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Experimental framework for evaluating the mechanical
behavior of dry and wet crushable granular materials based on

the particle breakage ratio

Carlos Ovalle, Christophe Dano, Pierre-Yves Hicher, and Moénica Cisternas

Abstract: It has been widely shown that particle crushing increases the compressibility of granular materials. For a particular
crushable material and given test conditions, an empirical relation can be established between the breakage ratio and the plastic
work. Along these lines, constitutive models have been developed based on the effect of grading evolution during crushing. In
parallel, due to corrosive attacks of the humid environment at the tip of microcracks within solid grains, the mechanical
behavior of crushable granular materials depends also on the water content: the higher the material humidity, the higher the
particle crushing. However, the experimental data on the relation between loading-wetting conditions and the breakage ratio
are still quite scarce. In this paper, we present experimental results on crushable sand to study the effect of flooding under
isotropic, oedometric, and triaxial stress paths. The main objective of this study is to obtain a consistent framework for the effect
of water based on the breakage ratio. Our results have shown that, for a given initial density and stress path, the dry material
after flooding reaches the equivalent behavior of the initially wetted material in terms of compression curve, particle crushing,
and creep compressibility index, regardless of the point of flooding. Moreover, the relation between the breakage ratio and the
final void ratio is unique and depends neither on the stress path, the water content, the point of flooding, nor the loading
condition (time of creep or relaxation), but exclusively on the initial density and on intrinsic parameters. These findings could
improve the prediction of the effect of water and time on the mechanical response of crushable granular materials through
constitutive models based on grading evolution.

Key words: crushable granular materials, compressibility, grain-size distribution, creep, stress relaxation.

Résumé : 11 est reconnu que la rupture des grains augmente la compressibilité des matériaux granulaires. Pour des conditions
d’essai données, une relation empirique peut étre établie entre le taux de rupture des grains et le travail plastique. Ainsi, des
modeles constitutifs ont été développés sur la base de I’évolution de la granulométrie liée a cette rupture des grains. Parallele-
ment, du fait des attaques corrosives de I’environnement humide en pointe des micro-fissures dans les grains solides, le
comportement mécanique des matériaux granulaires broyables dépend également de la teneur en eau: plus I’humidité du
matériau est élevée, plus la rupture semble favorisée. Toutefois, les données expérimentales sur la relation entre les conditions
de chargement, les conditions hydriques et le taux de rupture sont encore tres rares. Dans cet article, on présente des résultats
expérimentaux sur un sable affecté par la rupture des grains pour étudier I’effet de 'imbibition sur des chemins de contraintes
isotropes, cedométriques, et triaxiales. L’objectif principal de cette étude est d’obtenir un schéma de comportement cohérent
décrivant I’effet de I’eau sur le taux de rupture des grains. Les résultats montrent que, pour une densité initiale et un chemin de
contraintes donné, apreés I'imbibition d’un échantillon sec, il suit un comportement identique a celui d'un échantillon saturé des
le début du chargement en termes de compressibilité, ruptures des grains et d’indice de compressibilité au fluage, quel que soit
le point d’imbibition. Par ailleurs, la relation entre le taux de rupture et I'indice des vides final est unique et ne dépend pas du
chemin de contraintes, ni de la teneur en eau, ni du point initial de I'imbibition, ni des conditions de chargement (temps de
fluage ou de relaxation), mais uniquement de la densité initiale et de paramétres intrinseques. Ces résultats pourraient amé-
liorer la prédiction de I'effet de ’eau et du temps sur la réponse mécanique des matériaux granulaires broyables a I’aide des
modéles constitutifs basés sur la granulométrie.

Mots-clés : matériaux granulaires broyables, compressibilité, granulométrie, fluage, relaxation des contraintes.

Introduction

Granular materials are present in many civil engineering prob-
lems, such as foundations on sands or gravels, railway ballasts and
rockfills embankments. It is well known that their mechanical
behavior is a function of the properties of the granular packing
and its water content, as well as of the mechanical and geometri-
cal characteristics of individual grains. Under given conditions,

intergranular contact forces can exceed particle strength and a
fraction of the particles will crush, changing the grain-size distri-
bution (GSD) towards a more polydisperse packing, which creates
a denser arrangement for a given stress condition (Biarez and
Hicher1997; Li et al. 2013). After crushing, consequently compress-
ibility will increase and dilatancy under shear become reduced, as
well as the peak shear strength (Vesic and Clough 1968; Marachi



et al. 1972; Marsal 1973; Coop and Lee 1995; Lee and Coop 1995;
Lade et al. 1996; Ovalle et al. 2013b). In general, grain crushing
occurs under high stresses, e.g., at pile tips or at the base of high
dams, or under quite lower stresses in materials composed of
relatively weak grains. The amount of grain crushing is normally
analyzed in terms of the breakage ratio B, (Marsal 1973; Hardin
1985; Lade et al. 1996; Einav 2007a). In this work, we use arecent B,
definition proposed by Einav (2007a), obtained as the ratio be-
tween (i) the area flanked by the initial GSD and any intermediate
GSD after crushing (B, in Fig. 1) and (ii) the initial GSD and an
assumed ultimate fractal GSD (B, in Fig. 1, assuming a fractal
dimension D = 2.5 for a cumulated GSD given by G(d) = (d/d,,,)> ™,
where d is the grain diameter and d is the maximum grain
diameter).

