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A B S T R A C T

Designing high mine waste rock piles for long-term behavior requires material mechanical characterization over
a large range of stresses and variable environmental conditions. However, representative coarse samples cannot
be handled by standard testing devices and the common approach is to test small-scaled samples at the labo-
ratory, which might be affected by particle size effects when compared to the field material. Several reported
results indicate that coarser samples present higher amount of particle crushing than small-scaled samples, thus
lower dilatancy and higher compressibility. However, specific studies of size effects on time-dependent defor-
mation are lacking. The aim of this paper is to identify the effects of particle size and suction on stress-
deformation mechanism of partially saturated mine waste rock. Oedometric compression tests on two parallel
graded samples are presented: the gravelly fraction (dmax=50 mm) and the sandy fraction (dmax=2.36 mm). Each
stress increment triggers « instantaneous » and delayed strains. The results reveal the combined effects of particle
size and humidity on the mechanical behavior. Coarser samples exhibit higher total compressibility and creep
deformation, which also increases with the material humidity. The results give empirical support for the
development of scaling laws and suggest that total deformation can be decoupled considering a suction
dependent index for creep deformation.

1. Introduction

Substantial volume of waste rock (WR) must be removed to retrieve
ore in deep open pit mines. Blasted WR results in coarse angular gran-
ular material with varied grading depending on the rock damage and
extraction method. The enormous growth of the mining industry in
recent years has led to a significant increase in waste rock produced
annually. Commonly, WRmaterial is stored in piles that can easily reach
several hundred meters high (Valenzuela et al., 2008; Zapico et al.,
2020). To reduce environmental impacts and avoid instability issues,
mine WR piles must be designed to ensure chemical, hydrogeological
and mechanical stability (Aubertin et al., 2002; Hawley and Cunning,
2017). For the latter, the shear strength is typically evaluated through
relatively large shearing tests (Ulusay et al., 1995; Linero et al., 2007,
2020; Bard et al., 2012; Ovalle et al., 2023) and stability analyses are

performed using advanced numerical approaches (Steiakakis et al.,
2009; Bao et al., 2019; Hoy et al., 2024).

Provided that a WR pile is mechanically stable, deformations are
rarely considered as part of the design criteria. However, specific engi-
neering designs aiming to ensure a safe mine closure plan could neces-
sitate the estimation of settlements in the long term. This is particularly
the case of open pit backfilling, which represents a prominent alterna-
tive to control the environmental impacts, reduce the altered natural
surfaces by waste storage facilities and minimize landscape reshaping.
For instance, mining regulations for iron mining in the Pilbara region of
Western Australia require pits to be backfilled under certain conditions
such as water quality (Green, 2009). According to the design criteria, a
pit can be backfilled above the water table, or a pit lake can be formed
(Bozan et al., 2022). In the first case, settlements should be controlled to
avoid altering the surface drainage conditions or the hydraulic design of
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the closure plan. Therefore, while volumetric strains of crushed rocks
can easily reach 10% at vertical pressure of about 2 MPa (corresponding
to approximately 100 m of WR fill) (Oldecop and Alonso, 2003; Ovalle,
2018; Osses et al., 2021), a deep pit can lead to settlements of >10 m,
eventually being incompatible with the closure plan. Moreover, since
the design should be planned for the long term, creep behavior should
also be considered in settlement assessments.

Motivated by large projects involvingWR piles and rockfill dams, the
mechanical behavior of coarse blasted and crushed rocks have been
largely studied in the past (Marsal, 1967; Marachi et al., 1969; Barton
and Kjaernsli, 1981; Indraratna et al., 1993; Varadarajan et al., 2003;
Linero et al., 2007; Bard et al., 2012; Ovalle et al., 2020). The main
challenge is that these materials cannot be handled in laboratory sam-
ples for mechanical testing, because oversized particles can easily
approach 1000 mm in size, while the largest shearing devices ever built
can test samples of maximum particle size (dmax) up to 100 to 200 mm
(Leussink, 1960; Marsal, 1967; Marachi et al., 1969; Verdugo and De la
Hoz, 2006; Hu et al., 2011). Therefore, small-scaled samples using the
scalping or the parallel grading techniques are usually prepared to carry-
out shearing or compression tests, which could be affected by size effects
compared to the coarser material in the field.

