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Abstract The drained isotropic compression behaviour of
very loose and fully saturated monodisperse glass beads in
triaxial compression is investigated in this paper. Short cylin-
drical samples were prepared by moist-tamping technique
and isotropically compressed in a classical axisymmetric tri-
axial machine. Very loose glass bead samples exhibit numer-
ous local collapses with sudden volumetric compaction and
axial contraction of very large amplitude and experience ulti-
mately global collapse with spontaneous liquefaction under
undetermined external isotropic stress. Excess pore pressure
instantaneously generated at the beginning of the collapse
phenomenon, and rapidly dissipated with the usual drainage
system, shows a global complex system with local dynamic
instability. The dynamic time evolution of the excess pore
pressure ΔU consists in a first and fast transient phase I at
constant volume and constant axial strain with large spikes
ΔU peak , followed by an intermediate second phase II of
large increase of volumetric compaction and axial contrac-
tion at stabilizing ΔUstable or constant effective stress σ ′
and finally a third and longest phase III of excess pore water
pressure dissipation at nearly constant axial strain toward
the initial back-pressure. For local collapses, the second
phase is totally missing. Upon ignoring the local collapses,
very loose idealized granular materials have a unique and
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global isotropic compressibility behaviour, independently
of the void ratio at the end of the fabrication stage; and
liquefaction-free for dense state below a threshold void ratio
at fabrication eliq30 , representing the transition from global
instability with total failure to local instability with partial
collapse. This paper provides the first reported spontaneous
liquefaction instability under isotropic consolidation. It gives
the necessarily conditions for an isotropic liquefaction and
emphases some usually hidden or partially developed mech-
anisms underlying the diffuse instability phenomenon and
adds a new intriguing layer to the complex behaviour of ide-
alized granular materials in classical drained triaxial isotropic
compression.

Keywords Liquefaction · Diffuse instability · Idealized
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Dynamic

1 Introduction

Soil liquefaction is an important component of the mechan-
ical behaviour of granular materials. Once liquefied, the
granular soils entirely lose their shear strength leading to
devastating consequences such as catastrophic collapse of
structures or dramatic landslides. Consequently, a large num-
ber of intensive theoretical and experimental studies has been
devoted to the understanding of this particular phenomenon,
since the early days of soil mechanics.

The conventional understanding of liquefaction relies
heavily on three simple and powerful ideas. The first one
concerns the effective stress concept for fully saturated soils.
Following the Terzaghi principle [71], the effective stress is
σ ′ = σ − u, where σ the total stress and u the pore pres-
sure. The second idea is the simple Mohr-Coulomb linear law
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of friction for cohesionless materials. The shear strength is
τ = σ ′ tan(φ), whereφ is the intergranular frictional angle. A
vanishing effective stress state can be obtained when the pore
pressure rises up to the total stress level, resulting in a null
shear strength and consequently the failure of soil with large
deformation. The soil then flows under a very small shear
stress like a fluid characterising a liquefied state. The third
core idea relates to the soil dilatancy, Schofield et al. [67].
Above a critical void ratio, the soil contracts while increasing
the effective stress but dilates for denser samples below this
critical void ratio.

Experiments with real soils have rapidly shown two ways
to elevate the pore pressure for fully saturated soils in
undrained shearing. Both are obtained by imposing an exter-
nal shear stress either by monotonic or by cyclic loading.
Under monotonic loading, the undrained condition prevents
a volume variation which is compensated by an interstitial
pore pressure increase. Under cyclic loading, an overall pore
pressure increase is also obtained with an alternate change
from volumetric compaction to volumetric dilation regimes.

The first approach using monotonic loading leads to sta-
tic liquefaction, obtained mainly and uniquely for initially
loose granular materials, and the second approach to cyclic
or dynamic liquefaction for broader range of densities. In
either case, the evolution of pore pressure is of paramount
importance, and all testing equipments of soil mechanics
were successively used to study this pore pressure evolu-
tion first for initially isotropic sands, due to the technical
constraint, the early availability and the simplicity of triax-
ial equipment, and later on anisotropic materials to better
simulate natural sands.

Because of the natural similarity with liquefaction induced
by seismic waves during earthquakes, in the early days of soil
mechanics cyclic liquefaction was first investigated in labo-
ratories using conventional and dynamic triaxial machines by
Seed et al. [68], Yoshimi et al. [84], Ishihara et al. [41–43],
Vaid et al. [74], among others to identify the dependency
of pore pressure on some relevant parameters such as the
void ratio at the beginning of undrained shearing, the double-
amplitude of axial strain in cyclic loading, leading to the
definition of liquefaction potential. For practical use, its
quantitative definition relies on numerous experimental cor-
relations with field tests, especially the popular Standard
Penetration Test or Cone Penetration Test [39,72]. Later
on, more complex machines such as true triaxial, Lanier et
al. [54], simple shear, De Alba et al. [15], hollow cylinder,
Ishihara et al. [40] and plane strain machines, Masuda et
al. [57], were solicited to investigate the additional effects
of principal stress rotation, intermediate principal stress
and induced anisotropy on the liquefaction potential. Even
dense sands can liquefy under simple but repetitive loadings,
demonstrating the importance and the complexity of the still
elusive induced anisotropy and liquefaction phenomenon.

Monotonic shear loading received much less attention
than cyclic loading in the exploration of liquefaction, except-
ing some pioneer works Castro [12], Casagrande [11].
Recently, it was progressively adopted in a slower pace using
the same laboratory equipment to investigate the static full
liquefaction with its dynamic instabilities at large strains on
loose soils. It slowly becomes one of the most challenging
building blocks for benchmarking constitutive models and
helps to discover a whole new class of failure well inside the
Mohr-Coulomb’s criterion, therefore, changing for ever the
landscape of granular modelling Daouadji et al. [14], Ramos
et al. [66]. It is termed as diffuse or homogeneous failure,
dictated by the negativeness of the second-work order and
associated with deviatoric stress peak and partial liquefac-
tion, Lade et al. [52], Konrad et al. [47], Doanh et al. [21],
Gajo et al. [29], Vaid [74], Yamada et al. [82] for citing a few.

The particular cases of isotropic loading, monotonic or
cyclic, are infrequently studied. However, the early works of
Fragaszy and Voss [26] show a rare case of liquefaction of
Eniwetok sand under the unloading part of a single isotropic
undrained cycle of high pressures.

Liquefaction, in the current mainstream of soil mechan-
ics, is always related to an important reduction of effective
stress, due to a fast or progressive variation of the excess
pore pressure. It mostly occurs under shear of loose and
fully saturated granular materials in undrained or partially
drained loading conditions. However, it requires an external
shearing source to create an anisotropic stress state. On the
contrary, in drained condition with an isotropic compression,
only an isotropic strain state is possible. The fluid pore pres-
sure being maintained constant by the drained condition, the
effective stress can only increase [71]. Even an inherently or
stress-induced anisotropic medium can only have a smooth
anisotropic strain behaviour when isotropically or uniaxially
compressed [4,10,56]. This is why an isotropic liquefaction
is a priori not expected. However, this argument is not always
valid; and we shall show situations in which liquefaction can
happen in isotropic drained compression.

Liquefaction can be seen as a particular response of civil
engineering materials under extreme conditions [8]. The
liquefaction experiments bear some resemblances to those
exposed to impulsive shear stress load (blast waves [38],
impact [48]) or to avalanches, landslides and earthquakes [6].
However, can liquefaction occur at the low-end of the
extreme loading conditions, i.e. moderate overpressure (�1
MPa), low stress rate (�1 kPa/s), low temperature (ambient)
and without any macroscopic shear stress?

Despite the large body of accumulated experimental
knowledge, the physical significance behind liquefaction is
far from fully understood; although liquefaction, static or
dynamic, may be described by numerous phenomenologi-
cal constitutive models [45,53,58,63,70]. Until now, some
basic questions remain unsatisfactorily answered: What are
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the physical triggering mechanisms, leading to the buildup of
pore pressure capable to annihilate the effective stress? What
are the physical parameters controlling the pore pressure or
the effective stress evolution? In others words, the main ques-
tion is quite simple: What precisely causes liquefaction?