The experiments by Miura and O-Hara (1979), Hu et al. (2011),
and Ovalle et al. (2013a) have shown that the amount of grain
crushing is related to the total amount of plastic work. These
findings have led to developing phenomenological constitutive
models based on the general framework of uncrushable soils (i.e.,
the critical state theory). Accordingly, extra plastic strain after
crushing is given by an inverse relation between the critical void
ratio and the breakage ratio (Daouadji et al. 2001; Russell and
Khalili 2004; Muir Wood et al. 2009; Daouadji and Hicher 2010; Hu
et al. 2011). The alternative method proposed by McDowell and
Bolton (1998) linking the plastic work to the increment of the
surface fracture energy on crushed grains has been confronted
with experiments by Russell (2011) and Ovalle et al. (2013a). On the
other hand, Einav (2007a, 2007b) used the breakage ratio as an
internal energy parameter, which opened the way to the predic-
tion of grading and its link to the mechanical response.

In fact, the source of grain crushing comes from the breakage
mechanics of individual grains at the micromechanical scale. In
other words, it depends on the mechanical properties of grains
and their loading conditions at intergranular contacts. Therefore,
multi-scale links are conducive to predict the response of the
granular assembly. Recently, the multi-scale approaches devel-
oped take into account physical parameters such as the tensile
particle strength, grain-size effects, and the fracture surface en-
ergy of brittle solid grains (McDowell and Bolton 1998; Frossard
et al. 2012; Ovalle 2013; Ovalle et al. 2013c). A close look at the
microscopic scale (i.e., microcracks or flaws inside individual par-
ticles) gives a physical explanation of this phenomenon, as
described by classical brittle fracture mechanics. Griffith (1921)
proposed that fracture in perfectly linear elastic brittle materials
occurs through the propagation of existing cracks. He demon-
strated that the induced tensile stress (o) depends only on the size
of the crack (a) and on intrinsic parameters. Later, Irwin (1957)
developed the notion of stress intensity factor under uniform
axial stress (K; = o\/(ma)) and fracture toughness (K. for fracture
in mode I). The term K. can be defined as the material resistance
to fracture by crack propagation. Hence, a crack begins to grow
when K; reaches the limit K.

Exposed to rain or dam leakage, for instance, granular soils
undergo significant changes in water content, from an almost dry
state to complete saturation. For crushable materials, an increase
in relative humidity will cause more particle crushing for a given
stress condition (Marsal 1973; Lee and Coop 1995; Oldecop and
Alonso 2003; Ovalle et al. 2013a). Consequently, the mechanical
behavior of the granular material is affected as explained before.
At the micromechanical scale, variations in the material water
content will affect the K; (Oldecop and Alonso 2007). This issue
has been discussed by many authors who found that the value of
K,c depends on the degree of saturation and on the physico-
chemical composition of both solid material and liquid. Westwood
(1974), Atkinson (1979, 1982), and Dunning et al. (1984), for exam-
ple, consider that the problem is quite complex because the deg-
radation of the structural integrity of geological materials is
mainly due to the corrosive attacks of the environment. The ef-
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Fig. 1. Definition of the breakage ratio B, (modified from Einav
2007a, with permission from Elsevier).
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fects are essentially the adsorption of elements and mineral dilu-
tion from the environment around the microcrack tip, which
causes a modification of the fracture surface energy, and the elec-
trostatic interaction between the humid environment and the
material. Moreover, if the material water content increases, the
capillary suction will decrease at the microcrack tips within
the grains. Therefore, the effective stress against crack opening
also decreases and the mechanism is affected: crack propagation
velocity increases and both particle strength and K- decrease
(Oldecop and Alonso 2007). Therefore, the higher the water con-
tent in the material voids, the lower the K, value and the higher
the particle crushing. However, rather than the material pore
water into the entire assembly, what is relevant is how much
water is retained inside rock microcracks forming the grains.

A number of models for crushable granular materials including
the effect of the water content have been suggested. For instance,
by using the results of compression tests on rockfills under
relative humidity control, Oldecop and Alonso (2001, 2003) and
Chavez and Alonso (2003) developed a phenomenological consti-
tutive model based on work hardening plasticity and critical state
theory, which incorporated the effect of suction. Considering the
loading collapse curve concept from unsaturated soil mechanics,
their model gives numerical results based on the role of suction
that is related to the relative humidity in the material voids. Sim-
ilarly, Oldecop and Alonso (2007) suggested a conceptual model to
explain the creep behavior in rockfills based on the influence of
suction on K. and on an inverse relation between K. and the
crack propagation velocity. On the other hand, Buscarnera and
Einav (2012) proposed a model based on the thermo-mechanical
approach proposed by Einav (2007a, 2007b), where the loading
collapse curve is linked to the energy balance. The model links the
assumption of energy dissipation by particle breakage and the
capillary theory for solid—fluid interaction. Finally, Bauer (2009)
developed a hypoplastic model based on a solid hardness concept
where the mechanical response is simply enclosed between a
compression curve for the dry condition and a more compressible
one for the saturated material.