Particle size effects can be examined by preparing samples at
different scales at the laboratory, in order to propose scaling laws and
thus extrapolate the results to the field scale (Frossard et al., 2012; Yin
et al., 2017). Empirical evidence shows that, under a given loading path,
the amount of particle crushing increases with the characteristic grain
size, thus decreasing dilatancy and peak shear strength and increasing
compressibility (Marachi et al., 1969; Alonso et al., 2005; Ovalle et al.,
2014). This is mainly due to higher probability of finding weak micro-
cracks in coarse rock aggregates, hence decreasing their crushing
strength with particle size. According to the Stress Corrosion Cracking
(SCC) mechanism (Scholz, 1968; Atkinson, 1984), microcrack growth
within solid grains evolves upon loading and could get affected by
corrosive agents (e.g. humidity), resulting in time-delayed particle
crushing. A number of authors have stated that these late events of
crushing are responsible for creep deformation in granular assemblies
(Lade and Karimpour, 2010; Brzesowsky et al., 2014; Zhang and Bus-
carnera, 2017; Ovalle, 2018; Sohn and Buscarnera, 2019; Andò et al.,
2019; Ovalle and Hicher, 2020). While the effects of particle size on
shear strength and total deformation have been widely studied, the
impact of particle size on creep deformation is still poorly understood,
and recently limited studies have been reported on this topic (Xu et al.,
2019; Zhou et al., 2019; Chen et al., 2021). Moreover, few works have
also included the effects of humidity on creep deformation of crushable
granular materials (Oldecop and Alonso, 2003; Alonso et al., 2016;
Osses et al., 2021; Mao et al., 2023) and empirical evidence of the
coupled effects of particle size and humidity on creep deformation are
rare (Alonso et al., 2005).

The aim of this paper is to identify the combined effects of particle
size and humidity (through varying total suction) on the compressibility
and creep of crushable mine WR material. Saturated and partially
saturated oedometric tests are presented using the parallel grading
technique, in order to compare the results on two scaled samples of the
same material: sandy and gravelly fractions. The effects of stress level,
total suction and particle size on time-dependent deformation are
analyzed and discussed.

2. Experimental framework for unsaturated coarse granular
materials through total suction control

According to the SCC theory, the degree of humidity that could have
a corrosive effect occurs at the tip of stressed microcracks within solid
rock particles. In partially saturated crushed rock having sizes of sands
and gravels, matric suction (s, defined as the difference between air
pressure and water pressure) typically varies around 10 to 100 kPa and
is carried by surface tension in a curved gas-liquid interface on

interparticle wetted contacts (i.e. capillary bridges) (Fredlund and
Rahardjo, 1993). Under this condition, one can reasonably assume that
intraparticle voids and microcracks remain saturated with water,
because those low values of s are not high enough to drain water from
such microscopic voids. However, a significant increase in suction might
be able to reduce humidity in microcracks, eventually decreasing the
degree of crack corrosion. This can be achieved by drying the material
up to a point where no capillary meniscus interaction lasts between
grains, while a liquid phase could still exist within microcracks. This
condition can be reached by controlling air humidity, imposing air
advection transport through the pores, and allowing intraparticle liquid
to be in equilibrium by vapor diffusion with the air of the interparticle
voids (Oldecop and Alonso, 2003). For this purpose, a convenient
alternative is the vapor control technique, where relative humidity (RH)
of the air is in equilibrium within a closed system of constant vapor
mass. Thus, total suction (ψ), which includes matric suction (s) and os-
motic suction (π, related to ionic concentration of pore water), can be
estimated by Kelvin’s law (Fredlund and Rahardjo, 1993):

ψ = s+ π = –
RT
vw0ωv

ln(RH) (1)

where T is temperature, R is the universal gas constant (8.31432 J/[mol
K]), vw0 is the specific volume of water, or the inverse of the water mass
density (1/ρw m3/kg) and ωv is the molecular mass of the water vapor
(18.016 kg/mol). According to Eq. 1, a given ψ can be targeted by
controlling constant RH in a system where liquid and gas phases are at
equilibrium. Control of air RH in a closed system can be assessed by
allowing air to come into contact with saline solutions (Blatz et al.,
2008). The method is based on the fact that water is present in both gas
and liquid phases, while salt molecules can be found only in liquid. Thus,
dilution of salts prevents that water molecules escape into the air and
affect their concentration in the gas. By changing the chemical compo-
sition of the salt and its concentration in the liquid phase, one can vary
the air RH in the system at equilibrium.

3. Mine waste rock material

The material tested was sampled from an iron mine in the Hamersley
province, located in the Pilbara region of Western Australia. The
Hamersley area contains the most extensive Banded Iron Formations
(BIF) globally, deposited about 2400 million years ago in the late
Archaen early Proterozoic era and extending over about 120,000 km2

(Morris, 1993; Duuring et al., 2017). Mineralization is also found in
channel iron deposits, which are fluvial deposits generated from un-
consolidated layers rather than basement rocks, and typically covered
by unmineralized BIF clasts (Kepert et al., 2010). The sampled material
consists of Neogene alluvial and colluvial sediments that partly cover
channel iron deposits. These sediments are typically originated from
weathering, erosion and transportation of BIF rocks. As shown in Fig. 1,
the samples involve alternate beds and laminae of haematite or
magnetite and chert in the range of 1 mm. The specific gravity of solids
(Gs) is correlated with particle size, fine particles being denser than
coarse ones: Gs = 3.87 for grains finer than 4,75 mm, while coarser
grains have Gs = 3.32. An X-ray Diffraction (XRD) test was performed in
a D2 Phaser Bruker AXS powder diffractometry at 30 kV and 10 mA,
using Cu–K (alpha) radiation. Fig. 2 presents the XRD analysis using the
X’Pert HighScore Plus software, which indicated that predominant
phases are silica in the form of Quartz and Haematite.

