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eUniversity of Newcastle, Faculty of Engineering and Build Environment, Australia

Received 1 July 2020; received in revised form 28 July 2021; accepted 22 September 2021
Available online 11 October 2021
Abstract

Recent works have shown that delayed events of particle crushing are partially responsible of creep deformation in granular materials,
and that Stress Corrosion Cracking promoted by high humidity within particles is the source of this mechanism. A number of experi-
mental studies have focused on creep behaviour of water saturated samples and wetting-deformation after soaking dry material. How-
ever, there are few evidences of the effect of varying total suction in time-dependent deformation of partially saturated crushable
material, and this mechanism have been rarely considered in constitutive models. The aims of this paper are to present experimental evi-
dence of the effect of total suction on compressibility and creep of sandy sized samples from crushed rock, and to propose a simple one-
dimensional elasto-plastic modelling approach based on the enhancement of an existing model. Oedometric compression tests at different
total suctions are presented. The results show that compressibility and creep strains increase with both stress and humidity. The model
proposed uses a time-dependent hardening law coupling suction with the amount of particle breakage. Based on preliminary calibrations,
the model captures the effect of suction and time-dependent behaviour over a large range of total suction.
� 2021 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Time-dependent deformation in crushable granular
materials has been monitored in diverse geotechnical struc-
tures such as rockfill dams (Parkin, 1991; Alonso et al.,
2005), railway ballast (Indraratna et al., 2011), piles
(Leung et al., 2011), surface subsidence of deep reservoirs
(Brzesowsky et al., 2014), slip stability of fault gouges
(Main and Meredith, 1991), among others. Although these
https://doi.org/10.1016/j.sandf.2021.09.006
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observations have motivated a number of experimental
studies (Sowers et al., 1965; Lee and Farhoomand, 1967;
Nobari and Duncan, 1972; Lee and Coop, 1995; Ovalle
et al., 2013), this phenomenon has been rarely incorporated
in constitutive models for crushable granular materials.

Based on the pioneering work of Scholz (1968), who sta-
ted that creep in brittle rocks is due to time-dependent
cracking, a number of geotechnical researchers have
hypothesized that creep in granular materials (i.e. sec-
ondary compression upon constant loading) is mainly
due to particle breakage evolving in time (e.g., Oldecop
& Alonso, 2001; Lade and Karimpour, 2010; Ovalle
et al., 2015; Sohn and Buscarnera, 2019). This approach
is supported experimentally by particle size distribution
Japanese Geotechnical Society.
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(PSD) analyses before and after loading tests. For instance,
Takei et al. (2001) reported observations of time-dependent
crushing on 2D granular samples composed by chalk and
talc cylinder bars, showing that late crushing events at
the grain scale are predominantly responsible for creep
strains at the macro-mechanical scale. Recently, Andò
et al. (2019) gave strong support to this statement, report-
ing X-ray tomography observations of delayed grain frag-
mentation events during creep tests on sand.

A number of experimental studies on granular soils have
focused on creep behaviour after wetting-deformation due
to soaking (Sowers et al., 1965; Lee and Farhoomand,
1967; Nobari and Duncan, 1972; Marsal, 1973; Lee and
Coop, 1995; Brzesowsky et al., 2014; Chen et al., 2020).
However, only few works have reported the effect of partial
saturation over a wide range of total suction (Oldecop and
Alonso, 2001, 2004; Chávez and Alonso, 2003; Alonso
et al., 2016; Osses et al., 2019), despite its importance for
the development and calibration of constitutive models
for partially saturated crushable materials.

Elasto-plastic constitutive models for crushable soils
typically include breakage-dependency on critical void
ratio and/or hardening variables (Daouadji et al., 2001;
Muir Wood et al., 2009; Kikumoto et al., 2010; Daouadji
and Hicher, 2010; Hu et al., 2011; Xiao and Liu, 2017;
Yin et al., 2017; Ovalle and Hicher, 2020). However, few
attempts have been made to model creep in crushable
materials. Among these works, Oldecop and Alonso
(2007) settled a conceptual model based on Stress Corro-
sion Cracking (SCC) concept, Bauer (2009) proposed a
hypoplastic model with time-dependent solid hardness,
and recently Zhang and Buscarnera (2017) developed a
thermomechanical model incorporating rate-effects accord-
ing to SCC. Nevertheless, further developments are still
required to include creep behaviour of crushable granular
materials within mathematical frameworks such as elasto-
plasticity, aimed at improving the reliability of geotechnical
predictions for rockfill materials. Fu et al. (2019) presented
a recent approach in this sense, however, since particle
breakage is responsible of a significant part of creep defor-
mation, physical based modelling approaches should be
also focused on time-dependent breakage.

This paper has two main objectives: (1) to present exper-
imental evidence of the effect of total suction on compress-
ibility and creep of sandy sized samples from crushed rock,
and (2) to propose a simple one-dimensional compression
elasto-plastic constitutive model considering particle
breakage and creep deformation. A series of oedometric
compression tests on partially saturated sandy soil from
crushed rock are presented. In these tests, total suction
was imposed during one-dimensional compression by con-
trolling the relative humidity of the air in contact with the
specimens via the vapour transfer technique. The range of
total suction applied varies from 0 (fully saturated condi-
tions) to 340 MPa. The results are used to calibrate a
time-dependent hardening law for one-dimensional com-
pression modelling, coupling the amount of particle break-
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age with suction in order to model compressibility and
creep.