Despite the many advances made in understanding the phe-
nomenon of grain crushing, the role of the breakage ratio as a
governing parameter for the effect of the water content on crush-
able soils is still not very clear. Experimental data on the subject
are generally not available. We, therefore, carried out an exten-
sive experimental program of the effects of flooding in crushable
granular material by running a series of tests including different
stress paths, stress magnitudes, with stages of stress relaxation
and creep, and by checking test repeatability to obtain a consis-



tent framework based on grading evolution. The main objectives
are to study the influence of stress path, water content and time,
as well as the link between the mechanical behavior and the
evolution of the breakage ratio. Then, based on experimental ev-
idences, we suggest an integrated analysis of the material behav-
ior with the perspective of enhancing constitutive models based
on grading, including the effects of water content and time.

Tested material

The granular material tested is an angular sand obtained from
the grinding of a quartzite shale rock from the Trois Vallées
quarry, in the north of France. Samples were prepared with an
initial uniform GSD sieved between 2 and 2.5 mm. Figure 2 pres-
ents a photo of the material before the test. It can be seen that the
particles are mainly angular and flat, which makes them vulner-
able to crushing. Solid grains have a volumetric weight of 27 kN/m3.
Figure 3 presents electron microscope scans of fine fractions of
crushed grain fragments sieved after a test. For finer grains in
Fig. 3a, it clearly appears that the shale rock is composed of thin
sheets. Once crushing occurs, a significant amount of fines is
produced essentially by small pieces of detached sheets. The anal-
ysis of X-ray diffraction (XRD) of a fine fraction of the material
(grain sizes finer than 0.08 mm) shows that the powder is com-
posed mainly of oxygen and silicon, with also significant amounts
of aluminum and iron. The XRD measurement results show the
presence of three main phases: 64% of quartz (SiO,), 26% of albite
(NaAlSi,Oq), and 10% of sodium aluminium silicate (NagAlSi;,O5,)-

To avoid crushing during the preparation, loose samples of dry
material were prepared in cylindrical moulds by pluviation at low
height. The material was previously air dried for at least 1 week in
a constant clime chamber at 20 °C and 60% of relative humidity,
where all tests were finally carried out. Here, we consider the
material as dry after air drying, even if a water content of 0.5% was
measured (obtained by weight changes after 24 h of oven drying at
105 °C). Under this condition, no capillary bonds were observed
between particles and the apparent cohesion was negligible. As
explained below, some samples were saturated or flooded with
demineralized water after a phase of compression. Water was
slowly added to dry samples through a pipe connected to its base,
a constant water level being maintained slightly above the upper
level of the sample. Due to the low water content of the specimen
after drying, we simply used the notation of “dry” and “saturated”
for the two opposite initial states of the specimens prior to load-
ing. However, such observation applies to the entire sand sample,
rather than into microcrack within the grains. After saturation or
flooding, no chemical reaction or mineral dilution of wetted sand
grains was observed. After each test, the samples were dried for
24 h in a 105 °C oven and then accurately sieved between 2.5 and
0.08 mm.

Experimental results

Triaxial and isotropic compression tests

Loose samples of dry material were prepared at an average void
ratio (volume of voids/volume of solids) of 0.937 * 0.035 in a cylin-
drical mould 110 mm high and 70 mm in diameter, using a 1 mm
thick latex membrane. See tests D1 to F8 in Table 1, where code D
stands for dry, S for saturated, and F for flooded. Strain controlled
isotropically consolidated drained triaxial compression tests at
effective confining pressures (o%) of 0.4 and 0.8 MPa were per-
formed using a vertical displacement rate of 0.2 mm/min (i.e., a
vertical strain rate of about 2%/min). Since we considered dry and
saturated cases (i.e., referring to macropores between grains) and
drained tests on rather coarse uniform sand, no suction or excess
pore pressure were measured during testing and the definition
of the effective stress used here coincides with the classical
Terzaghi’s principle. The volume changes of the samples were
measured through the confinement water volume control system.

Fig. 2. 2 to 2.5 mm grains of shale quartzite sand from Trois Vallées.

Thus, the triaxial cell deformation under isotropic water pressure
was firstly calibrated without the sand sample to isolate the volu-
metric strain of the cell from the sample one.

Some tests were flooded after the isotropic consolidation phase
and others after a triaxial compression up to 7% to 12% of axial
strain (e,) (see tests F4, F5, F6, and F8 in Table 1). First, the vertical
strain was stopped at a given level and then flooding was carried
out by imposing a water flow through the sample from the bottom
to the top face by using a volume pressure controlled system. Back
pressure was carefully maintained lower than the water level be-
tween the device and the top of the sample to avoid any change in
the confining pressure. Once water started to appear on the top
pipe connection of the sample, the water flow was stopped. This
process took approximately 5 min. Then, a period of deviatoric
stress (q = 0, — 0;) relaxation of 1-2 h was applied (i.e., at both
constant e, and %), before a further increase of the axial strain
was imposed. The final ¢, for all triaxial tests was 20%. Figure 4
shows the time evolution of the void ratio, e, and of the deviatoric
stress, ¢, during the tests. It can be seen in tests F4, F6, and F8 that
the relaxation phase leads to a significant drop of ¢q. Similarly,
there is also a slight decrease in the void ratio during the relax-
ation phase, due to creep at constant o%.