Linero et al. (2017) analyzed the shapes of PilbaraWR particles using
three descriptors: elongation I/L, flatness S/I and roundness Rr; where L,
I and S are the largest, the intermediate and the shortest dimensions of
individual particles along three perpendicular axes, and Rr is defined
according to Wadell (1932) as the relative sharpness of particle corners.
All particles in between 1 and 50 mm in size have similar elongation of
0.8 < I/L < 1 and classify as sub-rounded with 0.25 < Rr < 0.5. Linero
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et al. (2017) indicated that larger particles tend to be more platy or
discoidal (i.e. less elongated and flatter) than smaller particles. The
laminated fabric of the natural rock, which explains the variability in
flatness ratio with particle size, promotes particle breakage following
the lamination, i.e. perpendicular to their thickness (dimension S).

As shown in Fig. 3, two samples were selected from the material,
corresponding to gravelly G and sandy S fractions, having parallel par-
ticle size distributions (psd) and coefficient of uniformity Cu = 2. Ac-
cording to the ASTM D2487-17, 2020 standard, the coarser G material,

with dmax=50 mm and minimum particle size dmin=9.5 mm, classifies as
gravel, while the finer material classifies as sand, having dmax=2.36 mm
and dmin=0.3 mm. Both samples contain particles classifying as flat
blocks, and mean values of flatness ratio S/I slightly vary from 0.55 for
sandy fraction to 0.45 for the gravelly fraction. Hence, it can be assumed
that the shapes of the grains are similar along the range of particle sizes
contained in sandy and gravelly fractions.

Fig. 4 shows the water retention curve (WRC) of the sandy fraction
(0.3 < d < 2.36 mm), defined in terms of gravimetric water content
versus total suction. Samples were prepared using 3 layers of 40 mm in
diameter and 5 mm in height. Compaction of each layer to an average
void ratio of e= 0.897 was achieved by vibration under constant vertical
stress given by a 2 kg. The WRC was obtained by exposing samples to
controlled wetting and drying paths using the vapor transfer technique
(Blatz et al., 2008). After achieving moisture equilibrium with the sur-
rounding vapor phase (relative humidity or total suction), each sample
was placed inside a dew-point psychrometer (WP4C: Decagon Devices®,
2018) to measure total suction); more details of the experimental pro-
cedure can be found in Osses et al. (2021). Experimental results in Fig. 4
were fitted with the van Genuchten model proposed by Jacinto et al.
(2009):

ω = ωsat

[

1+

(
ψ
P0

)
1

1− α

]− α

(2)

where ωsat is the gravimetric water content at saturated conditions, and
P0 and α are fitting parameters shown in Fig. 4 for wetting and drying
paths. A value of ωsat = 2.9% was fitted and ω of the rock particles for
total suction of 340MPa is around 0.5%. Note that these values are given
for ψ > 0.2 MPa and correspond to water storage capacity of crushed
rock materials within intraparticle voids. The results are in a similar
range compared to slate crushed rock particles tested by Oldecop and
Alonso (2003) and andesite rock particles reported by Osses et al.
(2021).

It is worth noting that the range of total suction applied in the tests
(from 0 to 340 MPa) covers a broad spectrum of field conditions. For

Fig. 1. Pictures of polished fragments (grey grains are haematite and magnetite, red and orange material is chert). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 2. XRD analysis of crushed Pilbara waste rock material.
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instance, environmental data in very dry areas, such as the Mojave
Desert in the United States of America, the Atacama Desert in northern
Chile, the Sahara Desert in Africa or the Pilbara region in Western
Australia, can reach air RH as low as 10%, which corresponds to total
suction values of >300 MPa at temperatures above 20 ◦C. Humid and
rainy areas, such as tropical regions, can easily present RH of 95%, thus
ψ of around 10 MPa. Therefore, the values tested in our study attempt to
cover all those diverse conditions, in order to enhance the knowledge of
environmental effects on the mechanical degradation of crushable
material.

4. Oedometric compression tests

4.1. Sandy fraction (S)

Small-scale oedometer tests on specimens prepared with sandy

fraction were performed in a cylindrical rigid cell of 48 mm in diameter
and 20 mm in height, installed in a front-loading frame. Samples were
prepared at eo = 0.897 using the same procedure followed to obtain the
WRC. Vertical stress increments were applied in steps as follows: 0.010
→ 0.025 → 0.05 → 0.1 → 0.2 → 0.4 → 0.8 → 1.6 → 3.2 MPa. Each stress
was maintained during 24 h aimed at assessing secondary compression
behavior. For each load increment, vertical displacements were
continuously recorded for 24 h (1440 min), by sampling a vertical LVDT
transducer every 0.25 s through a data acquisition system.