2. Stress corrosion cracking and relative humidity effects in

granular geomaterials

Oldecop and Alonso (2001, 2007) postulated that creep
settlements generated by delayed events of particle crushing
are caused by the phenomenon of SCC (Atkinson, 1984),
occurring at pre-existing cracks (intraparticle microcracks)
within grains. According to the SCC concept, crack tips in
stressed grains are slowly corroded by water or humid envi-
ronments, increasing crack growth velocity and thus trig-
gering deferred fragmentation. The chemical action of
water can be evaluated in terms of the relative humidity
(RH) of the air in contact with grains. The effect of the
RH on crack propagation velocity is commonly expressed
through the following general expression (Freiman, 1984;
Atkinson and Meredith, 1987; Oldecop and Alonso, 2001):

V ¼ V 0 RHð Þexp �Ezþbkð Þ=RT½ � ð1Þ
where V is the crack propagation velocity, RH is the rela-
tive humidity of the air in contact with the tested material,
k is the stress intensity factor in the crack, T is the absolute
temperature, Ris the gas constant and V 0, E� and b are con-
stants estimated through fitting of experimental data.

On the other hand, when a specimen reaches equilibrium
with the environment it has been exposed to, it is possible
to estimate the total suction (w) generated by the surround-
ing RH using Kelvin’s law (Fredlund & Rahardjo, 1993):

w ¼ sþ p ¼ � RT
vw0xv

ln RHð Þ ð2Þ

where s is the matric suction produced by capillary effects,
p is the osmotic component of suction which considers the
presence of solutes within the pore fluid, 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=qw m3/
kg) and xv is the molecular mass of the water vapour
(18.016 kg/mol). In cases where the presence of solutes
within the pore fluid is negligible, the osmotic component
of suction is not considered and therefore the total suction
is assumed to be controlled by capillary effects acting at
intraparticle and interparticle levels.

Therefore, the humidity that matters for the SCC phe-
nomena to occur is that inside intraparticle cracks, which
can be managed by controlling the air RH of interparticle
voids using the vapour transfer technique (Blatz et al.,
2008), where target RHs are produced using saline solu-
tions. According to Eq. (2), unsaturated conditions cover-
ing a large range of total suction can be reached by
controlling constant RH in a system where liquid and gas
phases are at equilibrium. When a specimen is exposed to
a change in RH within a closed system, water transfer takes
place through the vapour phase by pure diffusion or advec-
tion until equilibrium is achieved. The specimen will absorb
water if the RH within particles (intraparticle voids) is



Table 1
Geotechnical parameters.

Group Parameter Value

Initial grading dmax(mm) 2.00
dmin (mm) 1.18
Cu 1.3

Specific gravity Gs 2.65
Relative density emax 1.258

emin 0.789
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lower than the RH of interparticle voids. Upon wetting,
water vapour will condensate inside small pores but also
at contact points between particles, reducing suction gener-
ated by surface tension at the air/water interface and, at the
same time, accelerating the propagation of microcracks
within particles. Upon drying, the low RH of the vapour
phase will promote a release of moisture and water could
remain within intraparticle cracks (Fig. 1), thus delaying
crack corrosion according to Eq. (1). The most favourable
condition for SCC will occur at RH = 100%, which also
means that w vanishes in Eq. (2); theoretically this condi-
tion can be achieved under fully water saturated condition.
Fig. 2. Initial PSD of the sandy fraction of Colina crushed rock.
3. Laboratory program

3.1. Material tested and sample preparation

The material was collected from a quarry near the town
of Colina in the Metropolitan Region of Chile. This rock is
often used as dyke construction material and railway bal-
last, as well as decorative purposes. It corresponds to
Andesite, an extrusive rock belonging to the Volcanic
Group of the Oligo-Miocene era. Characteristic crystalline
mineral phases of the material were identified with X-ray
diffraction (XRD) using a powder diffractometry (D2 Pha-
ser, Bruker AXS, Germany) at 30 kV and 10 mA using Cu-
K(alpha) radiation. XRD analysis confirms that the main
components are silica in the form of Quartz and feldspar
in the form of Anorthite, which is expected in Andesite
igneous rocks.

Tests presented in this paper were carried-out on sandy
sized samples taken from the Andesite Colina crushed
rock, constituted by the size fraction from 1.18 to 2 mm,
and classifying as poor graded sand (SP) according to the
Unified Soil Classification System. Table 1 includes index
properties while Fig. 2 presents the PSD of the material
and illustrates the angular and flatty elongated shapes of
the crushed particles, which should make them significantly
Fig. 1. Schematic unsaturated states of rock particles.
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vulnerable to breakage (Xiao et al., 2019; Ovalle and Dano,
2020).
3.2. Water retention curve (WRC)

The WRC of the tested rock particles, defined in terms
of the gravimetric water content x (weight-based content)
vs. w, was obtained by exposing specimens to controlled
hydraulic paths using the vapour transfer technique. This
was achieved by means of a closed air system in which
the vapour mass remains constant and water vapour could
be absorbed by rock particles. Note that, in order to study
the effect of the material humidity on particle crushing and
compressibility, according to the SCC concept the relevant
values of x are related to the intraparticle water storage
capacity, in other words, humidity within microcracks of
single crushed rock particles.