To study separately the deviatoric stress relaxation in the dry
material and the effect of flooding, two stages of relaxation were
applied in test F5. Firstly, the test was conducted up to e, =10% and
then stopped for 1.5 h of stress relaxation. Then, the sample was
flooded and an extra hour of relaxation was applied. Figure 5
shows the evolution in time of the void ratio and of the deviatoric
stress for test F5. It can be seen that the relaxation of the dry
material is in the order of Aq = -0.23 MPa and, after the stabiliza-
tion of q in the dry condition, a further decrease of q of about
0.4 MPa occurred once the sample was flooded. That is to say, 1/3 of
Aq corresponds to the behavior of the dry material and the rest is
added after flooding, possibly because grain crushing was trig-
gered in the presence of water.

Similarly, dry and flooded drained isotropic compression tests
at 0% of 0.4 and 0.8 MPa were carried out using the same sample
preparation method as for the triaxial tests. The average void ratio
was 0.980 * 0.088 (see tests D9 to F13 in Table 1). Isotropic tests
were performed under stress controlled conditions. For a given o4,
the dry sample was firstly compressed and then allowed to creep
for 1 h at constant stress (tests D9 and D10). In tests F11, F12, and
F13, the samples were flooded and kept for an extra hour of creep.

Figure 6 shows the stress—strain response after the triaxial tests
in terms of the stress ratio q/p’ (where p’ = (o} + 20%)/3) and the void
ratio, and Table 1 presents the breakage ratio. It can be seen that,
regardless of the point of flooding, the material is more compress-



Fig. 3. Crushed grains of quartzite shale sand after uniaxial compression test sieved between (a) 0.08 and 0.1 mm, (b) 0.315 and 0.4 mm, and

(c) 0.5 and 0.6 mm.

ible after flooding. Moreover, all samples flooded at a given o} in a
triaxial test joined approximately the same volumetric response
and almost the same B, (i.e., the same final GSD). For instance, see
B, and the e-p’ plane for tests F3 to F6 in Table 1 and Fig. 6,
respectively.

Oedometer tests

Loose samples of dry material were prepared at an average void
ratio of 1.018 * 0.05 in a cylindrical oedometric device of 19 mm
high and 70 mm of diameter (see tests D14 to F25 in Table 1). Stress
controlled oedometric compression tests were performed using
the following effective vertical stress levels: o, = 0.15, 0.40, 0.60,
0.85, 1.15, 1.50, and 2.10 MPa. To reach a given stress level, each
aforementioned stress value was allowed 1 h of strain stabiliza-
tion. Thus, even if the full stabilization was not attained after 1h,
this time of creep allowed comparing the results with the previ-
ous triaxial and isotropic tests. To obtain the evolution of the GSD
during crushing, the samples were unloaded at various maximum
effective stress (07 ,.,), as shown in Table 1. The tests were per-
formed for three sample conditions: dry, saturated, and flooded.
In this case, a saturated material stands for a sample that was
initially flooded, i.e., before the initial loading stage of o, =
0.15 MPa.

Figure 7 presents the oedometric compression curves, where it
can be seen that a good repeatability was obtained. Hence, two
main compression curves can be identified, one for the dry con-
dition and the other for the saturated and flooded conditions. For
example, tests F22, F23, F24, and F25 were flooded at ¢/, of 0.40,

0.40, 0.85, and 1.5 MPa, respectively. It can be seen that these tests
followed the dry compression curve before flooding, and after the
addition of water they behaved in the same way as the saturated
material. Then, after flooding and 1 h of creep in tests F22 and F25,
!, was increased up to 2.10 MPa and the compression curve fol-
lowed the saturated material response. Consequently, regardless
of the point of flooding, the oedometric compression curve is
unique for saturated and flooded samples. This result agrees
with the experimental evidence from the literature (Oldecop and
Alonso 2003) and also with our own triaxial tests results. Figure 8
presents the GSD only for oedometer tests at o/, . = 2.1 MPa.
These results clearly show that after flooding in test F25, the ma-
terial reaches almost the same GSD as the one of the saturated
sample (test S21), with more grain crushing compared to the dry
case (test D18).

Creep in oedometer tests

To study the creep behavior of the material, a second series of
oedometer tests was carried out. Using the same aforementioned
method, several loose samples at a void ratio of 1.019 * 0.046 were
prepared. Table 2 shows a summary of the test conditions on loose
samples (test D26 to F48). The following effective vertical stress
levels were imposed: o/, = 0.15, 0.4, 0.8, 1.3, and 2.1 MPa. This time,
the load was kept for 24 h at each level. Thus, to reach a given
0, nax 1D @ test, a time of 24 h of creep was allowed at each men-
tioned stress level and for each test condition. Therefore, at least
three tests for each stress level were carried out on dry, saturated,



Table 1. Summary of triaxial, isotropic, and oedometric compression tests.