Tests were carried-out at constant total suctions of ψ = 0 (fully
saturated), 150, 200 and 330 MPa. Table 1 presents the summary of the
tests. For ψ = 0 MPa, samples were flooded with deionized water 30 s
after of the application of the first stress increment. On the other hand,
unsaturated conditions were applied by means of the vapor transfer
technique system shown in Fig. 5a (Osses et al., 2021). In this setup, the
relative humidity of the air phase was controlled through a closed air-
flow circuit that pass through the sample in an oedometric test. The
circuit has an air pump that generates a circulating flow passing over a
saline solution. Two hygrometers are used in this system for monitoring
temperature and relative humidity of the air before and after passing
through the tested sample. Before applying the first stress increment, 4
days of stabilization of air humidity within the air circuit were allowed.
After this time, the readings of all hygrometers in the system were stable
and total suction was estimated using the psychrometric law (Eq. 1).
Fig. 8 shows that the air RH monitored in test S/330 was stable during
the whole testing period. Table 1 presents the saline solution used in
each unsaturated sample, as well as the stabilized RH value and ψ ac-
cording to Eq. 1. Specific details of the experimental setup can be found
in Osses et al. (2021). Each sample was sieved after testing to analyze
particle breakage through changes in the psd.

4.2. Gravelly fraction (G)

Large-scale oedometer tests on gravelly fractions were performed in
a large square rigid box of 720 mm × 720 mm and 600 mm in height. As
shown in Fig. 6, the box and its corresponding loading frame are part of a
large-scale direct shear apparatus (LDSA) developed at the University of
Newcastle in Australia (Linero et al., 2020). For the tests performed in
this study, the device was used only for vertical compression of samples
having 235 mm in height and placed in the upper half of the LDSA box.
Hence, the lateral jacks required for direct shear testing were simply not
activated. The system has three 929 kN load capacity vertical jacks that
apply three point loads over a 80 mm thick square steel plate placed on
top of the tested sample, and two large LVDT vertical displacement
transducers with a measurement range of up to 30 mm. Vertical loads

Fig. 3. Waste rock materials tested: (a) photo of typical rock particles separated
by size fraction and (b) particle size distributions of S and G materials.

Fig. 4. Water retention curve of the sandy fraction.
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are software-controlled in order to apply constant uniform stress on the
top steel plate, so that the summation of moments of all the loads
externally transmitted equals zero when calculated at the center of the
sample. Vertical stress increments applied in large-scale tests were the
same as for those used on sandy samples. A custom test control software
was developed in the LabVIEW platform; specific details of the load

control system can be found in Linero et al. (2020).
Tests on G samples were performed at constant total suctions of ψ =

0 (fully saturated), 30, 60 and 300MPa. As shown in Fig. 6a, to carry-out
tests on saturated samples the large box can be housed in a watertight
metallic bath containing the whole box. This bath was also used to
isolate the sample and install a closed air circuit for RH control. The

Table 1
Summary of tests on S and G samples.

Material Gs Test ID Saline solution Average RH (%) ψ
(MPa)

Max. σv (MPa) Dry density (g/cm3) Initial void ratio, e

Sandy fraction, S 3.82

S/0–1 – – 0 (sat.) 3.2 1.984 0.925
S/0–2 – – 0 (sat.) 1.6 2.081 0.836
S/150 dry NaCl 30 150 3.2 1.984 0.925
S/200 dry SiO2 26 200 3.2 1.984 0.925
S/330 dry KOH 9 330 1.6 2.039 0.873

Gravelly fraction, G 3.32

G/0–1 – – 0 (sat.) 3.2 1.742 0.906
G/0–2 – – 0 (sat.) 3.2 1.702 0.951
G/30 Saturated NaCl 85 30 3.2 1.716 0.935
G/60 Saturated NaBr 60 60 3.2 1.682 0.973
G/300 dry SiO2 10 300 3.2 1.761 0.886