The estimation of the WRC followed a multi-stage
approach. Starting from an unsaturated state, wetting
(i.e. reduction in w) was achieved by exposing samples to
water vapour for different lengths of time. To do so, cylin-
drical specimens were placed into sealed containers par-
tially filled with deionized water which produces a RH �
98% (see Fig. 3). When target values of water content



Fig. 3. Scheme of the sealed container for controlling the RH via the
vapour transfer technique on cylindrical samples of sandy sized samples of
Colina crushed rock.
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change are reached, the samples were extracted, sealed and
stored at controlled conditions for at least 48 h to allow
them to reach suction equilibrium prior weighting and
measuring the total suction using the WP4C dew-point psy-
crometer (Decagon Devices�, 2018). This device measures
the temperature at which condensation first appears
(dew-point temperature) when a sample reaches equilib-
rium with the surrounding air within the housing chamber.
Each measurement of total suction with the WP4C psy-
crometer took around 15 min. Drying was applied by
exposing the samples to a RH�15% (using silica desiccant
beads into the sealed containers, see Fig. 3) until a target
water content was achieved. The same equalization period
(48 h) was adopted during the drying path prior measuring
total suction with the WP4C psycrometer. The aforemen-
tioned process was repeated until measured suction was
close to the upper ( 300 MPa) and lower ( 0.05 MPa) limits
of the WP4C device.

Fig. 4 presents the wetting and drying branches of the
WRC obtained from two identical samples. Experimental
Fig. 4. Water retention curve.
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results have been fitted using the van Genuchten-type
model proposed by Jacinto et al. (2009):

x ¼ xsat 1þ w
P 0

� � 1
1�a

" #�a

ð3Þ

where xsat is the gravimetric water content at saturated
conditions, and P 0 and a are fitted parameters shown in
Fig. 4 for wetting and drying paths. A value of
xsat ¼ 1:65% was fitted and the results indicate that x of
the crushed rock particles for total suction of 340 MPa is
around 0.3%. These values are consistent with the fact that
water storage capacity of crushed rock materials is mainly
controlled by intraparticle voids, and are in a similar range
compared to slate crushed rock particles tested by Oldecop
& Alonso (2001) and waste rock particles from iron mining
reported by Osses et al. (2019). Note that the range of x
from 0.3 to 1.65% results in very low degrees of saturation
of 1–5%, respectively (i.e. ratio of volume of water and vol-
ume of interparticle voids), because water is being stored in
microscopic volumes of intraparticle cracks, while interpar-
ticle voids remain filled with humid air. However, such low
changes of x could lead to significant variations on particle
breakage and creep (Oldecop & Alonso, 2004). Therefore,
to characterize the material state reflecting the effect of
humidity on intraparticle cracks it is more appropriate to
use w (Oldecop & Alonso, 2001; Alonso et al., 2016), which
varies over a large range up to 340 MPa in this study.

3.3. Oedometric compression tests

Samples for oedometric compression tests were pre-
pared by dry tamping using two layers of 10 mm in height,
targeting a relative density of 80% (i.e. void ratio of
e ¼0.883). Oedometer tests were performed in a stainless-
steel cell of 63 mm in diameter and 20 mm in height. The
high initial relative density chosen to avoid possible scatter-
ing in the initial density of loose samples, eventually caused
by densification due to slight disturbance during sample
preparation and during installation in the oedometer appa-
ratus. Some samples were dismantled after preparation
with the aim of checking if particle breakage could take
place during preparation. The results indicated that the ini-
tial PSDs were unchanged when compared with the mate-
rial after sample preparation and after emax and emin

testing.
Compression tests were performed by applying vertical

stress increments to a standard double drainage oedometric
cell installed in a classical front-loading frame. The follow-
ing vertical stress increments were applied: 10, 25, 50, 100,
200, 400, 800 and 1600 kPa. Each increment was main-
tained for 24 h and the higher value corresponds to the
maximum loading capacity of the apparatus. In order to
control the RH within the compressed samples, we used
the vapour transfer technique and w was calculated using
Eq. (2) with the measured values of air RH at equilibrium
in the closed system described hereafter.



Fig. 5. Air flow system for vapour control in the oedometric test.
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A forced-convection system composed of an air pump
connected to a vessel with saline solution and to the top
and bottom drainage lines of the oedometer cell was
designed and implemented to circulate water vapour
through the specimen (see Fig. 5). To avoid modifications
in the target RH, a pressure regulator was installed to
maintain the air pressure generated by the pump at a con-
stant low value of 2 kPa. In this system, two hygrometers
monitor temperature and RH within the closed loop. Fol-
lowing the air flow direction, the first hygrometer controls
the RH of the air before entering the sample, and the sec-
ond one measures the RH of the air after passing through
the specimen and been recirculated to the vessel containing
the saline solution. According to existing correlations
between chemical compositions of salts and RH at equilib-
rium (Romero, 2001), different saline solutions were used in
order to cover a wide range of RH from 9 to 95%, as pre-
sented in Table 2, where x after equilibrium was estimated
Table 2
Experimental tests.