Test  Initial O max O B, WP
Test No. void ratio o} (MPa)* (%) (MPa)  Test conditions
Triaxial D1 0.933 0.80 22 0.372 Dry
F2 0.929 0.40 25 0.361 Flooded after isotropic consolidation
F3 0.935 0.80 25 0.345 Flooded after isotropic consolidation
F4 0.945 0.80 23 0.338 Flooded at &, = 12%
F5 0.903 0.80 24 0.335 Flooded at &, = 10%
F6 0.948 0.80 26  0.359  Flooded at ¢, = 8%
D7 0.949 0.40 17 0.199 Dry
F8 0.957 0.40 18  0.195 Flooded at ¢, = 7%
Isotropic Do 1.069 0.40 4 0.010 Dry
D10 0.955 0.80 6 0.019 Dry
F11 0.991 0.40 4 0.009 Flooded after 1h of creep at o, = 0.4 MPa
F12 0.952 0.80 8 0.018 Flooded after 1h of creep at o} = 0.8 MPa
F13 0.967 0.80 7 0.025 Flooded after 1h of creep at o5 = 0.8 MPa
Oedometrict D14 1.066 0.40 6 0.033 Dry
D15 1.015 0.60 7 0.032 Dry
D16 0.995 0.85 8 0.040 Dry
D17 1.014 2.10 13 0.118 Dry
D18 0.990 2.10 14 0.123 Dry
S19 1.035 0.40 8 0.016 Saturated (or initially flooded)
S20 1.029 0.85 12 0.046  Saturated
S21 1.051 2.10 22 0.174 Saturated
F22 1.008 2.10 21 0.173 Flooded at o, = 0.40 MPa and reloaded to 2.1 MPa
F23 1.009 0.40 8 0.018 Flooded at o}, = 0.40 MPa
F24 1.000 0.85 12 0.052 Flooded at 0'(, =0.85 MPa
F25 1.003 2.10 21 0.201 Flooded at o/, = 1.50 MPa and reloaded to 2.1 MPa

Note: WP, plastic work.

7
*o;

v max

for oedometric tests and o for triaxial and isotropic tests.

1 h of creep at each stress level.

and flooded samples. Moreover, some tests were repeated to
check the repeatability of the results.

Figure 9 shows the compression curves for tests D26 to F48.
Thus, the same conclusions drawn for 1 h of creep in oedometric
compression can be obtained in this case. Namely, the existence
of two separated compression curves, one for the dry material and
the other for both saturated and flooded samples, resulting in a
more compressible behavior in the presence of water. Moreover,
the same final GSD for saturated and flooded samples was at-
tained for a given o/, .., as shown in Fig. 10 for o/, = 2.1 MPa.
This finding is consistent with our results in triaxial and previous
oedometer tests results and, as far as we know, has not been
reported in the literature to this day.

Figure 11 presents the compression curves on effective stress
log-scale for selected oedometric tests D18, S20, F22, and F25. It
can be seen that a yielding point, normally associated to the onset
of crushing, cannot be clearly identified. In fact, as shown in
Fig. 12, breakage starts occurring even at the lowest stress value
used here, which means that the material behaves in an inelastic
regime almost from the beginning of the test.

Figure 13 presents the volumetric strain evolution for 24 h of
creep for (a) dry, (b) saturated, and (c) flooded samples, for every
stress increment. Figure 14a presents the time dependent com-
pressibility index defined as Ae,/A[log(t)] (where t is time in
minutes, measured from 1 min to 24 h). As shown previously by
Oldecop and Alonso (2007), it is clear that the dry samples have a
lower index and the flooded ones joined the index of the saturated
samples after flooding. This last statement can be clearly appreci-

ated in Fig. 14b for three representative tests at o/, = 2.1 MPa.

Effect of water on the fracture toughness of rock samples
To study the water effect at the source of the particle crushing
phenomenon (i.e., at the individual grain scale), we performed
crushing tests on core rock samples. We used the cracked chevron
notched Brazilian disc (CCNBD) method to obtain K, as sug-
gested by the International Society for Rock Mechanics (Fowell

1995). This method gives consistent fracture toughness values and
allows testing rock anisotropy since the crack orientations can be
easily arranged. The geometry of the CCNBD samples is shown in
Fig. 15, where the chevron or V-shaped notch was cut using a
circular diamond saw. The notch cut along the core diameter
causes crack propagation to start at the tip of the V alighment and
to proceed radially outwards in a stable mode until the point
where the fracture toughness is evaluated (Fowell 1995).

For the quartzite shale rock tested in this study, we machined
rock cores of D = 52 mm in diameter from large rock aggregates.
The cores had both parallel and orthogonal orientations with re-
spect to the rock anisotropies composed by the sheeted structure
of the shale rock (see Fig. 16). Rock samples with thickness of B =
21.5 mm were cut from the cores. As shown in Fig. 15, the notch
characteristic dimensions were a, = 6.53 mm, a; =19 mm, and R, =
19.25 mm. The fracture toughness tests were carried out using a
loading frame of 50 kN of maximum capacity, driven by con-
trolled displacement at 0.1 mm/s. Figure 17 shows the setup of the
sample for testing, with vertical displacement sensors and force
measurements. The tests were performed in the same clime con-
ditioned chamber used for the compression tests on granular ma-
terial. We conducted tests on air-dried samples, as well as on
samples submerged in water for 24 h before testing. The core
samples were machined from two coarse rock aggregates (see
aggregate No. 2 in Fig. 16). Due to the heterogeneity of the shale
rock and to clearly identify the effect of water in K, we compare
only the cores coming from the same aggregate.