Fig. 5. Testing device for sandy material: (a) layout of the vapor control loop in oedometric tests; (b) 48 mm diameter cell for sandy Pilbara WR samples; (c) air loop
for RH control.
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circuit is analogous to the one applied for sandy samples (Fig. 5), but
with the additional challenges of applying it to an existing large device,
which involves the implementation of greater number of air distribution
piping, sealing points and monitoring instruments. To force air flow
circulation through the gravelly sample, a pump was installed and
controlled by software that also record temperature and RH on two
hygrometers interconnected to the external piping. As illustrated in
Fig. 6c, the metallic bath was sealed with a 4-mm-thick geomembrane
using high resistance rubberized tape, to maintain the air system closed.
Two openings have been left for air inlet and outlet. The installation and
removal of the geomembrane was carried-out for each test. In order to
promote a uniform distribution of the air in the sample, the single air-
flow input was distributed in five pipes and located over a free space
left at the inner lower half of the LDSA box (Fig. 7a), allowed by four
arranged double T steel beams (Fig. 7b). In addition to RHmonitoring in
the external piping, two extra hygrometers with integrated dataloggers
were installed in the sealed metallic bath: one located in the lower space
left for air distribution (Fig. 7b) and another installed on the side of the
upper box (Fig. 7d). The double T beams also fulfilled the function of
supporting the lower base plate, on which the sample was arranged. To
allow the passage of airflow from the lower box to the upper box, 15 mm
thick perforated plywood battens were arranged over the perimeter of
the base plate (Fig. 7d). In order to ensure RH homogenization, in each G
sample the air humidity equalization process was maintained for 4 days,
after which stable values were read on the 4 hygrometers of the system.
Table 1 indicates the saline solution used for unsaturated samples, the
stabilized RH value and ψ according to Eq. 1. Fig. 8 presents the RH
recorded during the process, with stable values after the equalization
period and holding for 9 days of oedometric testing on each sample.

Samples were prepared in four layers of homogeneous material and
equal thickness. To minimize friction boundary effects, jelly vaseline
was applied on the inner walls of the box, and a 0.2 mm thick poly-
ethylene layer was placed on it. Each layer was filled by mixing in order
to achieve homogeneity of the psd. A wooden tamper was used for
compaction until reaching the target layer thick, corresponding to an
average void ratio of eo = 0.930 (see Table 1). Once the last layer was

compacted, the horizontality of the surface of the specimen was checked
with a spirit level and ensured by extra local compaction. Once the
target compaction was reached, the upper plate was lifted and placed on
the sample using an overhead crane, and the horizontality of the upper
plate was reevaluated. Finally, through the software-controlled system,
the vertical jacks were adjusted until generating a minimum uniform
contact pressure of 0.01 MPa as the first applied load. It is worth noting
that, compared to S samples, the higher average density achieved in G
samples is limited by flat wall effects in the squared box. Compared to
the circular small-scale oedometer, the configuration of the large-scale
box does not allow an optimal particle arrangement on the boundaries
of the sample. However, the compressibility curves and the analyses
presented later demonstrate that the strain-stress relationships before
yielding are reasonably similar. The main differences between the
behavior of S and G samples appear in terms of particle breakage after
yielding and time-dependent strains, which should not be significantly
affected by the initial density.

5. Results and analyses

Fig. 9 presents compressibility curves for all tests on sandy and
gravelly samples in terms of volumetric strain (εv) and vertical stress
(σv). Labeling of each test is defined as X/Y-N, where X is S for sandy or G
for gravelly material, Y is ψ in MPa and N is a correlative number only if
there is more than one test per X/Y pair. Accurate testing repeatability
was checked for ψ = 0 MPa in sandy samples for S/0–1 and S/0–2, and
G/0–1 and G/0–2 for gravelly samples (see Table 1).

The first observation in Fig. 9 indicates that sandy samples are
clearly less compressible than gravelly samples. Namely, volumetric
deformation of saturated samples at σv = 3.2 MPa is 6% and 15% for S
and G, respectively. According to size effects on grain crushing strength,
this result is mainly related to higher amount of particle breakage in the
coarser material. After testing, the amount of material finer than the
initial dmin is about 2% in saturated S material and >13% in saturated G
material. A quantitative assessment of the amount of particle breakage
decreasing with total suction in G samples is given in Fig. 10b, through

Fig. 5. (continued).
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the percent of the material finer than dmin (d < dmin= 9.5 mm) after
oedometric tests at σv=3.2 (MPa); the value decreases from around 13%
after the test at ψ = 0 MPa, to 9.5% at ψ = 300 MPa. A second obser-
vation of Fig. 9 reveals that, for a given material, compressibility in-
creases with suction decreasing, and the largest deformation at given σv
is always for saturated samples. For instance, at σv = 3.2 MPa volu-
metric deformation of unsaturated G samples at ψ = 30, 60 and 300MPa
is 11.5%, 12.0% and 12.5%, respectively, while for ψ = 0 MPa is be-
tween 14% to 15%. This result is expected if one assumes that SCC is the
main mechanism triggering grain fragmentation.

Fig. 11 presents time-deformation curves for different constant stress

during 24 h in specimens equilibrated at total suctions of ψ = 0, 150 and
200 MPa for sandy samples, and ψ = 0, 60, 300 MPa for gravelly sam-
ples. For each stress level, all cases are characterized by a sudden or «
instantaneous » significant volume reduction occurring during the first
seconds, followed by linear evolution of strains in logarithmic time scale
until the next stress increment (i.e. during 24 h of constant stress). The
latter is typically assumed to be secondary compression or creep
behavior (Oldecop and Alonso, 2003; Ovalle, 2018; Osses et al., 2021). If
one defines ti as the time elapsed between the application of the stress
increment and the end of instantaneous settlements (i.e. purely creep
settlements take place thereafter), the secondary compression index can