Test
ID

Initial void
ratio, e0 (1)

Saturated
saline solution

Average
RH (%)

Total suction,
w (MPa)

340 0.880 NaOH (2) 9 340
260 0.879 KOH 15 260
130 0.881 MgCl2 39 130
70 0.878 NaOH 66 70
70r 0.884 NaBr 66 70
10 0.881 K2SO4 93 10
0 0.877 (3) 0
0r 0.882 (3) 0

(1) target value:e0 ¼ 0:883.
(2) dry salt, all the rest were saturated solutions.
(3) samples saturated with demineralized water.
(4) x after RH equalisation for unsaturated tests and after soaking for fully s
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from the WRC presented in Fig. 4. The vessel contained
saturated saline solutions, except for the driest test, where
a dry NaOH salt was placed in the vessel to reach an aver-
age value of RH = 9%.

Each test was carried-out under constant RH. Before
applying the first load increment, an equalization period
was allowed in the air loop containing sample in the
oedometer cell, in order to achieve the stabilisation of the
air humidity within the closed system by recording a con-
stant RH in the hygrometers; this period was of 2–3 days,
depending on the final value of RH. Once RH was stable,
additional 3 days of equalisation were allowed to ensure
that the system could maintain stable conditions. Then,
the vertical stress increments were applied during 8 succes-
sive days (i.e. 24 h of constant stress for each increment).
Finally, the unloading stage was completed in 4 successive
days. Fig. 6 illustrates that RH recorded was reasonably
stable during 15 days of testing for each sample (3 days
Gravimetric water
content, x(%) (4)

Particle breakage
index, Br (%)

Plastic work,
wp (MPa)

Ca=Cc

0.48 – 0.0347 0.0227
0.68 1.8 0.0385 0.0256
0.58 2.4 0.0399 0.0255
0.64 3.7 0.0422 0.0277
0.64 2.8 0.0354 0.0254
0.90 4.4 0.0498 0.0351
33.3 4.8 0.0568 0.0437
33.3 4.0 0.0669 0.0313

aturated.



Fig. 6. Monitored RH during 15 days of testing.
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of RH equalisation +8 days of loading +4 days of unload-
ing), where total suctions were obtained according to Eq.
(2).

Two samples were also tested under fully water satu-
rated conditions (i.e. w ¼0) using demineralized water
(see Table 2). This condition ensures that there is no matric
suction acting on interparticle contacts, therefore the
results are comparable with the samples tested under total
suction control (i.e. controlling intraparticle w through RH
and Eq. (2)), where interparticle pores have no liquid water
affecting the effective stress state due to capillary effects.
Specimens were soaked with demineralized water and an
equalization period of 3 days was allowed before loading.
The same stress path as for the rest of the tests was applied
(i.e. 24 h for each increment).
Fig. 7. Oedometric compression curves.
3.4. Experimental results and discussion

Fig. 7 shows the compressibility curves (e� logrv) for
eight one-dimensional compression tests carried out at dif-
ferent total suctions. The repeatability of the tests was
checked for water saturated conditions (w ¼0) and total
suction of 70 MPa (tests 0r and 70r in Fig. 7 and Table 2).
Overall, Fig. 7 shows an increase in compressibility with
decreasing total suction. Nevertheless, this effect is less dis-
cernible for total suctions w �70 MPa where the moisture
content estimated from Fig. 4 is less than 0.7%. The mag-
nitude of this suction limit (w ¼70 MPa for the current
case), where only low changes in compressibility are
obtained under drier conditions, will strongly depend on
the water retention properties of the material; for instance,
it could occur at higher w in a material with thinner micro-
cracks. Fig. 8 presents the final PSD estimated after testing,
confirming that particle breakage increases with decreasing
1586
total suction, which is consistent with the SCC concept. In
other words, increasing intraparticle humidity (or RH)
promote crack corrosion as indicated by Eq. (1). Thus,
finer particles are created by grain fragmentation and the
material reaches a denser condition for a given stress level,
when compared with a drier sample. It is worth noting that,
even if fully saturated tests are the most compressible, their
final PSDs are similar to the one for the specimen tested at
w ¼10 MPa. This is probably due to water acting as lubri-
cant at inter-particle contacts, contributing to increased



Fig. 8. Particle size distributions before and after oedometric testing.

Fig. 9. Time-settlement for tests at (a) w = 0 MPa, (b) 70 MPa and (c)
340 MPa.
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compressibility by enabling particles sliding and rearrange-
ment (Xu et al., 2007).

Fig. 9 shows time-deformation data recorded for differ-
ent loading steps for specimens equilibrated at total suc-
tions of w ¼ 0, 70 and 340 MPa. This figure can be used
to estimate the secondary compression index
Ca ¼ �De=D log t for each loading step. The results indi-
cate that Ca can be estimated after 0.1 min irrespective of
the stress level applied and reveals that, after a short period
of time (here of 0.1 min), the deformation mechanism is
mainly due to secondary compression. This behaviour is
in agreement with the high hydraulic conductivity expected
for the clean sand tested in this research, which should be
in the range of 0.1–0.5 cm/s since the material classifies as
uniform sand without fines (Lambe and Whitman, 1969;
West, 1995). Thus, it is reasonable to assume that primary
consolidation is achieved within the first seconds after
loading. Similar behaviour was obtained in previous works
on granular uniformly graded samples without fines, such
as rockfill (Oldecop and Alonso, 2007), sand fraction of
crushed rock (Ovalle et al., 2015) and quartz sands (includ-
ing round Ottawa quartz sand) (Sohn and Buscarnera,
2019), where the authors also assumed that the time-lapse
for primary consolidation was negligible. Therefore, in this
study Ca values were calculated between 0.1 and 1440 min.

