 0.47 0.90

Granitic gneiss 0.71 0.61 0.86

Westerly granite 0.60 0.60 1

Westerly granite 0.85 to 1.00 0.55 to 0.65 0.65

Xujiahe Formation 0.73 0.70 0.96
sandstone

Fontainebleau 0.733 0.602 0.82
sandstone

Bentheim sandstone 0.643 0.737 1.15

Adamswiller 0.757 0.636 0.84
sandstone

Rothbach sandstone 0.730 0.725 0.99

Darley Dale sandstone ~ 0.793 0.646 0.81

Jaeger (1959)*°

Byerlee (1967)%°
Dieterich and
Conrad (1984)%

Zhang et al. Experiments at temperature
(2019)*° ranging from 30 to 120 °C
This study

To further investigate the effect of mineral content on the sandstone
deformations, the normalised mode I fracture toughness (i.e., ratio be-
tween water-saturated K2 and the average dry Ki®Y) and the nor-
malised static friction coefficient (i.e., ratio between the water-saturated
and the dry static friction coefficients, u2/u"Y) were also computed,
and plotted against the principal mineral content (Fig. 10 and Fig. 11).
The results do not suggest a clear effect of the mineral content on the
water weakening of Kj.: A non-clear trend may be drawn suggesting that
water weakening efficiency is increased with decreasing the quartz
content (Fig. 10a) and increasing phyllosilicate content (Fig. 10b). None
of the other mineral contents show any trend. Finally, no influence of the
mineral content can be seen on the water weakening effect of ug
(Fig. 11). These results are in agreement with previous studies (see
Table 4-6), where no direct correlations between lithology or miner-
alogy and water weakening of Kj. and ug, were found. Then, what are the
mechanisms involved in K. and yg reduction in presence of water?

The reduction of yg under water saturated conditions may originate
from either a decrease of the adhesion forces at the contact point, and/or
an asperity strength reduction.”’” However, the present data do not allow
for the distinction of one or the other mechanism to prevail. For the
reduction of Kj. under water saturated conditions, it has been

11

interpreted by previous study to originate from: stress corrosion,!
mineral dissolution,®” capillary forces at the crack tip,>* clay weak-
ening,* grain contact lubrication,*” or a reduction of surface energy via
adsorption mechanisms.' In the experiments performed, the reduction
of the surface energy in presence of water is the most plausible. Indeed,
the surface energy of quartz (main mineral in the tested sandstones
composition) drop from an estimated value of about 2000 mJ m?in
vacuum, to 406-458 mJ m~2 at 100% room humidity, and to 335-385
mJ m~2 under water saturated conditions.’® Such reductions are in
agreement with the obtained reduction of Kj. under water-saturated
conditions compared to dry conditions (see equation (8)).
Additionally, for UCS, the strain at failure was found to be much
lower for water-saturated experiments compared to dry. Similar
behaviour was measured for Buntsandstein sandstone deformation
under uniaxial compression.zo However, such behaviour is inhibited, or
even reversed, as soon as confining pressure, as low as 2.5 MPa, is
applied during the deformation of the samples."**’ One possible cause of
lower strain at failure under water saturated and uniaxial compression
conditions compare to dry, is that water presence helps at localizing the
deformation. This process would be inhibited as soon as a confining
pressure is applied, as confining pressure also favour localized
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Fig. 9. Normalised axial stress at the onset of dilatancy C' and normalised peak stress as a function of the rock mineral content: a) quartz, b) plagioclase, c¢) K-
feldspar, d) phyllosilicate, €) clay and f) mica. For C' data, the error bars correspond to the picking difference between the deviation of linearity of the axial stress —

axial strain curves and the onset of AE events. For quartz content, literature data are also reporte

deformations (see Paterson & Wong,59 section 3.2 and reference
therein). Note however, that the macroscopic post-mortem inspection of

d 1,20,22

4.2. Micro-mechanical interpretation of water weakening under uniaxial
compression

the tested sandstone did not reveal significant deformation localisation

comparing dry and water saturated experiments (see supplementary
materials).

In this section, first, two micro-mechanical models are described: a
pore emanating cracks model and a wing crack model. These models are
then used to predict the water weakening of sandstones. Time-
dependent effects (such as subcritical crack growth) are not consid-
ered in these models. Our experiments were performed at high loading

12
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rates, limiting such mechanisms.

The pore emanating cracks and a wing crack models were chosen
because they are widely used in the geo-mechanical community and
because they represent the two extreme cases of crack nucleation and
damage growth initiated from geometrical defects,”> which we believe
are relevant for sandstones.