The purpose of this paper is to investigate the mechanical
behaviour of ideal granular materials, particularly the lique-
faction in triaxial isotropic compression indrained condition,
without any external shearing component. It presents new
unconventional experimental findings of a comprehensive
programme on very loose and saturated monodisperse glass
beads in classical triaxial machine with emphasis of static
and dynamic measurements of axial strain, volumetric strain,
cell and pore pressure. Only the effects of effective isotropic
stress are considered in this paper. Glass bead samples were
prepared by moist tamping technique and isotropically com-
pressed with constant stress rate.

This paper provides the first full report of spontaneous
liquefaction under isotropic consolidation, i.e. isotropic com-
pression while keeping the pore fluid pressure constant,
of model granular materials, beside the preliminary brief
report [22]. More importantly, it emphases the possibility of
examining some mechanisms underlying the diffuse insta-
bility phenomenon; these mechanisms, usually hidden or
partially developed in real granular materials (i.e. sands) are
greatly amplified with the use of model granular materials
(i.e. glass beads).

The adopted structure of the paper is as follows. Sect. 2
describes the experimental programme including the ideal-
ized material and the sets of laboratory tests. The experimen-
tal data shows very strong structural instabilities, affecting
the global effective stress-strain behaviour and even leads
to unusual spontaneous liquefaction in isotropic consolida-
tion. These remarkable instabilities and their dependence
on the initial void ratio and triggered isotropic stress are
reported in Sect. 3. Specific features of individual instability
events, including the ultimate liquefaction event, are studied
in Sec. 4, together with some possible driving physical mech-
anisms. Finally, the paper highlights the essential unclassical
findings in the conclusion section.

2 Experimental programme

Industrial soda lime spherical glass beads “Sil-glass” were
used in this experimental study. They were commercialized
by CVP, Linselles, France.1 The usual index properties are
reported in Table 1. To obtain a unimodal grain size distribu-
tion, glass beads were first manually sieved to eliminate the
small amount of beads smaller than 0.3 mm diameter. Fig-
ure 1 presents the grading curve using particle size analyzer

1 www.Cvp-abrasif-broyage.com.

Table 1 Index properties of SLG 6–8 glass beads

Property Value

Density, ρ (kg/m3) 2500

Mean size, D50 (mm) 0.723

Uniformity coefficient, Cu 1.463

Curvature coefficient, Cc 0.989

Maximum void ratio, emax 0.686

Minimum void ratio, emin 0.574

performed by laser diffraction, the frequency histogram and
the image of virgin perfectly spherical glass beads SLG 6-
8 viewed under SEM (Scanning Electron Microscopy). The
frequency histogram indicates a slightly asymmetric distri-
bution, resulting in a nearly monodisperse system with less
than 1 % of larger beads above 1.5 mm diameter, twice as
big as the average diameter D50. These glass beads have
a static friction coefficient of 0.24, according to CVP. In
United Soil Classification System, these nearly monodis-
perse glass beads can be classified as clean and poorly graded
fine-grained granular media Sm(SP) with D50 = 0.723 mm,
uniformity coefficient Cu = D60/D10 = 1.463, curvature
coefficient Cc = D2

30/D60D10 = 0.989; Di is the diame-
ter for which i % of grains have diameter less than Di ;Cu

and Cc two simple shape parameters. They belong to the
same USCS classification encompassing the reference Hos-
tun or Toyoura sand in the geotechnical literature [25,75],
although these sands are much finer. Consequently, the glass
beads are often considered as idealized granular materials. A
monodispersed population of regular and ideal grain shapes,
i.e. spherical glass beads, cannot, evidently represent the real
soil grains having irregular and angular shapes, however, it
constitutes a very first useful laboratory step towards a better
understanding of the latter.

Very loose granular samples at fabrication stage were pre-
pared using a modified moist tamping and under compaction
method, inspired by the early works of Bjerrum et al. [7] and
Ladd [50] on sand. This method was routinely used in soil
laboratory to create granular samples with large initial void
ratios at fabrication stage, and to obtain a fully contractive
behaviour in triaxial compression, approaching the critical
state. Moist-tamped samples were prepared by placing pre-
determined quantities of moist glass beads, mixed with 2 % of
distilled water in weight, and gently compacted in five layers
of prescribed thickness using a flat-bottom circular stainless
steel tamper of 20 mm in diameter. Special care was given
to have samples with nearly identical void ratios at fabrica-
tion state to minimize the well-known effect of density on
the observed behaviour. Short samples, 70 mm in height and
70 mm in diameter, were prepared with enlarged and lubri-
cated end plates to produce homogeneous deformations at
large strains during shear. Cylindrical and open-ended latex
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Fig. 1 Particle size distribution, frequency histogram and SEM image of SLG 6–8 glass beads of 0.7 mm of diameter

membrane of 0.3 mm of thickness were used. The elastic
modulus of latex membrane was estimated at about only 2
MPa. CO2 method [51] with de-aired distilled water, and
back pressure of up to 200 kPa were applied to fully saturate
granular samples to obtain Skempton’s coefficient B higher
than 0.95.

The void ratio (Vvoid/Vgrains) of each granular sam-
ple was evaluated from the water content obtained at the
end of the isotropic consolidation ec or at the end of the
subsequent undrained test. All glass beads and water were
carefully retrieved in a duralumin tray and weighted with
a tolerance of 0.1 g. ec was determined after oven-drying
and the void ratio e30 at the beginning of the isotropic
consolidation at 30 kPa was deduced from volumetric mea-
surement. As indicated by Verdugo and Ishihara [75], the
void ratios estimated from water content at the end of the
test are more accurate and reliable than those determined
from the usual procedure of measuring sample dimensions.
The void ratio e can be transformed to the volume fraction
(Φ = Vgrains/Vtotal = 1 / (1+e)), often used by physicists; or
porosity (ε = Vvoid/Vtotal = e / (1+e)) used by porous-media
scientists.

The experimental works were conducted using a modified
classical triaxial system, Fig. 2. All tests were isotropi-
cally compressed in a manually stress-controlled mode with
approximatively constant stress rate. The total isotropic stress
σ was imposed using compressed air and the cell chamber
was three-quarter filled with distilled water. To estimate the
axial strain εa , the axial displacement was measured inside
the triaxial cell by a linear variable differential transformer
(LVDT) sensor mounted directly on the top platen. Another
LVDT sensor converted the displacement of a membrane to
the global volumetric strain εv from the water expelled from
or moving into the sample. The pore-water pressure U was
measured near the top cap of the granular sample, at a dis-
tance of about 60 cm, since the back pressureU0 was applied
at the bottom.

For completeness, the modifications of the triaxial
machine, the sample preparation, the saturation procedure,

σ

U

Δv

U0

Fig. 2 Sketch of the experimental setup for isotropic compression

the initial void ratio determination by two independent meth-
ods, the verification of the anti-frictional system are given
in previous works on sands [18,20,21,37]. The effective
resolution including actual sensors, electrical cable, data
acquisition systems of all transducers are carefully evalu-
ated: ±0.05 kPa for the pore and cell pressure, ±1.4 10−6

for axial strain and ±0.8 10−5 for volumetric strain.
Two set of drained isotropic compression tests were

designed to study the unconventional instability phenom-
enon of idealized, fully saturated and very loose granular
materials: a first series of 9 tests on very loose samples to
inspect the triggering condition of the isotropic liquefaction,
randomly ranging from 87 to 316 kPa, the second series of
only 4 tests on denser samples to identify the threshold void
ratio at the beginning of isotropic consolidation eliq30 , leading
to a liquefaction-free behaviour during isotropic consolida-
tion up to 500 kPa. A complementary test is performed to
compare the newly discovered isotropic instability with the
stick-slip instability in drained compression. The average
initial void ratio of all samples at fabrication state, e0, was
around 0.750 (solid fraction Φ = 0.571) or a relative density
Dr = (emax − e)/(emax − emin) of −57 % giving an artifi-
cially very loose density. The initial bulk density is of about
1.428 g/cm3.