Fig. 6. Testing device for gravelly material: (a) LDSA frame and 720 mm × 720 mm box; (b) sample of gravelly Pilbara WR; (c) air loop for RH control.
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be obtained for t > ti as Cα = − Δe/
[
logt − logti

]
, as conceptually

illustrated in Fig. 12. According to the results in Fig. 11 and regardless of
the material or testing conditions, ti = 1 min has been chosen in this
paper for the following analyses. This assumption agrees with reported
tests in clean sands and gravels (Oldecop and Alonso, 2007; Ovalle,
2018; Sohn and Buscarnera, 2019; Osses et al., 2021), where purely
creep settlements have been reported after<1 min of constant stress. On
the other hand, the total strain evolution can be captured through the
compressibility index Cc = − Δe/Δlogσv (see Fig. 12).

Fig. 13 shows the values of Cα and Cc for each stress stage on every
test presented in this paper. As expected from the compressibility curves
in Fig. 9, Cc of S samples are much lower than the values of G samples. At
the highest vertical stress applied, Cc of S is between 0.05 and 0.15,
while the values of G are around 3 to 4 times higher. Moreover, for a
given material, the lower the total suction the higher the Cc. For
instance, the highest Cc values obtained for G samples at ψ = 0, 30 and
300 MPa are 0.45, 0.36 and 0.32, respectively. Regarding creep, in all
cases Cα strongly depends on ψ, which is consistent with the SCC
mechanism promoting more delayed breakage degradation at higher
humidity. Comparing the saturated against the driest case of G samples
at σv = 3.2 MPa, Cα decreases from a mean value of 0.0080 after tests at
ψ = 0 MPa, to 0.0038 at ψ = 300 MPa, which indicates that delayed
deformation is around twice in the saturated case. Also, Cα values are
around 4 times lower in S material, revealing that there is a clear particle
size effect on creep strains. As far as the authors know, the latter
empirical observation has been rarely reported in the literature.

Based on the empirical observation that time-dependent behavior of
a given material is directly related to its total compressibility, Mesri and
Godlewski (1977) proposed to characterize secondary compression
behavior through the Cα/Cc ratio. The authors proposed that, regardless
of the stress applied, its value can be considered as a material constant.
In other words, the uniqueness of the ratio Cα/Cc applies for both the
compression and recompression ranges. Mesri and Vardhanabhuti
(2009) reported values of Cα/Cc= 0.01 to 0.03 for crushable sands and
recently Osses et al. (2021) showed that the ratio decreases with
increasing suction. Fig. 14 illustrates that Cα/Cc for all tests presented in
this paper remain within the same previous reported ranges.

Hardening of crushable granular materials composed by elastic-
brittle particles occurs via two main mechanisms: particle irrecover-
able rearrangement and clastic yielding (McDowell and Bolton, 1998).

The clastic yield stress (σy) is defined as the stress that triggers the onset
of particle crushing. The tests on sandy fraction presented in this
research showed a notably low amount of particle breakage, as
confirmed by psd after testing shown in Fig. 10. A close comparison
between tests S/0–1 and S/0–2 -loaded up to a maximum σv of 3.2 MPa
and 1.6 MPa, respectively- shows that the percent of mass finer than dmin
is of 2% and 0.5%, respectively. Assuming that this degree of breakage is
negligeable for S/0–2, one can propose that the clastic yield stress of S
material is σy = 1.6 MPa, after which a low but non-negligible amount
of particle crushing can be measured. Concerning tests on the gravelly
fraction, εv − logσv plots of (a) saturated and (b) unsaturated samples
illustrated in Fig. 15 indicate that clastic yield stress of G material can be
set at σy = 0.1 MPa, where a clear shift of the compression curve is
observed when compared to the compressibility of S material. According
to the SCC mechanism, it is expected that σy should also depend on
suction. However, the magnitude of the stress increments applied in this
study do not allow to discriminate different yield stresses among satu-
rated and unsaturated samples.

6. Discussion

As previously stated, assessing material size effects and creep strains
in mine WR piles and open pit backfilling is of great importance to
guarantee the long-term stability of closure plans. Thus, the develop-
ment of predictive models is essential to advance safe designs. With the
aim of further analyze and understand the results of this study on S and
G materials, this section presents (a) a potential approach for size effect
estimation and (b) a decoupled analysis of instantaneous and delayed
strains to evidence size effect in creep strains.