It could be expected that if constant vertical stress is
maintained for additional time (>24 h), more particle
crushing events should produce more creep strains, eventu-
ally slightly altering the compressibility curve. However,
empirical evidence shows that the PSD evolves to an ulti-
mate state under very high plastic work (Turcotte, 1986;
Nakata et al., 2001; Coop et al., 2004), where crushing
and creep strains should stop. Nevertheless, there is no
experimental evidence of such an ultimate state under creep
of crushable granular materials and, according to the low
changes of the PSD produced by creep in 24 h (Sohn and
1587
Buscarnera, 2019), it seems that an ultimate state should
require a significant amount of time to be achieved. This
could explain why rockfill dams continue to settle after
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more than 40 years of construction (Parkin, 1991; Alonso
et al., 2005).

Fig. 10 presents the compression index
Cc ¼ �De=D log rv and Ca for each stress increment in all
tests. Despite of some scatter observed at low stress levels,
a clear trend is observed at high stresses, where Cc and Ca

increase with vertical stress and RH (reduction in w). The
effect of w on Cc is evident when comparing the compres-
sion curve of the test at w ¼10 MPa with less compressible
drier tests at w � 70 MPa. As expected, tests at w ¼0 MPa
Fig. 10. Indexes for (a) total and

Fig. 11. Compressibility index ratio: (a) all tests and stress incr
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shows the higher Cc. Increasing Ca with decreasing total
suction agrees with the hypothesis that creep is promoted
in humid environments, due to both higher corrosion and
crack growth velocity.

Fig. 11a shows the ratio Ca=Cc for all the tests presented
in this paper. The Ca=Cc concept proposed by Mesri and
Godlewski (1977) has great importance in soil compress-
ibility because it defines secondary compression behaviour
of any soil in terms of a constant Ca=Cc ratio (see also
Mesri and Castro, 1987). The concept is based on the
(b) secondary compression.

ements and (b) best fitting for Ca=Cc at each total suction.
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empirical observation that the magnitude of Ca ant its evo-
lution with time is directly related to the magnitude of Cc

and its variation with vertical stress under oedometric com-
pression. For this study, Fig. 11a confirmed that a constant
Ca=Cc can be observed for the material tested at a given w.
Moreover, it can be observed that tests at w � 70 MPa are
within the range of Ca=Cc proposed by Mesri and
Vardhanabhuti (2009) for crushable sands. However, tests
at w ¼ 0 and 10 MPa have slightly higher values of Ca=Cc,
indicating that a threshold in the material behaviour might
exists somewhere between w ¼10 and 70 MPa. This sugges-
tion is consistent with the comparison of the set of Cc and
Ca of all tests at w � 70 MPa, with tests at w � 10 MPa, as
highlighted in Fig. 10. Fig. 11b indicates that Ca=Cc slightly
decreases with suction, which agrees with previous studies
on rockfill (Oldecop and Alonso, 2007) and crushable sand
(Ovalle, 2018). Consequently, when w reduces (i.e. humid-
ity increases), not only the magnitude of creep strains
increases but also its contribution to total deformation.

It is worth noting that the results presented here could
be highly dependent on grain characteristics, such as size,
shape, hardness, and the degree of internal cracking related
to their geological origin or induced damage in samples
extraction (e.g. blasting and grinding). All these properties
could strongly affect the material crushability, thus its
stress–strain response. For instance, Oldecop and Alonso
(2007) reported Ca=Cc values of 0.015 and less for ‘‘dry”
slate rockfill under controlled RH, while Ovalle (2018)
obtained values of 0.015 and 0.03 for the sandy fraction
of ‘‘dry” and saturated quartzite shale rock, respectively.
Therefore, while the results of Ca=Cc presented in this
paper for w � 70 MPa are in agreement with reported data,
the values obtained for w � 10 MPa appears relatively
high, indicating that the material is sensitive to humidity.

Fig. 12 illustrates the swelling index Cs ¼ �De=D log rv

over the unloading paths of Fig. 7. It can be concluded that
Fig. 12. Swelling indexes.
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Cs does not depend on total suction, and the results are in a
short range of 0.01–0.015, which is consistent with the
range of 0.01–0.03 reported by Mesri and Vardhanabhuti
(2009) for several crushable sands. The experimental evi-
dence presented above indicates that a single set of elastic
parameters without suction dependency would be required
to model the elastic behaviour of the tested rock.
4. Constitutive modelling

Experimental results described above remark the strong
influence of total suction on particle breakage which, in
turn, affects the compressibility and secondary compression
behaviour of Colina crushed rock samples. In the follow-
ing, a simple yet robust one-dimensional constitutive model
for compression of granular material that considers the
dependency of total suction on particle breakage, is
described. The model, originally developed by Ovalle and
Hicher (2020), is extended here to take into account sec-
ondary compression behaviour. The experimental results
described above are used to calibrate the model and to
highlight important features of the material behaviour.
4.1. Coupling particle breakage and plastic work