Table 2 summarizes all tests of this study with their initial
conditions and their results. e30 (respt. Dr30) at the begin-
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ning of the isotropic consolidation at 30 kPa. σ ′
tr ig is the

triggering effective isotropic stress of global collapses. Δe
the void ratio reduction, Δεv the volumetric compaction, Δεa
the axial contraction, ΔU = U − U0 the excess pore pres-
sure, ΔUpeak the peak of the ΔU in the transient phase,
ΔUstable its stabilized value after this transient phase, f the
frequency of the transient phase of the pore pressure buildup,

Cc the compressibility coefficient, i = Δεv
Δεa

the incremental

anisotropic coefficient and t95 the time for 5 % of consol-
idation of this event. Note that test I5 has no volumetric
measurement to eliminate the possible influence of the vol-
ume sensor compliance and tests I3, I14 cannot capture the
ΔUpeak due to the storage limitation of the fast acquisition
system. For local collapse tests and the drained compression
test, σ ′

tr ig,Δe,Δεv,Δεa,ΔUpeak,ΔUstable and f represent
the value of the largest collapse.

3 Experimental results

The obtained behaviours for the isotropic consolidation were
examined mainly in the traditional compression plane e−
logσ ′, and in the time evolution of σ ′, volumetric strain εv ,
axial strain εa and of excess pore pressure ΔU . According
to the soil mechanics convention, volumetric (respt. axial)
strains are positive for compaction (respt. compression). For
clarity, individual test with numerous collapses is presented
separately.

3.1 Spontaneous collapses

The compressibility behaviour of idealized granular materi-
als is shown in Fig. 3 for a typical example in test I04 having
e30 = 0.702, as variation of void ratio e as function of σ ′ in
a semi-logarithmic graph. The short red arrow indicates the
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Fig. 3 Spontaneous collapses and liquefaction under isotropic consol-
idation of test I04 from 30 to 283 kPa with e30 = 0.702 (color figure
online)

time direction. Contrary to the expected smooth and contin-
uous curve of sand media, large unexpected drops in e can
be seen, labeled as events A, B and C, occurring succes-
sively at 73, 83 and 283 kPa of σ ′ on the obtained behaviour,
thus resulting in a highly discontinuous void ratio variation.
The smooth macroscopic compressibility behaviour is inter-
rupted accidentally by a series of successive instabilities. The
cell pressure was manually and slowly increased in order to
keep the pore pressure generation at a small level, below 4-5
kPa, and to respect the requirement of full drainage for the
isotropic consolidation procedure. Since the time between
two measurements (hollow circle) is approximately 2 s with
the slow data acquisition system for quasi-static behaviour,
the compressibility curve indicates a sudden and rapid reduc-
tion of σ ′ at the beginning of each event within 2 s, followed
by a more gradual and slowly recover to the previous effec-
tive stress level within approximately 6 s; and the effective
isotropic consolidation resumes afterwards until the next
accident. Note that σ ′ reduces briefly to a very low level
below 3 kPa for all events.

While the first two events A and B did not compromise the
cylindrical form of the specimen, even with a void ratio drop
of 0.0105 for event A, or 0.594 % of Δεv , the last event C
destroyed it with a much larger drop of 0.040 of e, nearly four
time larger or 2.110 % of Δεv , and the granular sample col-
lapsed instantaneously onto the pedestal base of the triaxial
cell; hence terminating prematurely the isotropic consoli-
dation test. The third and last event C literally liquefied the
sample and offered the first ever recorded spontaneous lique-
faction under isotropic consolidation in controlled laboratory
in the geotechnical literature, even for idealized granular
materials.

For a fully drained isotropic consolidation, this sudden
reduction and gradual recover of σ ′ means equally a sudden
and largely unexpected increase of excess pore pressure ΔU ,
followed by a gradual dissipation due to the drainage system.
Fig. 4 shows the evolution of the axial strains, the volumet-
ric strains, the excess pore pressure and the cell pressure as
function of elapsed time since the start of the isotropic con-
solidation test I04. The three events, highlighted in Fig. 3, are
shown here with a sudden and simultaneous drop of εv and
εa at the beginning of each event, within the 2 s required by
slow and non-synchronized data measuring system. The three
narrow and surprisingly very sharp peaks of ΔU are clearly
related to these events, despite the usual drainage system with
porous bronze disk embedded in the end plates, and indicate a
quite fast dissipation. The last peak, well above 250 kPa, was
much larger than the two previous ones of about only 60 kPa
and presumably responsible for the observed catastrophic liq-
uefaction with a very large run-away Δεa of more than 13 %
and a sudden volumetric contraction of 2.11 % under less
than 2 s. Its significance will be examined later in Sect. 3.3.
However, it is not possible to follow precisely the evolution

123



Unexpected liquefaction under isotropic consolidation of idealized granular materials Page 7 of 25  67 

0 200 400 600 800 1000 1200
0

5

10

15

Time (seconds)

A
xi

al
 s

tr
ai

n 
%

Collapses A, B

Liquefaction C

(a)

0 200 400 600 800 1000 1200
0

1

2

3

4

5

Time (seconds)

V
ol
um

et
ri

c 
st

ra
in

 %

Collapses A, B

Liquefaction C

(b)

0 200 400 600 800 1000 1200
200

300

400

500

Time (seconds)

C
el

l p
re

ss
ur

e 
kP

a

Collapses A, B

Liquefaction C

(c)

0 200 400 600 800 1000 1200
200

300

400

500

Time (seconds)
Po

re
 p

re
ss
ur

e 
kP

a

Collapses A, B

Liquefaction C

(d)

Fig. 4 Axial strain εa (a), volumetric strain εv (b), total isotropic stress σ (c) and pore pressure U (d) as function of elapsed time since the start
of the isotropic consolidation test I04. Vertical arrows in (c) indicate the onset of collapses on the evolution of total isotropic stress

Table 3 Collapses and
liquefaction under drained
isotropic compression of test
I04

Event σ ′
tr ig (kPa) ΔUslow (kPa) ΔU f ast (kPa) Δe Δεv (%) Δεa (%)

A 73 56 119 0.0105 0.594 0.380

B 83 56 126 0.0094 0.466 −0.084

C 283 265 � 400 0.0400 2.110 13.010

in time of these events with the slow data acquisition system.
Note the bilinear increasing of the cell pressure with a much
faster incremental increase after 280 kPa, due to the manual
control. However, the resulting effects on the compressibility
behaviour are believed to be negligible due to the fast occur-
rence of these events practically at constant cell pressure.

The events, defined as characteristic accidents on the tri-
axial isotropic compressibility behaviour, are associated with
sudden and simultaneous drop of εv and εa , and equally with
a simultaneous increase of ΔU or decrease of σ ′, followed by
a gradual dissipation of ΔU or slowly recovery of σ ′. These
macroscopic parameters are used to characterize irregular
events. The first two events are termed as local collapses
and the last one global collapse of liquefaction behaviour. A
more formal definition of these collapses with viable physi-
cal parameters will be assessed in Sect. 4.5. Distinct audible
cracking noises were noticed before the appearance of sudden
small variation of εv on the controlled screen, or even bang-
ing noise for final liquefaction event; however, no precise
acoustic measurements were attempted in this preliminary
study.

Table 3 gives the variations of major parameters
Δεv,Δεa,Δe and ΔU acquired by the static ΔUslow and
dynamic ΔU f ast data acquisition system for three main
events in a typical isotropic consolidation test.

3.2 Unusual excess pore pressure

It seems that the excess pore pressure ΔU plays a major role
in the unexpected spontaneous liquefaction, it was decided
to measure its evolution with a faster and synchronized data
acquisition system. All key data, i.e. σ ′

r ,ΔU, εv and εa were
recorded parallel to the existing system and simultaneously
with a sampling rate of 2048 Hz to ensure an adequate statis-
tical sampling in the range of 50–200 Hz, the frequency range
of presumably engineering interest. The periodic oscillations
due to the powerline interference of 50 Hz were filtered
out using a simple median filtering and the compressibil-
ity behaviour is shown in Fig. 5a, superposing the behaviour
measured by the slow acquisition system (red dashed line and
hollow circles) with that of fast filtered system (blue line).
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Fig. 5 Spontaneous collapses under isotropic consolidation of test I04,
with fast measurements: a semilog plot, b linear plot (color figure
online)

A more complex compressibility behaviour is revealed in
this figure, using adequate dynamic acquisition system. The
measured data by the two systems, slow and fast, 0.5 and 2048
Hz, are coherent and consistent, offering a more complete
picture of the overall behaviour. At the beginning of each
event, σ ′ was first literally reduced and oscillated at constant
void ratio, indicated by multiple horizontal lines; then began
to recover gradually with a gently curved behaviour, filling all
the time gaps of 2 s leaving by the slow acquisition system.
The measuring data of the two systems merge at the end
of the local collapse and follow the same trend of isotropic
compressibility behaviour.