Tables 3 and 4 present K; values measured for orthogonal and
parallel core orientations, respectively. Our tests results are in the
same order of magnitude as typical values of K, for shale rocks
reported in the literature of approximately 0.5-1.0 MPa-m?°>
(Whittaker et al. 1992; Ashby and Jones 2006). In particular, for dry
orthogonal oriented cores coming from aggregate No. 1 we ob-
tained Kjc = 1.5 MPa-m°® and an average reduction of approxi-
mately 60% in saturated specimens with K = 0.6 MPa-mO%>.



Fig. 4. Stress relaxation during flooding in tests (a) F4, (b) F6, and (c) F8.
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Similarly, for orthogonal oriented cores from aggregate No. 2, we
measured a reduction in K. of approximately 20% to 30% (0.54—
0.63 to 0.42 MPa-m©®) from dry to saturated specimens. On the
other hand, in parallel oriented samples K drops significantly
compared to the previous case, due to the induced chevron notch
being in the weakest plane of the rock. Moreover, the difference
between dry and saturated specimens is less important and K. is
almost the same in aggregate No. 1, with a slight increase of 5%
from dry to saturated tests (0.22 to 0.23 MPa-m°?%). In aggregate
No. 2, the water effect reduces the K; from average values of 0.21
to 0.14 MPa-m©%> (i.e., approximately 33%) from dry to saturated
specimens.

Fig. 5. Stress relaxation during flooding in test F5.
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Discussion

The experimental data presented in this paper show that satu-
rated and flooded crushable granular material samples are more
compressible than dry samples, mainly due to the increase of
grain crushing in the presence of water. The phenomenon as-
sumes that, for samples prepared with air dried grains, suction in
capillary bonds of intergranular contacts is negligible, which is
normally the case in rather coarse materials. To validate this hy-
pothesis, an oedometric compression test on a stronger material
(where no crushing is expected) was carried out. An air dried
sample (19 mm high and 70 mm in diameter) of 2 mm uniformly
sized glass beads was compressed, as shown in Fig. 18. After flood-
ing at o, = 2.1 MPa, the plastic strain was negligible and no crush-
ing was observed after the test. Therefore, regarding the results on
crushable granular materials presented in this paper, it can be
reasonably assumed that flooding triggers particle crushing. Ac-
cording to previous works aforementioned and also regarding our
results for the effect of water on K, this phenomenon could be
explained by a drop in capillary suction at the microcracks scale
inside the particles, as well as corrosive attacks of water, reducing
their crushing strength.

Numerical analyses by the discrete element method have
shown that the stresses applied on an assembly of grains are
divided into a limited number of strong force chains in the same
principal direction as the macromechanical stresses, as well as
several weak force chains stabilizing the system (Cundall and
Strack 1979; Voivret et al. 2009). As for the phenomenon of parti-
cle crushing, when the coordination number is low (e.g., in uni-
form graded samples as the material used in this study), it is
reasonable to consider that a particle belonging to a strong chain
is likely to be crushed in mode I, like in a CCNBD test for K
evaluation. However, for well-graded materials the stress condi-
tions could be quite different and, due to the heterogeneity of the
sample, microtensile stress fields can be generated within the par-
ticles to initiate the grain fracture and fragmentation.

Nevertheless, the effect of saturation on particle crushing and
on the compressibility could be more or less significant depend-
ing on the material properties and its sensitivity to the presence of
water. For instance, Coop and Lee (1995) investigated differences
between the amounts of breakage in dry and saturated (flooded)
sands and, while they found substantial differences for a decom-
posed granite and also for a carbonate sand, they did not find
substantial differences for a quartz sand.

Our results show that, for given initial conditions (GSD and den-
sity) and compression state (stress path and p},,, ), the compression
curve in the e-p’ plane of flooded and saturated samples is virtually
the same, regardless of the loading-flooding sequence. Hence, after
flooding in creep tests we have observed a collapse from the dry
to the saturated material compression curve. Likewise, when we



Fig. 6. Stress-strain curves after triaxial tests.
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Table 2. Summary of creep tests under oedometric compression.

Test Initial

No. void ratio Ol nax (MPa) B, (%) WP (MPa) WEWT (%) C, Test conditions

D26 0.998 0.15 2 0.003 0.9 0.004 Dry

D27 1.010 0.40 6 0.014 0.3 0.005 Dry

D28 1.034 0.80 8 0.037 11 0.004 Dry

D29 1.065 0.80 9 0.043 12 0.005 Dry

D30 1.014 1.30 10 0.076 12 0.006 Dry

D31 1.011 1.30 1 0.077 11 0.005 Dry

D32 1.037 2.10 12 0.000 0.1 0.006 Dry

D33 1.010 2.10 13 0.129 13 —_ Dry

S34 0.994 0.15 3 0.005 0.7 0.004 Saturated

S35 1.005 0.40 7 0.017 0.3 0.005 Saturated

S36 1.010 0.40 8 0.018 0.2 0.004 Saturated

S37 1.026 0.80 11 0.000 0.1 0.006 Saturated

S38 1.016 1.30 12 0.000 14 0.006 Saturated

S39 1.020 1.30 13 0.105 15 0.006 Saturated

S40 0.994 2.10 20 0.191 0.9 0.006 Saturated

S41 0.995 2.10 20 0.189 0.0 0.006 Saturated

F42 1.010 0.15 — 0.006 0.6 0.005 Flooded at 0':, =0.15 MPa
F43 1.007 0.40 8 0.021 0.2 0.005 Flooded at 0':, =0.40 MPa
F44 1.036 0.80 12 0.064 0.7 0.005 Flooded at 0':, = 0.80 MPa
F45 1.006 1.30 14 0.118 0.9 0.006 Flooded at 0':, =1.30 MPa
F46 1.045 2.10 21 0.286 0.0 0.007 Flooded at (T:, =2.10 MPa
F47 1.062 2.10 17 0.257 11 0.006 Flooded at 0':, =2.10 MPa
F48 1.029 2.10 8 0.248 1.2 0.007 Flooded at a':, =2.10 MPa
F49 0.920 2.10 20 0.216 19 0.006 Flooded at 0'(, =2.10 MPa
S50 0.906 2.10 18 0.163 1.4 0.007 Saturated