4.2.1. Description of micro-mechanical models

The pore emanating cracks model was developed by Sammis &
Ashby.® It considers an isotropic elastic medium of initial porosity ¢
made of spherical pores of radius a,ore, subjected to axial stress (cay).
While the axial stress is increased, stress concentrations occur at the
poles of the pores with tensile stress oriented perpendicular to 6,4. A pair

of cracks of length [ emanating from each pore is subjected to mode I
stress intensity factor Kj. Cracks grow when the stress intensity factor
reaches a critical value (i.e., the fracture toughness) Kj.. With the crack
length increasing, the cracks start to interact, facilitating their propa-
gation. Under uniaxial compression, the crack’s length as a function of

the remote stress applied is given by®’:

K 1

9
\/ﬂapore ( )
11,/
( apore +\/7§\/$ /“Pﬁ‘i’l
4L

on(l)=

apore
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Equation (9) has a maximum value of 6,4 corresponding to the UCS of
the rock sample. Note that the analytical simplification can be found in
Baud et al.°" Considering that dry and water-saturated rock samples
have the same initial porosity (¢) and pore radius (apore), the pore
emanating cracks model predicts that the ratio of the UCS for saturated
and dry rock samples is simply the ratio of the fracture toughnesses
under saturated and dry conditions:

ucs™ K

2 10
ucs™ g (10)

where the subscripts sat and dry stand for the water-saturated and dry
parameters, respectively.

The wing crack model was developed by Ashby & Sammis.”® It
considers an isotropic elastic medium containing uniformly-spaced
penny-shaped cracks of half-length acrack Oriented at an angle 6 from
0ax- When the axial stress is increased, a shear stress 7 and a normal stress
oy, are transmitted to the inclined cracks. When the shear stress over-
comes the frictional strength of the cracks’ surfaces (i.e. when 7 > usoy),
the cracks start to slide. This sliding generates tensile stresses at the tips
of the inclined cracks. If the resolved stress intensity, K, at the inclined
crack tips overcomes the fracture toughness K. of the material, wing
cracks nucleate. Under uniaxial conditions, the initiation of the wing
cracks occurs on the most favourably oriented cracks at®>°°;
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P \/§ KIC
¢ 1/ 1+ ,M% — Uy V TAcrack

Further increase of the axial stress causes the wing cracks to grow,
resulting in their eventual interaction. Under uniaxial conditions, the
remote uniaxial stress and the wing crack length are linked by?*:

(€8]

ch
o) =———— 12)
( ) vV ”acmckAl (Cl + CZ)
with A1 = 7/8(v/1T+ 42 — pg)
I\
" ::ﬂ( + ﬂ> a3)
Aerack
2(ma) 2,
e = crack (14)

2
_2
DO} - (1 + aﬂclmck)

where a = cos(6) is the projection of the inclined crack on the plane
parallel to the axial stress, Dy = %an(aa)zis the initial damage of the
sample, Ny = poaa /@, is the number of cracks per unit volume (with
Perack being the initial crack density), and f is an empirical parameter to
restrict Kj to finite values when [ is small. Equation (11) has a maximum
value of 6,4, corresponding to the UCS of the rock sample. Note that an
analytical simplification can be found in Baud et al.°" Considering that
dry and water-saturated rock samples have the same initial crack radius
(@crack) and crack density (perack), the wing crack model predicts that the
ratio between saturated and dry stresses at C' and the UCS are
equivalent:

ves _ke/ar KE/(VIE W) —u)) o as)
UCS™ K /AT / ( 1 ()’ 7M§“Y>> o

To summarize, taking the ratio between the UCSs performed under
water-saturated and dry conditions (i.e., UCS,/UCS™Y) as a proxy for
water weakening effect, one can notice that while the pore emanating
cracks model predicts only a fracture toughness dependency, the wing
crack model predicts both that the fracture toughness and the static
friction coefficient influence the water weakening of the rock strength.

4.2.2. Water weakening: experimental data and models prediction
Inserting the measured fracture toughness (Ki.) and static friction

coefficient (us) under dry and water-saturated conditions, we now

compare the predictions of the effect of water on sandstone’s UCS and

International Journal of Rock Mechanics and Mining Sciences 147 (2021) 104916

axial stress at C' from the pore emanating cracks model and the wing
crack model (i.e., equations (10) and (15), respectively), and the UCS
and C' obtained through experimental testing (Fig. 12).

As predicted by the wing crack model (equation (15)), the experi-
mental water weakening of the axial stress at C’ and the UCS are of
similar magnitude for the majority of the tested sandstones. Addition-
ally, both models predict a water weakening effect on the UCS of the
tested sandstones. The models are in good agreement with some
experimental data. In particular, the pore emanating cracks model
accurately predicts the water weakening at the UCS for DS, and both
models accurately predict the weakening of FS and BS. However, in the
majority of cases, both models overestimate (by about 10-20%) the
water weakening of the tested sandstones.