Since the semi-logarithm plot cannot represent the unex-
pected large positive spikes of measured pore water pressure,
resulting in large negative spikes of σ ′, the complete com-
pressibility behaviour is revealed now using the linear scale
for σ ′. The dynamic evolution of ΔU of each event can
be decomposed in to three phases: a first and fast transient
phase I at constant volume and nearly constant axial strain
with large spikes ΔU peak , followed by an intermediate sec-
ond phase II of large increase of volumetric compaction and
axial contraction at stabilizing ΔUstable or constant σ ′ and

finally a third and longest phase III of excess pore water
pressure dissipation at nearly constant axial strain toward
the initial back-pressure of 200 kPa. The time evolution of
ΔU of the unexpected transient phase I , especially for liq-
uefaction event C (black hollow circles), will be examined
later in Sect. 3.3. The first two events, representative of local
collapses, do not have the second phase II of constant σ ′,
while the lengthy and slightly negative value of σ ′ constant
due to median filtering of volumetric data of the last event
is responsible for the global liquefaction phenomenon. Their
local collapses are relatively insignificant compared to the
last catastrophic one. Small events or aftershocks can even
occur in the dissipation regime, as indicated by two minor
events happening around 30 and 60 kPa.

Despite the fully drained system, phase I occurs in
undrained conditions, phase II in drained and phase III in
mixed conditions of consolidation.

3.3 Instabilities as dynamical events

The individual time evolution of ΔU of the first two events
A and B is captured separately in Fig. 6, with emphasis on
the fast transient phase I with sudden outburst lasting <0.2
s. They share the same characteristics of dynamic vibration
with very fast and sudden rising time to Umax of the first
peak within only 5 ms, the relatively fast decay to stabilizing
ΔUstable within 200 ms, and the lengthy dissipation in the
range of 5 to 8 s (not shown in figure). This figure can explain
why the slow pace of 0.5 Hz of measurement system fully
missed the very short-lived peaks and the stabilized value
of ΔU . Furthermore, since the pore pressure transducer is
on the other side of the porous bronze disk of the top cap,
connected with rigid and thick plastic tube, the actual value
of these sharp peaks, revealed by fast measurement system,
is likely a minimum estimate.
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Fig. 6 Time evolution of fast transient phase I of pore water pressure
of event A occurring at 73 kPa (a) and B at 81 kPa (b) of test I04
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Fig. 7 Time delay between volumetric strain (a), axial strain (b) pore
water pressure (c) and cell pressure (d) of liquefaction event C occurring
at 283 kPa of test I04

For the liquefaction event C, Fig. 7 shows clearly the time
delay of about 20 ms between the sudden rise of ΔU and
the beginning of the gradual progression of axial strain and
of volumetric strain. The time origins are coincided with
the beginning of the sudden development of ΔU . The sta-
bilization of the cell pressure shown in Fig. 7c is within a
small variation of only 0.2 kPa. Figure 7 strongly suggests
the excess pore pressure as the initial cause of the develop-
ment of εv (top) and εa (middle). Unfortunately, electrical
noises prevent the proper identification of this time delay for
smaller events A and B.

As an example, the dominant frequency in the range of 80-
140 Hz with a loosely defined peak of about 102 Hz of the
liquefaction event is identified in Fig. 8, using Fast Fourier
Transformation on a time window of 700 ms of data centered
on the first rising of ΔU .

To check that the transient vibration is not an artefact of
the measurement system, a dynamic pore pressure sensor
(PCB S112A21) having high resonant frequency (250 kHz)
was used together with the static one on the same location,
separated by a short distance of 10 cm. No difference was
detected.

The excess pore pressure was normalized by the stabiliz-
ing ΔUstable to eliminate the dependency on ΔUstable and
Fig. 9 shows the normalized results of ΔUnorm , with the
origin shifted to the beginning of the transient phase ±0.5
ms, which is the current time resolution. This normaliza-
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Fig. 8 Vibration frequency in the range of 80–140 Hz of pore water
pressure at liquefaction event of test I04
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Fig. 10 Three phases of pore water pressure development: I fast
buildup, II constant stable (liquefaction) value and III dissipation (post-
liquefaction). Inferred liquefaction points (solid circles) are indicated

tion enables the study of different events, independently of
ΔUstable and σ ′

tr ig , as in Fig. 10. The events seem to share
the same dynamic characteristics of an underdamped free
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Fig. 11 Decaying characteristics of transient behaviour of pore water
pressure of test I04

oscillating system, regardless of ΔUstable: approximately a
same range 80-140 Hz of vibration frequency, a same very
fast rise time of less than 3 ms to reach 90 % of the normal-
ized steady-state value ΔUnorm

stable = 1, and a same dissipated
time of about 150 ms to attain ΔUstable. However, different
settling times in the range of 70–90 ms to remain within
± 10 % of the steady value ΔUstable (hollow circles for
event C) were identified. Note that the total number of oscil-
lations increases slightly with increasing σ ′

tr ig , from 12 to
18.

Grouping together the ΔUnorm of all events, Fig. 10
gives the time evolution of pore pressure and delineates
a clear temporal separation of 3 phases: a fast transient
phase I lasting only 150 ms, a stable isochoric phase
II presented only in liquefaction event and a long dis-
sipated phase III or post-liquefaction. For catastrophic
event C, phase II denotes the liquefaction and phase III
the post-liquefaction, characterized by the greatest slope
of the dissipation curve. The superimposed liquefaction
points (solid circles) indicate the ΔUnorm levels infer-
ring a null effective stress. For liquefaction event C, the
ΔUnorm level is exactly equal unity, meaning a null effec-
tive stress for the whole phase II, hence the liquefaction
phase.

It seems that ΔU is not homogeneous during the transient
phase. Consequently, the magnitude of σ ′ may be misesti-
mated since it depends on the measurement position of the
pore pressure sensor. However, full liquefaction is undoubt-
edly detected.

Figure 11 gives the logarithmic decrement representing
the decay of the ratio of two successive normalized excess
pore pressure peaks, above and below ΔUstable, labelled as
upper limit and lower limit. All events have a gradual reduc-
tion to zero of this logarithmic decrement. Nevertheless, each
event has its unique decaying rate, depending on σ ′

tr ig , inde-
pendently of the upper and lower peaks.
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Fig. 12 Normalized behaviour of pore water pressure, axial strain and
volumetric strain for liquefaction event of test I04

Additional information can be found when examining
together the time evolution of ΔU, εv and εa in Fig. 12 with
semi-logarithmic scale for the catastrophic event C.

The axial strain shows a very strange behaviour. Indeed,
while the slow temporal evolution of εa in Fig. 4a indicates a
sudden jump to 13 %, a more accurate measurement reveals a
fast axial contraction, after a small delay of 20 ms with respect
to ΔU , up to 22.30 % from 0.43 % within only 0.6 s, followed
by an axial extension towards a stable value of 13.28 %, or an
vertical extension of 9.02 % in 0.5 s. This vertical compres-
sion indicates an axial strain rate ε̇a of about 36.45 %/s (1531
mm/min), much faster (7655 times as fast as the usual con-
stant ε̇a of 0.0048 % (0.2 mm/min) in triaxial compression
experiment). It clearly indicates a dynamic regime of the liq-
uefaction phenomenon happening within less than 1 s. This
axial rebound is very unexpected for an isotropic consolida-
tion. Unfortunately, no suitable explanation can be found for
this particular aspect. Note also that a large axial contraction
of about 8 % is already occurring during the transient phase
I of 200 ms.

The volumetric strain indicates an overall contraction of
only 2.34 % during liquefaction, with a similar initial time
delay and its development is far behind that of axial strain,
both in terms of time evolution and of magnitude. The liq-
uefaction event, encompassing phases I and II, suggests the
first fast granular phase transition from solid to liquid with
increasing grain separation towards the ultimate situation of
no contact between grains. The null state of effective stress
combined with the vertical direction of natural grain weight
can explain the very large axial contraction (20 %) comparing
to the radial expansion (−9 %). The post-liquefaction event
of phase III suggests the second relatively slow reversing
granular liquid-solid phase transition with regaining grain
contacts due to the hollow cylindrical elastic membrane.