In order to couple the effect of particle breakage with the
stress–strain response of crushable samples, Ovalle and
Hicher (2020) proposed the following relationship linking
the particle breakage index (Br) with the plastic work (wp):

Br ¼ wp

aþ wp

� �c

ð4Þ

where a is a material constant, c depends on the wetting
condition, and the plastic work is computed as

wp¼
Z

pdepv þ qdepd
� � ð5Þ

where depv and depd are the volumetric and deviatoric plastic
strain increments, respectively, p is the mean stress and q is
the deviatoric stress. The definition of Einav (2007) was
adopted for Br ¼ Bt=Bp, where Bt is the area flanked by
the initial PSD and any intermediate PSD after crushing,
and Bp is the area flanked by the initial PSD and an
assumed ultimate fractal distribution. In fact, empirical
data indicate that the PSD in granular materials subjected
to high plastic work (i.e. high stress and/or large strains)
evolves to an ultimate fractal distribution (Turcotte,
1986), that can be written in percent passing by weight as

F u dð Þ¼ d=dmaxð Þ3�D ð6Þ
where the exponent D is called the fractal dimension, d is
the particle size and dmax is the size of the coarsest grain.
According to extensive experimental data (Turcotte,
1986; Nakata el al., 2001; Coop et al., 2004), the exponent
Dtends asymptotically to around 2.5–2.7 in crushable
materials subjected to high plastic work. Therefore,



Fig. 14. Particle breakage index Br against w.
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Br ¼ 0 for no crushing, and Br ¼ 1 when the ultimate
fractal distribution is reached. Thereafter, D ¼ 2:5 is
assumed for modelling.

Other authors have proposed the relationship in Eq. (4)
using only the material parameter a (i.e. with c ¼1), show-
ing that it is valid for values up to more than wp ¼ 10
(MPa) (Hu et al., 2018; Dano et al., 2018). As presented
in Fig. 13a, schematic plots of Eq. (4) indicate that c defines
the onset of crushing and a controls the shape of the rela-
tionship. Ovalle and Hicher (2020) have shown that, for a
given material, Eq. (4) does not depend on the stress path,
but only on the wetting condition. Therefore, providing
calibration for a, c could be fitted for a given partially sat-
urated condition. This finding suggests that Eq. (4) can be
introduced into a constitutive model in order to couple the
stress–strain response with the evolution of particle break-
age along any stress path, and the effect of partial satura-
tion could be captured by a total suction-dependent
expression for c. As shown in Fig. 14 for all the tests pre-
sented in this study, Br varies non-linearly with w, and
tends to stabilize at its highest level of 4 to 5% at low w,
Fig. 13. Coupling particle breakage Br, wp and w: (a) effect of parameters
a and c, and (b) shape of the suction dependent c-function.
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and at its lower value at high w (Br 2%). This behaviour
is consistent with the SCC concept, which states that, a
given stress state, higher amounts of particle breakage
should occur in humid materials. Therefore, since the effect
of increasing c is shifting the Br � wp curve towards higher
values of wp, the effect of total suction on particle breakage
could be captured by a direct relationship between c and w
(i.e. the higher w, the higher c), provided that c tends to
steady values at high and low levels of w (i.e. an ‘‘S” shaped
curve according to Fig. 14). For this kind of c� w correla-
tion, in this work we propose the following Weibull-type
expression:

c wð Þ ¼ c0 1þ exp � w
w0

� ��m� �� �
ð7Þ
where c0 is a material parameter, w0 is a reference total suc-
tion and m > 0 controls the shape of the function. Fig. 13b
shows that Eq. (7) has double convexity for logarithmic
evolution of w, allowing for asymptotic values in both
low and high suction values. Thus, the effect of suction
tends to stabilize at c=c0 ¼ 2 for high w, and at a higher
value of c=c0 ¼ 1 for low w. It is also clear that the lower
the value of m, the smoother the variation of c (thus also
in crushability) for a range of suctions around w0.

From the experimental data presented in this paper, the
tests at w ¼10 and 260 MPa were chosen for calibration of
Eqs. (4) and (7) shown in Fig. 15. As discussed before,
w0=70 MPa can be set as an intermediate value within
the range of w tested, allowing for a transition in accor-
dance with the experimental data; namely, slight differences
in compressibility for tests at w >70 MPa, and significant
increasing of total and creep deformation at w ¼ 10 MPa
or less. Note that this calibration is limited to low plastic
work values and a given stress path, however, it is used



Fig. 15. Breakage and plastic work coupling calibration.
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here only with the purpose of introducing the time-
dependent elasto-plastic modelling approach.
4.2. Elasto-plastic formulation

Total strain increment is conventionally composed by
elastic and plastic strain rates:

_eij ¼ _eeij þ _epij ð8Þ
Elastic strain increments (_eeij) are computed considering

non-linear elasticity given by stress-dependent elastic bulk
modulus (Richart et al., 1970):

K ¼ K0 � pat
2:97� eð Þ2
1þ eð Þ

p
pat

� �n

ð9Þ

where K0 and n are material constants and pat ¼ 101:3kPa
is the atmospheric pressure. Shear modulus G is obtained
assuming a constant Poisson modulus (m). Volumetric (_eev)
and deviatoric (_eed) elastic strain increments are obtained
as follows:

_eev ¼
_p
K

and _eed ¼
_q
3G

ð10Þ

The model of Ovalle and Hicher (2020) has an associate
flow rule and considers the yield surface originally pro-
posed by Kikumoto et al. (2010), later also adopted by
Yin et al. (2017):

f ¼ 1

2

g
Mp

� �3

p þ p � pm ð11Þ

where Mp is the stress ratio g ¼ q=p mobilized at the peak
friction angle (/p), and pm is the hardening function given

by

pm ¼ pm0
exp

1þ eo
k� j

epv

� �
exp �bBrð Þ ð12Þ

and pm0 is the yielding pressure, eo is the initial void ratio,k
is the compressibility index,j is the swelling index
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(j ¼ k=10 was adopted), and b > 0 is the rate of hardening
due to particle breakage.