D51 0.934 2.10 13 0.123 14 0.006 Dry

Note: C, unloading stiffness (= Ae,/log(d’,

max/ ‘Tx'/ min
Fig. 9. Oedometric compression curves for 24 h of creep.
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reloaded a sample previously flooded during a stress relaxation
phase, the compression curves did not return to the earlier dry ma-
terial response, but rather followed the one of the saturated mate-
rial. As shown experimentally by Biarez and Hicher (1997) and
numerically by Voivret et al. (2007), the void ratio attained at a given
stress state is linked to the GSD: the more polydisperse the GSD is,
the higher the packing density will be. Therefore, the uniqueness of
the compression curve of saturated and flooded sand tests can be
explained because they have reached the same GSD, which was
made possible due to grain crushing.

Moreover, the uniqueness of the mechanical response for
flooded and saturated samples for a given stress path is also ob-
served in the behavior under creep. The creep compressibility
index increases with the mean stress, and, for a given stress, its
magnitude is higher for saturated samples compared to dry ones.
After flooding, this index increases to the same value obtained in



Fig. 12. Breakage ratio after oedometric tests (1 h and 24 h of creep)
for dry and saturated samples.
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Fig. 15. CCNBD specimen geometry with recommended test fixture
(reprinted from Fowell 1995, with permission from Elsevier).

1A Loading Plate

saturated samples, analogous to the results on both the compres-
sion curve and the breakage ratio. As reported in the literature,
this could be explained due to the increment of crack propagation
velocity inside the grains in the presence of water (Oldecop and
Alonso 2007).

To study the effect of the initial density, three denser samples
were prepared by vibration and compressed at an average initial
void ratio of 0.920, using the same previous methodology for 24 h
creep oedometer tests (see tests F49 to D51 in Table 2). Figure 18
presents the compression curves for dense samples and also a
summary of the most representative compression curves for
loose ones. It can be seen that all dry, saturated, and flooded dense
samples follow lower compression curves in comparison to loose



Fig. 16. Core rock samples for two directions: orthogonal and
parallel; machined from rock aggregate No. 2.
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Fig. 17. Measurement of compression force and vertical
displacements of the CCNBD sample.

Table 3. Mode I fracture toughness of CCNBD specimens with orthog-
onal core orientation.

Rock aggregate Sample No. Condition K¢ (MPa-m®-5)
1 1 Saturated 0.58

2 Saturated 0.59

3 Dry 1.48

4 Dry 1.57

5 Dry 1.49
2 1 Saturated 0.42

2 Dry 0.54

3 Dry 0.63

Table 4. Mode I fracture toughness of CCNBD specimens with parallel
core orientation.

Rock aggregate Sample No. Condition Kic (MPa-m®-5)
1 1 Saturated 0.23

2 Dry 0.22
2 1 Saturated 0.16

2 Saturated 0.11

3 Dry 0.21

4 Dry 0.22

5 Dry 0.19

6 Dry 0.23

10

Fig. 18. Oedometric compression curves for loose and dense samples.
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ones. However, dense and loose samples tend to produce a unique
response at high stresses (not completely reached at o/, = 2.1 MPa).
This is clearer for saturated and flooded samples, where the void
ratio at of, = 2.1 MPa is slightly lower than the one for loose sam-
ples. For every test loaded at ¢, ,,, = 2.1 MPa (from Table 2), the
final GSD is shown in Fig. 19. It can be seen that the GSDs after the
tests for saturated and flooded samples are almost the same for
both loose and dense cases. However, the dry dense sample (test
D51) presents clearly more crushing than do the dry loose samples
(tests D32 and D33), which is in agreement with the denser state
reached at o/, = 2.1 MPa in Fig. 18.

Figure 20 presents B, as a function of the plastic work (WP) for
all loose samples (tests D1 to F48). In the calculation of the plastic
dissipation, we have assumed all the unloading strains to be elas-
tic. Therefore, WP in a test was estimated as the sum of all incre-
ments of the total work (W) done in compression AW = p’(Ag,) +
q(Ae,) (loading), minus the recovered elastic strain during unload-
ing (where Ag, and Ag, are the volumetric and the deviatoric
strain increments, respectively). For instance, in oedometric tests
the unloading stiffness, computed as C; = Ae,/10g(0%, 10/ T min)s
varies between 0.004 at low stresses and 0.007 at high stresses, as
shown in Table 2 and in Fig. 21 (for tests D26 to F48). On the other
hand, in dry samples C resulted in slightly lower values for dry
samples compared with saturated and flooded ones. Finally, the
elastic strain recovery has resulted to be negligible compared with
the accumulated plastic strain. For instance, Table 2 shows that
the elastic work, obtained as WE = WT — WP, is less than 2% of W™.