These important observations highlight the dynamic char-
acter of all three events, in Table 4, correlated to the sudden
surge of excess pore pressure and related likely to the slip
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Table 4 Dynamic characteristics of pore pressure development

Event σ ′
tr ig

(kPa)
ΔUmax
(kPa)

ΔUstable
(kPa)

Osc. f
(Hz)

Stabilization
(ms)

Dissipation
(s)

Offset
(ms)

etrig Slope

A 73 119 72 12 102 200 8 0 0.697 1.285

B 83 126 68 13 102 200 6 0 0.686 1.285

C 283 �400 285 18 102 200 5 18 0.669 3.587

instability of the stick-slip phenomenon during shear [19].
Unfortunately, as in the case of stick-slip instabilities, they
give no clear indication about the physical triggering mech-
anisms of ΔU .

3.4 Compressibility parameters

Upon ignoring the local collapses, a unique and continuous
compressibility behaviour is retrieved in Fig. 13 by artifi-
cially shifting upwards at σ ′

tr ig by Δe from Fig. 3, closing
the void ratio gap created by spontaneous collapses and link-
ing together two largest linear segments in Fig. 3 which
reveals a hypothetical mechanical behaviour conforming to
the usual isotropic or one-dimensional compressibility of
loose sand materials without unloading under fully drained
conditions [80]. As usual in soil mechanics, the compress-
ibility behaviour can be approximated by two straight lines
representing the normal compression line and the unloading-
reloading line. The initial portion of the curve is usually flatter
and has the same slope of the unloading line. The intersection
point of these two lines defines the preconsolidation stress σ ′

p
as a reminder of the past maximum vertical effective stress.

Some macroscopic compressibility parameters can be
identified: a compression index Cc = Δe/Δlogσ ′ = 0.017
for loading, a swelling index Cs = Δe/Δlogσ ′ = 0.014 for
unloading and an apparent preconsolidation stress σ ′

p = 60
kPa created logically by the under-compaction method. The
usual preconsolidation stress in saturated condition would be
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Fig. 13 Classical compressibility parameters under isotropic consoli-
dation of test I04 upon ignoring local collapses

lower, since the initial compaction was done in unsaturated
state. Note that loosely bound glass beads have a particular
isotropic compression behaviour with Cs ≈ Cc, in contrast
with real granular materials where Cs ≈ Cc/10. This obser-
vation confirms the quasi-reversibility behaviour for model
granular materials numerically obtained in [2,59,69] using
discrete element modelling (DEM), however, without the
unexpected collapses and liquefaction. Glass beads assess
a more non linear elastic behaviour than sand materials. This
straight line of slope Cc representing the compressibility
behaviour of the classical drained isotropic compression of
geomaterials is no longer respected; it was interrupted acci-
dentally by a collection of events with fast transition from
undrained to drained loadings in Figs. 3, and 5.

The individual compression index Cci can be estimated
for three continuous segments in the actual compressibility
behaviour of Fig. 3, resulting in a very similar value of about =
0.017, independently of the void ratio occurring at the begin-
ning of the segment. Constant Cci means the compliance of
glass beads, besides the collapses, with the classical critical
state of soil mechanics [67].

The hypothetical behaviour of Fig. 13 indicates a com-
bined and continuous void ratio reduction Δeiso = 0.0148
due to the quasi-static isotropic consolidation alone, totaling
only 24.7 % of the total reduction of the three unusual col-
lapses Δecollapse = 0.0599. Even combined, it is still smaller
than that created by final collapse, totaling only 37.0 %.
As expected, the biggest void ratio reduction came from the
liquefaction phenomenon, as well as the biggest volumet-
ric compaction and the biggest axial contraction. Without
the collapses, the void ratio at the end of the isotropic con-
solidation at 287 kPa would be in a very loose state of
ec = 0.692(Drc = −5.4%), instead of a medium dense
state of ec = 0.632(Drc = 48.2%).

A practical consequence is the impossibility to control
the void ratio reduction under isotropic consolidation of very
loose and moist-tamped idealized granular materials, due to
the random occurrence of the dynamic instabilities, unless
mastering the triggering mechanisms.

It is worth noting that this isotropic consolidation gives a

rather large incremental anisotropic coefficient i = Δεv
Δεa

=
19.6, contrasting sharply the isotropic structure i ≈ 3.0 for
loose laboratory sands (i.e. Hostun or Toyoura) created by
the same moist-tamping procedure [24]. This initial, strongly
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structural anisotropic state of an assembly of spherical par-
ticles can be the results from preferred orientation of unit
vectors normal to contact surfaces [64].

3.5 Undetermined liquefaction and instabilities

The unusual experimental findings in the previous section
are nicely applied to all tests of the first series. The isotropic
compressibility shown in Figs. 14 and 15 for different tests of
series A having nearly the same e30 = 0.718±0.023(Drc =
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Fig. 14 Isotropic liquefaction a at 87 kPa and e30 = 0.699 of test I1,
b at 88 kPa and e30 = 0.766 of test I2, c at 232 kPa of test I09

−28.4 ± 20.8 %) of this study highlights the random nature
of the triggering stress leading to liquefaction, ranging from
87 to 324 kPa; as well as the number and the triggering stress
of intermediate local collapses. For clarity, each test is shown
separately.

The occurrence of isotropic triggering stress σ ′
tr ig is dis-

tributed over a wide range. It can be as small as 87 kPa, in two
cases shown in Fig. 14 without any preceding local collapses,
or as large as 316 kPa in Fig. 15c with numerous preceding
local collapses or precursors. Notice that no more than 4 local
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Fig. 15 Isotropic liquefaction a at 189 kPa of test I07, b at 267 kPa of
test I08, c at 316 kPa of test I06
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collapses were observed before the final liquefaction for all
tested samples. Another practical consequence is the possi-
bility of ending the isotropic consolidation before attaining
100 kPa, or even 300 kPa and to subsequently perform the
usual series of shearing test in compression, either in drained
or in undrained condition, as in [19]; however, with no clear
confidence of a well behaved isotropic testing.

Three experimental observations can be made from
Fig. 14. The most obvious is the unusual large void ratio
reduction under constant σ ′ of the second phase for more than
8 s, for tests I01 and I02, therefore detected by the slow acqui-
sition system. The second observation concerns the multiple
aftershocks at the beginning of phase II; it can be interpreted
as immediate, however minor, multiple rearrangements of
granular structure. The third one points to the existence of a
large aftershock in the post-liquefaction regime, at the end of
the pore pressure dissipation of test I2. However, the ampli-
tude of pore pressure of the aftershock is not enough to
re-liquefy the sample.

These figures confirm the broader positive spikes of mea-
sured ΔU for all events, creating largely negative spikes
of σ ′ and triggering the liquefaction, the decomposition of
three phases of ΔU with emphasis on the lengthy second
phase, responsible for liquefaction, along with its absence for
intermediate collapses and additional secondary collapses.
It would be tempting to relate the apparently repeatability
of having two isotropic liquefaction occurring at the nearly
same stress state of about 87 kPa to pure coincidence. Perhaps
the most logical response concerns the same internal gran-
ular microstructures, likely created by the same fabrication
technique, developed later in Sect. 4.5.

Figure 15a shows the first and the only observed occur-
rence of double successive local collapses in this series,
leading to the liquefaction at 189 kPa even in the absence
of the second phase of constant σ ′. The second collapse
occurs at 112 kPa, below the initial σ ′

tr ig , well before the end
of the consolidation phase and is not detected by the slow
acquisition system. Without this second collapse, it would
be able to end correctly the isotropic consolidation beyond
300 kPa. Since the sample is still in an upright position, even
after experiencing double collapses with large axial strains
of about only 7.4 %, it can sustain the isotropic loading up
to 400 kPa and unloading down to 100 kPa to create the
overconsolidation state with OCR = 4. Additionally, this test
shows the not so granted possibility of having isotropically
overconsolidated sample of loose glass beads. The particu-
lar quasi-elastic behaviour of loosely bound glass beads with
Cs ≈ Cc is clearly illustrated in this figure.