Plastic strain increments are computed as
_epij ¼ dk @f =@rij

� �
, where dk is given by the consistency

condition:

@f
@rij

_rij þ @f
@pm

� @pm
@epv

dk
@f
@p

� �
¼ 0 ð13Þ

For a given epv , pm controls the yield surface expansion.
At the same time, wp increases and hardening is coupled
with Br according to Eq. (4). Therefore, to reach a given
stress increment, pm increases thanks to the term

‘‘exp 1þeo
k�j e

p
v

� �
”, and simultaneously decreases due to cou-

pling in the term ‘‘exp �bBrð Þ”.
Based on this formulation, Ovalle and Hicher (2020)

modelled flooding-collapse of crushable sand by simply
using different values of b in Eq. (12); i.e. increasing its
value in one order of magnitude to take into account
wetting-collapse after soaking dry material at constant
stress. In this paper, the effect of total suction is captured
by Eq. (7), and time-dependent hardening for creep defor-
mation is given by the following new expression for b:

bi ¼ bi�1 þ ti
tref

� �d

ð14Þ

where i is the current stress increment, d < 1 is a material
constant controlling the rate of creep, ti is the time elapsed
since the last stress increment, and tref is a reference time
here equal to 0.1 min. The following modelling strategy
for creep is schematically presented in Fig. 16:

a) Stress increment from A to B results in increasing
plastic strains, thus increasing Br through coupling
with wp.

b) After a first time-increment Dt, increasing b generates
a reduction in pm, which is compensated by additional
creep strains to maintain constant stress at pmB

.

c) Subsequent time increments repeat the latter effect,
requiring additional creep strains until
pmconvergence.

In summary, the model by Ovalle and Hicher (2020) has
been extended in this work, through the implementation of
two new equations: (i) Eq. (7) which considers the depen-
dency of parameter c on w, and (ii) Eq. (14) which controls
the time-dependent rate of breakage/hardening b.

4.3. Model calibration

The model was calibrated using the results from the test
at w = 10 MPa. For the one-dimensional compression
path, a constant ratio r3=r1 ¼ 0:5 was adopted in the cal-
culation of p ¼ ðr1 þ 2r3Þ=3 and q ¼ r1 � r3. Elastic mod-
uli were fitted using the unloading path of the test, based
on the relationships between oedometric modulus
Eoed ¼ Dr1=e1, Young modulus E and bulk modulus K:



Fig. 16. Modelling strategy for time-dependent hardening during creep.

Fig. 17. Calibration of elastic parameters.

Fig. 18. Model calibration for test at w = 10 MPa: (a) compressibility for
k ¼0.005–0.006, (b) and time deformation for k ¼0.0057.
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E ¼ 1þ mð Þ 1� 2mð Þ
1� mð Þ Eoed & K ¼ E

3 1� 2mð Þ ð15Þ

According to empirical evidence of sands at 60% of rel-
ative density (Suwal and Kuwano, 2013), a constant Pois-
son’s ratio m ¼ 0:25 was assumed in Eq. (15). Fig. 17
illustrates the values of K computed from the unloading
path of the test at w = 10 MPa (data of the tests at
w = 260 MPa is also included for comparison). Based on
a large data set for sands, Schanz and Vermeer (1998)
reported values of n ranging from 0.4 to 0.8. Therefore,
an intermediate value of n ¼ 0:6 was first adopted in Eq.
(9), in addition to K0 ¼ 80 and 150. As shown in Fig. 17,
these values do not adequately represent the shape of the
data, and a higher value of n is necessary. The best fitting
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of the experimental data was obtained by increasing n to
0.8 and using K0 ¼ 80. Although even higher values of n



Fig. 19. Model simulations for tests at w ¼ 0, 70 and 340 MPa: (a) compressibility, (b) time deformation and (c) secondary compression index.
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could give a better adjustment, this option was discarded in
order to fulfil the upper limit reported by Schanz and
Vermeer (1998).

Provided that all samples show non-linear compression
curves since the first stress increment and yielding pressure
cannot be clearly observed, pm0

=0.007 MPa (corresponding

to the magnitude of the first stress increment rv ¼ 10 kPa)
was used for calibration and for all simulated cases. In
other words, plastic strains are computed since the first
stress increment applied in the tests. In the absence of
shearing tests, a typical value of Mp ¼ 1:2 was assumed,
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corresponding to a friction angle of /p ¼ 30
�
(according

to the relationship Mp ¼ 6sin/p=ð3� sin/pÞ). Finally,

k=0.0057 and d = 0.37 were calibrated to fit the test results
at w = 10 MPa as presented in Fig. 18. There, simulations
obtained for k = 0.005 and 0.006 are also included for com-
parison and to support the choice of k = 0.0057.