According to Fig. 20, dry materials (squares symbols) require
more WP to reach a given B,, compared to saturated and flooded
cases, which can be considered as equivalent. This result does not
depend on the stress path and could be explained because, unlike
in dry condition, wet grains have lower particle strength due to
the reduction of the fracture toughness when the water content
increases. Therefore, more energy dissipation is needed in a dry
sample to reach a given GSD, compared with saturated or flooded
samples. Consequently, for a material with a given initial density
and initial GSD, the amount of particle breakage depends only on
the plastic work and on the water content. At the same time, the
plastic dissipation in crushable materials has different sources. It
has been proposed that, once a breakage event occurs, the elastic
energy stored within the grain is converted in fracture surface
energy and in kinetic energy in fragments and also in surround-
ing grains, due to pore collapse and fragments rearrangement
(Nguyen and Einav 2009; Russell 2011). Then, the system will reach
a new static equilibrium state, where the kinetic energy will be
divided into some recovered elastic energy and dissipation by
friction at newly formed contacts. Finally, the internal energy
distribution plays a major role compared to surface area creation
(Ovalle et al. 2013a; Russell and Einav 2013). The relation presented
in Fig. 20 does not make the difference of those contributions and



Fig. 19. Grain-size distribution before and after oedometric tests of
loose and dense samples at o/, = 2.1 MPa.
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simply suggests that there is coupling between breakage dissipa-
tion and plastic dissipation, since both phenomena evolve simul-
taneously.

Figure 22 presents the relation between B, and the lowest void
ratio attained for each test presented here (tests D1 to D51). For the
material used here, this relation can be regarded as unique and does
not depend on the loading condition (stress path, creep, or relax-
ation) or on the test particular condition (dry, saturated or flooded).
However, it should depend on the initial density and on intrinsic
parameters such as the particle shape and the initial GSD. This find-
ing means that, irrespective of the stress path and the water content,
the granular packing at static equilibrium only depends on its GSD.

1"

Fig. 22. Breakage ratio versus the minimal void ratio for all tests.
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Analogically, Biarez and Hicher (1997) have shown that, for a given
grain shape, reference void ratios e,,,, and e, ;, are linked with the
uniformity coefficient. Moreover, they stated that, to highlight the
influence of grain crushing, it appears that the most significant pa-
rameter, for a given mineralogy and grain shape, is the GSD, with
noticeable effects on the volume change amplitudes during com-
pression. This evidence can be useful for constitutive modeling, since
the prediction of the final GSD could be based on calibration tests
along only one given stress path. Moreover, constitutive models
based on a critical void ratio function of the amount of grain crush-
ing, as in the pioneering work of Daouadji et al. (2001), could be
enhanced to model the effect of water on grain crushing. Neverthe-
less, only three dense samples were tested in this study. Therefore,
more results are needed to assess the effect of the initial packing on
this material. For instance, Altuhafi and Coop (2010) have shown that
the denser the initial packing is, the less amount of breakage will
result (for silica sand, carbonate sand, and basaltic sand tested in
oedometric compression up to o/, = 30 MPa). On the other hand, the
experimental assessment of initial density effects is a complex prob-
lem because during dense sample preparation some crushing even-
tually occurs. Therefore, both grading and density effects could be
mixed.

The results provided in this paper concern stress magnitudes
that could be of interest in civil engineering. However, for high
stresses and (or) large strains, grading evolves to an ultimate dis-
tribution that might be defined by a given uniformity coefficient
(Bard 1993; Biarez and Hicher 1994, 1997) or by a fractal exponent
of approximately D = 2.5 (Sammis et al. 1986; Coop et al. 2004).
Therefore, the results shown in Figs. 20 and 22 should not be
extrapolated to outlying range values.

Conclusions

With the aim to explore and discuss the effect of water on the
mechanical behavior of crushable granular materials, we have pre-
sented the results of a series of compression tests under isotropic,
oedometric, and triaxial stress paths. We have compared the data of
dry, saturated, and flooded samples, to establish an empirical frame-
work based on the breakage ratio. Our results show that the amount
of particle crushing increases in the presence of water and, as a
consequence, the material becomes more compressible. Further-
more, for a given initial density and stress path, a dry sample when
flooded reaches the equivalent behavior of an initially saturated one
in terms of the compression curve, the breakage ratio and the creep
compressibility index, regardless of the point of flooding. We have
also found a unique relation between the breakage ratio and the
lowest void ratio in a compression test at a given initial density,
regardless of the stress path, the water content, the point of flooding,
nor the time of creep or stress relaxation.

These findings could enhance future constitutive models based
on grading to predict the influence of the water content on parti-



cle breakage and time effects. This work could also be used for
further study on water and time effects on the micromechanics of
granular media and a better understanding of the corrosive attack
of water in microcracks as a coupled phenomenon of (i) a decrease
of K¢ and (ii) an increase of crack propagation velocity could be
attained. The focus could be the effect of the rock mineralogy,
the chemical composition of the water, and other factors of influ-
ence. Moreover, it would be interesting to have a general frame-
work based on measurements of the humidity retained into solid
grains. Such results could be a base for physical-based models
depending on suction in microcracks.
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