Figure 15b, c confirm the above observations with spon-
taneous liquefaction at high isotropic stress of 264 and 324
kPa, accompanied with only two and one precursors.

It is worth noting that there is virtually no visual sign
of strain localization and the sample shape remains almost

Fig. 16 Upright position after full liquefaction state with sudden jump
14 % of axial strain

cylindrical, as expected for isotropic loading. Since the
reported mechanical measurements are not coupled with a
visualization technique, no direct confirmation is possible
within this paper. However, Alshibli and Roussel [3] also
noticed the absence of localization on medium dense assem-
blies of model granular materials in triaxial compression
using X-ray tomography. Figure 16 shows a rare case in
our tests where a sample still stands in an upright posi-
tion, after experiencing a large and sudden axial jump of
about 14 % during spontaneous liquefaction. The presence
of numerous horizontal water pockets in the lower part of
the latex membrane assesses the vanishing effective stress
state. The dynamic instability of glass bead assembly might
be associated with the diffuse failure for undrained [14] and
drained [66] behaviour for loose sand.

The time evolution of individual ΔU of each test event
in the liquefaction series A is shown separately in Fig. 17,
for clarity, together with the inferred liquefaction levels.
These results confirm the usefulness of the normalized pro-
cedure to eliminate the effects of ΔUstable, the spontaneity
of the pore pressure development without any visible exter-
nal source, the separation of three distinct phases, the always
present transient oscillatory phase I , the lack of phase II for
local collapses and the very short time duration of about 1
s for the liquefaction phenomenon. The greater slopes of all
post-liquefaction events indicate a fast dissipation regime,
comparing to the slower ones of local collapses.

Note that spontaneous liquefaction also randomly occurs
at the end of saturation stage for some tests under 20 kPa of
isotropic pressure.

The spontaneous instabilities could occur more frequently,
and probably accompanied with large magnitude of U peak ,
facilitated by the use of pore fluids having higher viscos-
ity [9]. The possibility and the occurrence of liquefaction
could be different. However, this particular aspect remains
beyond the scope of this paper.
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Fig. 17 Pore pressure evolution of collapse events of a tests I1 and I2,
b test I07, c test I08, d test I06
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Fig. 18 Effects of σ ′
tr ig on isotropic collapses and liquefaction a volu-

metric strain, b axial strain, c excess pore pressure (color figure online)

3.6 Effects of changes in σ ′
t r i g

Table 2 gathers together the macroscopic parameters in all
occurrences of isotropic liquefaction; and Fig. 18 displays
the dependency of σ ′

tr ig on the measured macroscopic para-

meters of each event, Δεv,Δεa,ΔU peak and ΔUstable. The
numerous small local collapses in hollow blue squares out-
number the few and large global liquefaction in full red circles
and constitute clearly a separate group for Δεv in Fig. 18a and
Δεa in Fig. 18b. However, the data shows no clear tendency,
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excepting for an approximately linear increasing trend of
Δεv for local collapses with increasing σ ′

tr ig , with relatively
low correlated factor of only 0.53, and for small amplitude of
Δεa , between ±1 %. Large confining pressure tends to create
large volumetric compaction for local collapses; and it seems
that unexpected small axial extension was randomly recorded
in the lower half portion of Fig. 18b, scattering all over the
whole range of effective confining pressure. This particular
axial extension can be probably related to the inclination of
the top plate, therefore to the inhomogeneous state of spec-
imen.

The measured transient ΔU peak (hollow symbols) is
largely and briefly located above the diagonal red line repre-
senting the state of null effective stress where the excess
pore pressure ΔU equals the total confining pressure σ3

in Fig. 18c. It can be speculated that the brief duration of
ΔU peak in the range of 150 ms is enough to initiate the
liquefaction phenomenon and not enough to maintain its
development and then to propagate the local liquefaction onto
the whole sample. The stabilized values ΔUstable (full sym-
bols) for all local collapses are below or near this line; and
those of large events are precisely on this line for a more
lengthy time of about 6–8 s, creating the stress state of null
σ ′ during the second phase of pore pressure development and
therefore triggering and sustaining the catastrophic liquefac-
tion phenomenon.

4 Analysis of spontaneous liquefaction behaviour

In the rest of this paper we now focus on a global view of
this very unconventional phenomenon of spontaneous liq-
uefaction under isotropic consolidation, trying to answer
some specific questions: Can we have a liquefaction-free
behaviour? What are the necessary conditions leading to
the unexpected isotropic liquefaction? Can we identify the
possible driving physical mechanisms behind these dynamic
instabilities? And more importantly, what are the triggering
mechanisms of the liquefaction phenomenon?

4.1 Threshold fabric void ratio

Since the first test series concerns only very loose materi-
als to better stimulate the appearance of liquefaction, the
next logical step is to investigate the dependency of the
isotropic liquefaction potential on the void ratio by increas-
ing gradually eo at fabrication state, hence indirectly e30 at
the beginning of the isotropic consolidation at 30 kPa. The
compressibility behaviour shown in Fig. 19a–c indicates the
total disappearance of liquefaction of denser samples below
e30 = 0.690.

From these figures, at least three additional observations
can be made. First, although the absence of total failure by
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Fig. 19 Isotropic consolidation without liquefaction for dense sam-
ple below eliq30 a e30 = 0.671 of test I13, b e30 = 0.690 of test I11,
c e30 = 0.677 of test I12

liquefaction is of particularly note, the σ ′ is briefly vanished
in the transient phase I and even a small value below 2 kPa is
recorded by the slow acquisition system. The brief reduction
of σ ′ is not enough to sustain a liquefaction state. Faster
system confirms the absence of phase II on the pore pressure
development. The second observation taken from Fig. 19a is
the sample’s survival after a double local collapse resulting in
a rather large axial contraction and volumetric compaction.
The third and major observation concerns the occurrence of
large local collapse in unloading in Fig. 19b. This is the first
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Fig. 20 Identification of threshold void ratio eliq30 indicating a total
disappearance of liquefaction on denser samples (color figure online)
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Fig. 21 Isotropic consolidation from 30 to 400 kPa without liquefac-
tion for loose sample above eliq30 with e30 = 0.709 of test I14

and the only reported unstable behaviour during isotropic
unloading in the entire experimental program.

Combined with the results of first test series, this trend
exhibits the liquefaction phenomenon above a liquefied fab-
ric void ratio eliq30 , representing the transition from global
instability with total breakdown to local instability with
partial collapse and liquefaction-free during isotropic consol-
idation in Fig. 20. This threshold void ratio can be narrowed
down to 0.690 � eliq30 � 0.699 (−3.6 � Drliq30 � −11.6)
using the data in Table 2. Since it is inherently difficult in
practice to control e30 due to the undetermined nature of the
instability phenomenon, no attempt was made to locate pre-
cisely eliq30 with additional tests.

However, it should be noted that the found eliq30 is not a full
proof guaranteeing the total absence of isotropic liquefaction.
Loose glass bead assemblies with e30 � eliq30 can be exempted
of total liquefaction. A liquefaction-prone sample in Fig. 21
with e30 = 0.709, slightly above eliq30 , shows only one local
collapse occurring at 163 kPa. It just strongly suggests the
possibility of avoiding the total failure below eliq30 since none
of 15 tests (not shown in this paper) below this limit exhibits

liquefaction. Having an initial void ratio denser than eliq30 is
currently a practical way to better prepare for a liquefaction-
prone isotropic consolidation.

Monodisperse glass beads, initially assembled in a very
loose state by moist-tamping technique, experience only
local collapses during the complete isotropic consolidation
from 20 to 500 kPa. Even no collapses at all can be found for
denser samples below eliq30 .

The threshold void ratio eliq30 can be related to another
threshold void ratio ec ≈ 0.934–0.936 (7.0 � Drc � 6.4),
guaranteeing a liquefaction free behaviour during subsequent
undrained shearing for very loose Toyoura sand [17,75].
In the geotechnical literature, ec represents the transition
from liquefaction behaviour in undrained shearing to non-
liquefaction behaviour characterized by the classical steady
state of deformation (SSD) [12].