The systematic overestimations of the water weakening effect might
arise from three possible causes:

1) The use of macroscopically (centimeter scale) measured Kj. and yg
while the micro-mechanical models require micro-scale mechanical
parameters. In sandstones, factures can propagate at both the grain
junction and within the minerals. In the performed fracture tough-
ness experiments, characterization of the post-mortem samples
revealed that fractures mostly propagate at grain junctions, with Kj.
values of 1.60, 0.55, 0.49, 0.81 and 0.79 MPa m'/2 under dry con-
ditions and 1.45, 0.52, 0.33, 0.65 and 0.51 MPa m'/? under water-
saturated conditions for FS, BS, AS, RS and DS, respectively. These
values are lower than those of the sandstones’ constituted materials.
Indeed, quartz, orthoclase (i.e., K-feldspar) and albite (i.e., Na-
plagioclase), have Kj. values of 1.5 + 0.3, 1.1 + 0.4 and 0.78 +
0.06 MPa m'/2 respectively.®*® Therefore, if during uniaxial
compression of sandstones, cracks do not only propagate at the grain
junction but also within the grains, higher values than the those
obtained with CCNBD samples must be used. Additionally, us was
also not measured at the micro-scale. Indeed, in the preformed fric-
tion experiments we tested the resistance to motion of surfaces
composed of many grains. In the wing crack model, the friction that
needs to be overcome to induce a stress intensity factor at the crack
tip is the friction of the inclined cracks. In the case of sandstones, the
inclined cracks are grain contacts with very variable roughnesses due
to the grain shapes and/or interlocking, which can lead to a higher
value of the micro-scale static friction coefficient compared to the
macro-scale one. Importantly, water’s effect at microscale can differ
from the one at macroscale. Further, the use of macroscopically
measured Kj. and ps, while the micro-mechanical models require
micro-scale mechanical parameters, should strongly affect the ab-
solute values of Kj. and ps albeit the ratio between dry and
water-saturated measurements are probably affected much less.

a)l‘l ; - : . b) 1.1 . - . . Fig. 12. The ratios of axial stress at C* (cir-
B UCS (experimental) ® C’ (experimental) cles) and the uniaxial compressive strength
QUCS (_pore emanating cracks) | U?S (experlmgntal) (squares and diamonds) between water-
1 || ™ Fontainebleau | ! OC’and UCS (wing crack) . °

Bentheim ] B Fontainebleau saturated and dry experiments obtained
4 Adamswiller : b /liznthein}“ experimentally (full symbols) and obtained
0.9 gg:?eb;%‘ale @ ok Rogﬁ;:zv}: = Q via a) th.e pore emanating cracks m.odel, and
Darley Dale b) the wing crack model as a function of the
g, g, sample porosity. The colour corresponds to
\b“O 8 C% \b“ 0.86 (# the rock tested. Note that water-weakening
i @3, = dependence in the pore emanating cracks
o o’ model is present only in Kj. (equation (10)),
0.7 % 0.7 while for the wing crack model it is present in
: both Kj. and us (equation (15)). (For inter-
pretation of the references to colour in this
0.6¢ 0.6 figure legend, the reader is referred to the

Web version of this article.)
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2) The micro-mechanical models are, as all models, oversimplifying the
mechanisms at hand. Even if our tests were performed under room-
pressure conditions, water-saturated experiments can be affected by
drainage conditions during fast crack propagation. However,
considering the high porosity/permeability of the tested sandstones,
undrained conditions are quite unlikely.