6.1. Size effects

Since rock particles exhibit size effects in crushing strength, to create
the same amount of particle breakage (Br) in two scaled samples with
parallel grading (such as S and G) subjected to a given stress path, a
higher stress magnitude should be applied on the finer material S.
Building on this evidence and applying the weakest link concept pro-
posed by Weibull (1939), Frossard et al. (2012) developed a scaling law
to estimate the shear strength envelope of G based on test results on S.
This approach was later validated by Ovalle et al. (2014) using

Fig. 6. (continued).
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experimental data from different rockfill materials. Following the same
vein, Yin et al. (2017) demonstrated that the plastic works (wp) to reach
identical Br in S and G is given by the following relationship:

wp
G(Br) = wp

S(Br) •
(
dG
dS

)− α

(3)

where wp
S(Br) and w

p
G(Br) are the plastic works of S and G, respectively,

dS and dG are the characteristic particle sizes of S and G materials (e.g.,
dmax), respectively, and β is a Weibull parameter capturing size effect on
particle crushing strength. Several experimental results of lump and
point load tests on rock particles and sand grains have indicated β values
between 0.3 and 0.5, depending mainly on rock mineralogy (Nakata
et al., 1999; Lim et al., 2004; Ovalle et al., 2014). Note that, since dG >

dS and β > 0, Eq. 3 always gives wp
G(Br) < wp

S(Br).
On the other hand, if the same stress path is applied on S and G, the

latter will result in higher wp due to size effect in total compressibility (i.
e., in this case wp

G > wp
S). Then, hypothesizing that a relationship

equivalent to Eq. 3 can be suggested to link the plastic work of S and G
under such conditions, one can write

wp
G(σ) = wp

S(σ) •
(
dG
dS

)βʹ

(4)

where wp
S(σ) and wp

G(σ) are the plastic work after a given stress σ, and
βʹ > 0 is a scaling parameter reminiscent of Weibull’s theory. For the
sake of simplicity, one can assume βʹ = β. However, it is worth noting
that size effects assessment based on Weibull’s approach (Eq. 3) con-
siders primarily clastic hardening due to particle crushing strength
decreasing with size. Other mechanisms, such as particle rearrangement
and friction dissipation, are not considered analytically, but could be
included implicitly by calibrating βʹ other than β. According to these

Fig. 7. Set-up at the inner bottom of the LDSA box: (a) air flow distribution, (b) beams allowing bottom free space and bottom inner hygrometer, (c) bottom system
for airflow passage, (d) bottom steel plate and air flow and top inner hygrometer.
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terms, Eq. 4 can be employed to obtain a prediction of wp
G, as explained

hereafter.
The plastic work after an oedometric test on S is given by

wp
S(n) =

∑n

j
σv(j)Δεpv(j) (5)

where j is the correlative number of the stress increments (varying from
1→n), σv(j) is the cumulated stress magnitude at the j-increment, and Δ

εpv(j) is the plastic volumetric strain during the j-increment. In turn, Δεpv(j)
is obtained as

Δεpv(j) = Δεv(j) −
Cs

1+ eo
(
logσv(j) − logσv(j− 1)

)
(6)

where Δεv(j) is the total strain generated by the j-increment and Cs = −

Δe/Δlogσv is the swelling index of S material, which resulted in Cs =
0.013 for both S/0 and S/330 tests. Using data from tests on S in Eqs. 5
and 6, setting dG = 50 mm, dS = 2.38 mm and βʹ = 0.4 (i.e., simply
assuming βʹ = β, and using the mean β value reported in previous
studies), Fig. 16 presents the wp

G predictions of Eq. 4, after an oedometric
loading path between σv = 0.1 → 3.2 MPa. To compare tests under
similar conditions, the Figure includes the cases at the lower and the
highest total suctions used; namely, tests on S and G at ψ = 0 MPa are
compared, and tests on S at ψ = 330 MPa are compared against tests on
G at ψ = 300 MPa. The prediction of Eq. 4 is reasonably accurate,
suggesting that this approach is suitable for scaling up compressibility to
coarse materials.

Subsequently, the plastic strains on G for a given stress increment j
can be obtained by differentiation of the wp

G prediction:

Δεpv(j) =
Δwp

G(j)

σv(j)
(7)

Finally, the prediction of the total strain of G from j to n is obtained
by adding the increments Δεv(j) given by Eq. 6. For instance, using data

Fig. 8. Air RH records during equalization and oedometric testing on S and
G samples.

Fig. 9. Oedometric compression curves.

Fig. 10. Grading after testing: (a) psd after testing of all tests, and (b) percent finer than initial dmin = 9.5 (mm) after an oedometric test in G material at σv =

3.2 (MPa).
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from the compression curve of the test S/0–1, Fig. 15a displays the
prediction for G material at ψ = 0 MPa. Similarly, based on the test S/
330, Fig. 15b presents the estimated curve for G at ψ = 330 MPa. Both
evaluations give an accurate agreement with the experimental data for
different total suctions and represent a promising approach to assess size
effects. However, a validation of this method should be carried-out in
future studies after comprehensive testing on several materials and,
ideally, back analyses based on field monitoring of settlements under
varied environmental conditions.

Fig. 11. Time settlement curves of (a) S samples at ψ = 0, 150 and 200 MPa, and (b) G samples at ψ = 0, 60 and 300 MPa during oedometric compression.