4.2 Global compressibility characteristics

Interestingly and logically, upon ignoring the local collapses,
the two test series indicate a unique and global isotropic com-
pressibility behaviour, independently of e30 in the range of
0.766 to 0.671 (or Dr30 varying from −71.4–13.4 %). The
mean values for the compressibility macroparameters are:
〈Cc〉 = 0.018, 〈Cs〉 = 0.012, 〈σ ′

p〉 = 60 kPa. Note that
〈Cs〉 ≈ 〈Cc〉, reconfirming the quasi-reversible behaviour
for model granular materials.

4.3 Spontaneous liquefaction characteristics

Figure 22a shows the transient behaviour of normalized ΔU
for all liquefied events, including the special drained shear
test in triaxial compression of Sect. 4.7, with the presence of
one large aftershock in two events. As noticed before for test
I04 in Fig. 9, the same dynamic characteristics of a under-
damped free oscillating system were retrieved for series A: a
mean vibration frequency of 100 ± 12 Hz, a maximum value
of ΔUnorm

max of about 1.8, a rise time of 2.4 ± 0.8 ms and set-
tling time 64.6 ± 8.8 ms excepting for test I06. These nearly
identical characteristics probably denote a same underlying
phenomenon, triggered by the same physical mechanisms for
a test series with nearly constant e30.

Upon ignoring the transient oscillatory phase I , for ease
of thinking, a mean pore pressure development 〈ΔUnorm〉
can be constructed (thick blue dashed curve), merging the
two phases I and II. The liquefaction is initiated as early as
3 ms from the beginning of pore pressure rise and the null
effective stress state maintained for at least 1 s before the final
dissipation stage. Currently, additional experiments will be
needed to verify if the observed transient phase is due to the
experimental setup or to the material characteristics.

The corresponding axial and volumetric strain are shown
in Fig. 22b, c, with the origin shifted to the steady-state
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(a)

(b)

(c)

Fig. 22 Isotropic liquefaction a normalized transient behaviour of
excess pore water pressure, b axial strain, c volumetric strain (color
figure online)

value before liquefaction event, for clarity. These figures
emphasize the lack of simultaneity between ΔU or σ ′ and
εa, εv . A quite large variation of final steady-state value
is observed for both εa and εv and the unexpected axial
rebound is noticed for half of the series. The axial strain rate
ε̇a varies vastly from 19.60 %/s (13.7 mm/s) to a tremen-
dous rate of 130.50 %/s (91.4 mm/s) of tests I01 and I02
while the volumetric strain rate ε̇v changes only mildly
from 0.284 %/s (0.76 cm3/s) to 0.692 %/s (1.86 cm3/s).
Even with the axial rebound, a mean temporal behaviour
can be drawn. At any strain rate, the axial collapse occurs

Fig. 23 Conditions for liquefaction event

first entirely in the range of only 0.1–0.5 s, from the sud-
den beginning of pore pressure development, while εv lags
slowly behind in the range of 3–8 s, clearly in the dissi-
pated phase III or post-liquefaction. The consequence is
once the pore pressure triggered and sustained the stable
state ΔUnorm

stable for at least 0.5 s, it is impossible to stop
the catastrophic global axial collapse within this very short
time duration. The current leading hypothesis is that it is the
time needed for local collapses to propagate throughout the
granular sample and to trigger the global liquefaction. This
very short duration of null effective stress can help to explain
the suddenness of the observed liquefaction phenomenon in
nature.

In addition to the threshold void ratio eliq30 , Fig. 23 gives the
two other necessary conditions for liquefaction event inside
the shaded rectangle: (a) the usual null effective isotropic
stress (σ ′ ≈ 0) and (b) the maintenance of this stress state
(i.e. ΔUstable) for at least 1 s above 95 % of ΔUstable (or
5% of pore pressure dissipation). Collapse event can have a
relatively longer duration for ΔUstable, as indicated by large
blue circle, and not terminate in a full liquefaction due to the
presence of positive σ ′.

It is worth mentioning some shared characteristics
(damped transient oscillatory phase, short duration of pore
pressure peak and distinct banging noise) of these sponta-
neous collapses in triaxial isotropic compression with the
well-known century-old hydraulic shock of water hammer
phenomenon in fluid mechanics. Nevertheless, many features
of the transient phase are still the subject of hot debate among
scientists, even today [31].

4.4 Dynamic consolidation

The first phase I of the dynamic time evolution of ΔU rep-
resents the very rapid oscillations in Fig. 9, which can be
approximated by the standard equation (1) of vibrating sys-
tems [76]. Two generic parameters, damping factor ζ and
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Fig. 24 Modelling of normalized transient behaviour of pore water
pressure in liquefaction event of test I04 with ζ = 0.05, ωn = 693.5

natural frequency ωn , control this second-order equation:

ẍ + 2ζωn ẋ + ω2
nx = 0 (1)

For vibrating systems, ζ can be estimated using the log-
arithmic decrement, and ωn the damped period. In our case,
since all collapses have non constant logarithmic decrement
in Fig. 11, ζ and ωn are approximately identified by trial
and error from the measurements of the first few peaks. Fig-
ure 24 shows a typical simulation of the normalized transient
oscillatory behaviour of ΔU in liquefaction event C of test
I04 with ζ = 0.05 and ωn = 693.5. Reasonable results for
a unit step load are obtained for an under-damped system,
0 < ζ < 1, especially for the first peaks. It means that the
transient oscillatory behaviour of ΔU , or that of effective
stress in a fully saturated system, in all liquefaction events is
reasonably described by the normalized equation (1), inde-
pendently of the isotropic triggering stress σ ′

tr ig and of the
stabilized ΔUstable. However, while the numerical simula-
tion presents a good comparison with pore pressure peaks, it
predicts only 15 periods instead of 17 from experiment. Fur-
thermore, the physical parameters of this simple spring-mass
system cannot be derived and the subsequent phases II and
III cannot be modeled by this equation.

Figure 25 shows a typical temporal evolution of excess
pore pressure development including its full dissipation,
together with axial strain and axial acceleration in a lin-
ear scale. The axial acceleration shows two pulses. The first
pulse occurs at the beginning of the axial contraction with a
time duration less than 200 ms. The coincidence of this pulse
with the transient phase I strongly suggests the triggering of
axial contraction by the fast pore pressure development. The
second pulse concerns the peak of εa at constant effective
stress state with no clear triggering source. Note that the two
small aftershocks leave the axial strain state unchanged with
a totally flat acceleration.
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Fig. 25 Dynamic consolidation: axial strain (a), axial acceleration (b),
excess pore pressure (c) of test I04

In the quest for a better understanding the liquefaction
phenomenon, future studies will improve and explore further
the dynamic measurements of axial and radial accelerations
with miniaturized and submersible accelerometers inside the
triaxial cell.

For an elastic media, the variation of pore pressure is
related to the variation of volumetric strain [80]:

Δp = KΔεv (2)

where K is the bulk modulus of the pore fluid. Considering
the use of distilled water (K = 2.25 × 109kg/ms2) in this
project with fully saturated samples, a small change of vol-
umetric strain in the order of 2.12 × 10−4 would suffice to
raise the excess pore pressure to the maximal level of total
stress of about 400 kPa in this study; hence annihilate the
effective stress and and trigger the dangerous liquefaction.
Consequently, it is possible, theoretically, to liquefy a pure
elastic material under isotropic compression. However, in
our knowledge, it has never been observed in soil laboratory,
even for model granular materials. The logical and difficult
question is: What could be the source capable of delivering
this powerful pore pressure buildup?

4.5 Instability scenario

This isotropic liquefaction requires two basic ingredients: a
loose density state and an initial structural anisotropic state. A
fully saturated state and the perfectly spherical form of indi-
vidual particle are two necessarily additional conditions. The
first requirement of a loose density sample can be obtained
artificially in laboratory using a common moist tamping and
under compaction technique [7]. The second requirement can
be the inherent anisotropic state of type II resulting from pre-
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Collapse, compaction and contraction

Fig. 26 Macropore hypothesis for loose model granular assembly
(color figure online)

ferred orientation of unit vectors normal to contact surfaces
of an assembly of spherical particles of model granular mate-
rial [64].

Very loose glass bead samples created by moist tamp-
ing technique tend to have more irregular microstructures
with the presence of macropores (large pores having the
same size of aggregated grains), based on direct microscopic
observations by Benahmed et al. [5] on Hostun sand using
the same fabrication technique. This aggregated microstruc-
tures can qualitatively explain the tendency of loose samples
to decrease in volume and the macropores are connected
together through the force chains to support the applied stress.
Figure 26 (left) shows a bidimensional conceptual scheme
packing with identical macropores created with monodis-
perse disks.