4.2.3. Extrapolation to water weakening under triaxial conditions

Under triaxial conditions, no expressions of the pore emanating
cracks model exist in the literature for conventional loading. Therefore,
only the wing-crack model is discussed here. This model is highly used in
the geo-mechanics community and in general allows for a satisfactory
explanation of experimental data (see Ashby & Sammis,** section 4) and
water weakening (see above section). The important variables to
determine rock strength are: 1) the static friction coefficient of the
cracks (us), 2) the initial flow size (i.e., the initial half inclined crack
length acrack), 3) the mode I fracture toughness of the material (K.), and
4) the initial damage (Dg). Usually, those parameters are found through
a best fit of the experimental data. Trying to infer these parameters is not
trivial. Even if several authors have shown that K. is a pressure
dependent parameter, with higher values at higher confining pressur-
es,°° 7" the experiments performed here resulted in consistent values of
K. and s (see paragraph 4.2.2 for a discussion on the use of obtained
parameters into micro-mechanical models). However, trying to infer
Acrack and Dy physically is challenging, particularly for sedimentary
rocks, when crack length and number of cracks are hardly assessable. In
order to understand how these four parameters influence the prediction
of sandstone strength, a parametric study was performed. We compared
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the strength of Darley Dale sandstone, under dry and water-saturated
conditions, predicted by the wing crack model under triaxial condi-
tions (see Ashby & Sammis,?® for a description of the model under
triaxial stress) and obtained experimentally (UCS from this study and
triaxial strength from Bud et al.h (Fig. 13). DS was chosen as it presents
the highest water weakening of the tested samples. In each panel of
Fig. 13, one parameter is taken as a variable while reference values are
used for the 3 others, i.e., Kic = 0.785 MPa m'/? (measured for dry
Darley Dale), us = 0.8036 (measured for dry Darley Dale), acrack = 110
pm (= half of the average grain size measured via an optical microscopic
survey), and Dy = 0.44 (from Baud et al. (2000) for dry Darley Dale
sandstone). This parametric study demonstrates that the four parame-
ters have a huge impact on the modeled strength. For example, for the
reference parameters taken, changing Do from 0.1 to 0.7, acrack from 100
to 1000 pm, K from 0.1 to 1.9 MPa m'/? or us from 0.2 to 1, multiplies
the modeled UCS by 2.5, 3.1, 19, and 2, respectively. Additionally, it
shows that Dy and pg are controlling the dependency on the effective
confining pressure (P, — Py), i.e., the slope of the predicted strength as a
function of the effective confining pressure (Fig. 13a and d); and acrack
and K. are controlling the y-intercept, i.e., changing dcrack Or Ki. moves
the curve to a parallel prediction in the strength — effective confining
pressure diagram (Fig. 13b and c). Allowing the four parameters free to
fit the data leads to many possible outcomes which explain the experi-
mental data. Note however, that for dry conditions, using Ki. and us
measured in this study coupled with Dy estimated by Baud et al.’ (i.e.,
0.44), provides an excellent strength prediction for samples where 500
< @crack < 800 pm (values close to the linear extent of the grain junction
observed under an optical microscope (Fig. 1)). For water-saturated

Fig. 13. Parametric study of the influence of

a) 600 - : : - : b) 600 : .
) K, =0.785 MPa.m'” ) =a_ = 100pm
=08 =a..=200um
=—a__ =300um
500} 5005 Z 200
= Soopm

400¢

F
[=3
(=

300+

200

Differential stress (MPa)
Differential stress (MPa)
W
(=2
(=]

K, =0.785 MPa.m'? a) the initial damage, b) the initial flow size,
%[15:706844 ¢) the mode I fracture toughness, and d) the

L 1  static friction coefficient on triaxial strength
predicted by the wing crack model for dry
and water-saturated (sat) Darley Dale sand-
stone. For reference, the UCS measured here
and triaxial strength measured by Baud
et al." are plotted. The reference parameters
used (when they are fixed) are: Kj. = 0.785
MPa m'/? (measured for dry Darley Dale), y,
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conditions, using Kj. and ys measured in this study, the model provides a
satisfactory strength prediction for acrack = 500 pm and Dy = 0.25.
Additionally, C’ and the strength predicted by the wing crack model
hold for other sandstones. %!

5. Conclusions

More than 50 destructive (uniaxial compression, fracture toughness
and friction) experiments, complemented by more than 100 non-
destructive (porosity and ultra-sonic) measurements have been used to
better understand the effect of the presence of fluid on the short-term
strength of five sandstones. The samples’ UCSs and fracture tough-
nesses are directly linked to the measured initial porosities. Addition-
ally, water saturation (compare to a dry sample) causes a reduction of i)
the fracture toughness and fracture energy by 6-35% and 21-52%,
respectively; ii) the static friction coefficient by 0-19%, explaining the
reduction of the UCS and onset of dilatancy by 0-30%. The mechanisms
of the water weakening on the sandstones’ compressive strengths are
directly linked to the reduction of the fracture toughnesses (or equiva-
lently of the fracture energies) and to the static friction coefficients of
the materials. However, the mechanisms involved in the water weak-
ening of the fracture toughnesses and static friction coefficients are
complex and future experimental investigations are needed to better
constrain the processes at hand.

The introduction of the experimentally-measured fracture tough-
nesses and static friction coefficients into micro-mechanical models (the
pore emanating cracks model and wing crack model) has been used to
predict the water weakening of the sandstones’ uniaxial compressive
strengths. It has been shown that the models predict the water weak-
ening relatively well, with a general slight overestimation (10-20%).
Finally, a parametric analysis was performed on the wing crack model,
revealing that a sandstone’s absolute strength can be estimated by
means of physical and mechanical parameter measurements.
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