4.4. Model validation and discussion

The calibration of the test at w = 10 MPa presented in
Fig. 18a confirms that the approach by Ovalle and



Fig. 20. Model estimates for Br.
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Hicher (2020), which consists in coupling particle breakage
with plastic work within an elasto-plastic framework, is
also suitable for the material tested in this study. More-
over, the new total suction-dependent relationship that
controls the onset of particle crushing through the expo-
nent c in the Br � wp relationship successfully addresses
the effect of w on crushed rock compressibility. This is pre-
sented in Fig. 19a for tests at w = 0, 10, 70 and 340 MPa.
Simulations shown in this figure were obtained using the
single set of parameters estimated from the calibration
stage which are summarized in Table 3. It can be seen that
the model is able to capture the main trend of the material
behaviour, namely, increasing compressibility with both
stress and total suction. Compression curves of tests at
w = 0 and 10 MPa are accurately simulated over the whole
range of vertical stress, while compressibility of tests at
w = 70 and 340 MPa are well-captured until vertical stress
of 0.8 MPa. The model underestimates the strains at stres-
ses higher than 0.8 MPa, which is attributed here to the
lack of data at high plastic work that should enhance the
calibration of Eqs. (4) and (7) in that range, allowing for
a better simulation of the response at high stresses.

In terms of creep strains, the simulations demonstrate
that the implementation of a time-dependent rate of break-
age hardening b tð Þ is an adequate approach. Fig. 18b illus-
trates the simulations of time-deformation curves with very
good agreement with the test used for calibration
(w = 10 MPa). Fig. 19b presents simulations of creep
strains for the tests used only for validation (w = 0, 70
and 340 MPa), again with good agreement for
w = 0 MPa, as well as for w = 70 and 340 MPa until
rv = 0.8 MPa. It is important to note that although the pre-
diction of the secondary compression index Ca is a second
order validation of the model, this is surprisingly well-
reproduced for w = 0 and 10 MPa, while underpredicted
for tests at w = 70 and 340 MPa. (see Fig. 19c).

Fig. 20 presents reasonable model assessments of Br val-
ues compared to experimental data. It can be observed that
the model overestimates Br at low w, and underestimates it
at high w. However, the model can capture the ‘‘S” shape
of the relationship Br vs. w. Note that the amounts of par-
ticle breakage at the maximum stress levels used in the
Table 3
Model parameters.

Group Parameter Value

Elastic parameters Ko 80
m 0.25
n 0.8

Plastic parameters pm0(MPa) 0.007
Mp 1.2
k 0.0057

Particle breakage a(MPa) 120
c0 0.34
m 0.3
w0 (MPa) 70

Creep tref (min) 0.1
d 0.37
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experiments vary from 1% < Br < 5%, which are relatively
low and make it difficult to assess the full capabilities of the
breakage-dependent constitutive model. Anyhow, the per-
formance of the model is clearly satisfactory.

Whereas the experimental data reported here includes
only oedometric compression, results presented above are
promising and open new perspectives for modelling the
effect of total suction on time-dependent behaviour of
crushable granular materials. Further research work will
be required to calibrate the model using experimental
results obtained for different mechanical and hydraulic
paths aimed at applying the model to simulate boundary
value problems.

5. Conclusions

Several authors have hypothesized that Stress Corrosion
Cracking phenomenon is responsible of delayed fragmenta-
tion in stressed rock particles. Thus, corrosion in intra-
particle microcracks slowly develops, producing creep
settlements of crushable granular materials. To further
study this issue and support the development of a mod-
elling approach, this paper has presented experimental evi-
dence on the dependency of compressibility and crushing
behaviour of sandy sized samples of crushed rock on total
suction (or relative humidity). The results of oedometric
tests over a large range of total suction from 0 to
340 MPa confirm that both compressibility and creep
strains increase with stress and humidity. The analyses of
compressibility indexes, particle size distributions before
and after compression tests, and time-settlement curves,
are in agreement with the hypothesis of the Stress Corro-
sion Cracking concept. Moreover, comparing tests at dif-
ferent total suctions, it is observed that delayed
deformation rises his portion in total deformation when



R. Osses et al. Soils and Foundations 61 (2021) 1581–1596
humidity increases, which confirms few data previously
reported on this issue.

Two new equations have been incorporated into the
model developed by Ovalle and Hicher (2020) to consider
the effect of total suction on creep behaviour. These corre-
spond to: (i) a total suction-dependent equation governing
the onset of particle breakage, and (ii) a time-dependent
equation for the rate of breakage-hardening. The model
was calibrated against a reduced set of experimental data
and then used to simulate the laboratory tests. Model simu-
lations capture well the trends of the material behaviour and
the effect of total suction on compressibility, particle break-
age and time-dependent behaviour under one-dimensional
testing conditions. However, the model seems to underesti-
mate the material response at high values of total suction,
which indicates that further research is needed to enhance
calibrations against tests following more diverse stress paths
and at higher plastic work levels (i.e. higher stress). Perspec-
tives of this work are validating the model for a general 3D
stress state, using empirical data on diverse crushable mate-
rials presenting high sensitivity to humidity.
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