Fig. 12. Conceptual partition between initial and delayed strains.
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6.2. Time-dependent behavior

Incremental volumetric total deformation (Δεv) after a given vertical
stress increment under oedometric compression can be decomposed in
instantaneous strains (Δεiv: incremental deformation at ti = 1 min) and
delayed (creep) strains (Δεdv(t): incremental deformation between ti and
t):

Δεv(t) =
{

Δεiv; t = ti

Δεdv(t) + Δεiv; t > ti
(8)

Δεiv includes reversible and non-reversible components, while Δεdv is
related to delayed events of particle damaging and crushing, which are
entirely plastic. A close observation of Fig. 11 allows to conclude that,
for a given material and testing conditions, instantaneous strains are
always higher than creep strains. For example, at σv = 3.2 MPa and ψ =

0 MPa, Δεiv ≈ 1.1% and Δεdv ≈ 0.8% in S samples, while Δεiv ≈ 4% and Δ
εdv ≈ 1.7% in G samples, which reveals a manifest scale effect. Further-
more, creep strains strongly depend on ψ , with significant increment of

Fig. 13. (a) Compression (Cc) and (b) creep (Cα) indexes.

Fig. 14. Compressibility index ratio Cα/Cc of all tests at each stress increment.

Fig. 15. Oedometric compression curves of S and G and scaling up predictions for G: (a) saturated samples and (b) unsaturated samples.
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Δεdv at higher suction; e.g., in G samples Δεid increases from 0.85% at ψ =

300 MPa to a mean value of 1.7% in saturated samples. This rarely re-
ported observation confirms that creep behavior is affected by particle
size effects.

During clastic hardening (i.e., σ ≥ σy), volumetric plastic strain in-
crements (Δεpv) after a vertical stress increment can be obtained by

adding instantaneous (Δεp
i

v ) and delayed (Δεp
d

v ) plastic strains:

Δεpv = Δεpiv +Δεpdv (9)

According to the definition in Fig. 12, creep strains can be computed
as

Δεpdv =
Cα

1+ eo
Δlogσv (10)

Owing to acceleration of the SCC mechanism at high humidity,
Fig. 13b illustrates that Cα depends on ψ . This is consistent with the
model of Oldecop and Alonso (2001), who suggested a suction depen-
dent secondary compression index. In order to verify the applicability of
the previous statement, Fig. 17(a) displays Cα after tests on G samples at
σv = 1.6 and 3.2 MPa. For a given σv, Cα clearly decreases with suction,
which is consistent with dryer samples presenting lower corrosion ef-
fects, therefore lower creep strains.

7. Conclusions

This paper presented experimental evidence of the effects of particle
size and suction on total and time-dependent deformation of crushable
granular materials. A series of oedometric compression tests on two iron
mine waste rock samples, prepared from the same material but with
parallel grading (sandy fraction S with dmax = 2.36 mm and gravelly
fraction G with dmax = 50 mm), were carried-out under saturated and
unsaturated conditions. S samples were tested in a standard oedometric
cell of 48 mm in diameter, while G samples were installed and compressed
in a large square box with a side of 720 mm. A closed air loop was set for
each testing device, in order to control the air relative humidity within the
unsaturated samples and thus calculate the total suction through Kelvin’s
law, obtaining values from 0 to 330 MPa. Vertical stresses applied varied
from 0.01 to 3.2 MPa, and each stress increment was maintained during
24 h to measure creep deformation. The effects of the stress level, total
suction and time on compressibility were analyzed and discussed. The
main conclusions of this study are the following:

- For a given particle size distribution, total compressibility and creep
deformation increased with decreasing suction, certainly due to
degradation caused by Stress Corrosion Cracking (SCC).

- For a given suction, total compressibility was higher in G compared
to S material, due to increasing grain breakage in coarser samples.

- For a given suction, creep deformation increases with particle size.
This result contributes to a better understanding of the rarely re-
ported phenomenon of size effect on time-dependent behavior of
crushable granular materials.

Summarizing, the results have confirmed that the mechanical
degradation of crushable granular materials is influenced by the effects
of particle size and SCC mechanism. Several research works have
focused separately on size effects and time-dependent behavior, how-
ever, this research offers a valuable step forward toward a better un-
derstanding of the combined mechanisms in a given material. For
engineering designs, it becomes important to define the humidity range
to which coarse granular fill will be subjected in the field, in order to
characterize the material under such conditions. Then, if the real ma-
terial has oversized clasts and small-scaled samples must be used for
laboratory characterization, the results could underestimate the
compressibility of the real coarser material and higher creep strains
should be expected in the field. These results should be verified for
different materials and extended to other stress paths, such as triaxial
shearing. Afterwards, scaling laws based on Weibull’s theory could be
proposed. Nonetheless, given the drastic particle size reduction from
potential field conditions, validation against in situ monitoring will be
essential.
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267–285.

Alonso, E., Romero, E., Ortega, E., 2016. Yielding of rockfill in relative humidity-
controlled triaxial experiments. Acta Geotech. 11 (3), 455–477.
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