It is well-known that the applied external forces were
transmitted through the interparticle contact force network
within a granular media [81], even from the early days of
soil mechanics using photoelastic disk assemblies [23]. In
the case of loose granular assemblies, it can be assumed that
the force chains (thick dashed lines) pass through the con-
nection points of macropores. Under external pressure, the
force chains of such fragile structures can be broken, result-
ing in the ejection of one or more shaded red grains of the
unstable honeycombed structures in Fig. 26 (right) prior to
the collapse phase. The incompressibility of the pore water
and the spherical grain shape facilitate probably the failures
of already fragile contact chain forces and this ejection. The
remaining grains still form a new macropore and the ejected
grains in the fully saturated media transmit the ejecting force
into the pore fluid, hence briefly raise the pore pressure to
ΔU peak and reduced later to ΔUstable. Consequently, this
very fast and strong buildup of ΔU reduces the effective
mean pressure and accentuates the instability, without trig-
gering it. Depending on the duration of ΔUstable, therefore
of the vanishing effective mean stress, the contact force net-
work can fail or resume. The total failure of the contact force
network means the total absence of particle contact under
vanishing effective stress, resulting in cascading local fail-

ures propagating towards a global failure beyond repair and
liquefaction can finally occur since the mixture of grains
and water can flow like a fluid. The measured time dura-
tion needed to maintain a sufficient vanishing effective mean
stress is of the order of seconds. The possibility of resuming
and repairing the contact force network due to the progres-
sive increase of σ ′ or dissipation of ΔU due to the drainage
system indicates only a local failure and probably a new local
rearrangement of the granular structures due to the incremen-
tal compaction [46]. The local or global failure of the contact
network would explain the larger magnitudes of the collapse
in saturated samples [19], compared to dry ones [1,3] in tri-
axial experiments; and the spontaneity of slip events in the
experimental [30,62,73], or theoretical works [34].

It seems that extremely brief outbursts of pore water
pressure can be associated with instabilities and failures of
contact chain force, but exactly when and more importantly
how and why they form are not yet known. In other words,
the physical triggering mechanisms of these instabilities are
still unknown. It is simply hypothesized that the ejection of
spherical grains from the failure of contact force network
has triggered the development of pore fluid pressure. It also
suggests a sudden rearranging granular skeletons instead of
gradually rearrangement.

Physical processes are needed to initiate the pore pressure
buildup. The macropore hypothesis suggests a way in which
failures of interparticle contact force network could be lique-
faction seeds. We have asked whether the failures, with their
accompanying propagations, are sufficient to boost the pore
pressure development and cause a liquefaction.

Local collapses can be defined as dynamic instabilities
not large enough, temporally and spatially, to propagate to the
entire sample; and global collapse as dynamic instability able
to sustain a vanishing effective stress state in sufficient time
length resulting in an extremely weak contact force network
causing catastrophic failure such as liquefaction.

This hypothesis of dynamic pore pressure fluctuations
generating by sudden local rearrangements of granular
microstructures capable of canceling the grain-contact
stresses and propagating outward to the whole system with
very large deformation in isotropic compression extends a
step further the conjecture formulated earlier by Iverson and
LaHusen [44] in rapid shearing experiments.

Modern μ-tomography technique [16,36], can be a can-
didate to follow in-situ the microstructure evolution leading
to the collapse of such fragile structures, completely hidden
from external visual observations, and possibly the physical
mechanisms behind. However, this promising nondestructive
approach has two inherent limitations linked to the loosely
assemblies of idealized granular media: the temporal and the
spatial resolution. The briefness of the dynamic instability
phenomenon, below 5 ms, and the very short duration of the
transient component, below 200 ms, cannot be fully captured
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by the current tomography technique. The needed tracking
of individual mono-size grain creates a new identification
problem due to the monodispersivity of the used granular
particles.

Recently, important progress has been made using very
advanced equipments capable to track individual spheri-
cal grain in a polydisperse population [77]. It is known
that structural rearrangement happens in very loose gran-
ular assemblies with a predominant role of particle rotation
[79].

Advanced two or three-dimensional imaging techniques
using epoxy impregnation [27,83], can also bring some
post-mortem experimental supports for this microstructure
evolution. Although capturing the dynamic collapse presents
a great challenge, this destructive approach permits the quan-
tification of macropores, before and after local and global
catastrophic collapses, through the local pore size distribu-
tion, and can offer new useful insights.

Modern discrete element modeling technique can con-
tribute to the understanding of these unconventional features.
Recent advanced studies on a nearly monodispersed popula-
tion of spherical grains, with a full solid–liquid coupling for-
mulation, emphasizes the important role of pore fluid [32,33].
These numerical experiments indicate that model granular
materials experience multiple liquefaction states, in the sense
of vanishing effective stress, however very briefly within a
few localized zones, in the order of 5 ms, even in drained
compression. The idealized media quickly recover due to fast
pore pressure dissipation. Unfortunately, no suitable indica-
tor was found to when and where the next local collapse
would occur. The dynamic characteristics of pore pressure
evolution are still missing and remain currently a hot debate.

Recently, very sophisticated laser measurements suggest
the accelerated creep as a possible indicator for advance insta-
bility warning in studying stick-slip phenomenon within well
defined conditions inside a tribological laboratory [65], fol-
lowing the earlier suggestion [61]. The proposed equipments
are currently beyond the normal capacity of most geotechni-
cal laboratories.

Finally, note that in all these liquefaction experiments, no
“doublet” (pair of beads joined by solid bridges) was found in
binocular microscopy after testing, contrary to the stick-slip
experiments in triaxial compression [19].

4.6 Repeatability and other materials

Despite a large number of tests on soda lime CVP glass beads,
only 9 samples have liquefied out of more than 85 exper-
iments. However, all tests presented dynamic instabilities.
Although being rare, isotropic liquefaction has been repeat-
edly and consistently observed over more than two years of
work experience with different experimentalists, and with
two sizes of glass beads (SLG 2–4 and 6–8).
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Fig. 27 Normalized behaviour of pore water pressure, axial strain and
volumetric strain for liquefaction event at 496 kPa of test I10 on Sili
beads type S

Spontaneous liquefaction has also been observed with
other glass beads of different chemical composition and dif-
ferent industrial fabrication processes (Sili beads type S by
Sigmund-Lindner.2) These beads have a more symmetrical
distribution in size than CVP beads and centered on smaller
mean diameter of 0.675 mm as shown in Fig. 1. They are also
less rounded. The behaviour of normalized pore water pres-
sure (although saturated), axial strain and volumetric strain
for the only one observed liquefaction event at 496 kPa on
Sili beads in Fig. 27 closely resembles the synthetic analy-
sis in Fig. 22. This event has the largest magnitude of σ ′

tr ig ,
without any preceding collapse or precursor.

The results of SLG 2-4 (black star) and Sili beads (green
symbols) fulfill nicely the three necessary conditions for a
full liquefaction: density state loose enough above the thresh-
old void ratio eliq30 in Fig. 20, and effective stress state small
enough approaching the null value for at least 1 s in Fig. 23.
The effects of σ ′

tr ig on the measured macroscopic parameters
follow the same evolutional trends in Figs. 18 and 22.

4.7 Liquefaction under drained triaxial compression

Another logical question arises: If the idealized and very
loose granular assemblies survive the isotropic consolida-
tion, can they experience the total liquefaction during the
subsequent drained triaxial shearing in compression?

Figure 28 shows the isotropic consolidation experiencing
one local collapse and without liquefaction for loose sample,
e30 = 0.675, for test CID, up to 100 kPa, conformed to
a liquefaction-free behaviour. However, Fig. 29 illustrates,
once again, the unusual drained behaviour of model granular
materials in triaxial compression with only one sudden slip
accident associated with liquefaction at deviatoric level of
41 kPa and axial strain of only 0.0235 %. The mobilized

2 www.Sigmund-Lindner.com.

123

http://www.Sigmund-Lindner.com


Unexpected liquefaction under isotropic consolidation of idealized granular materials Page 21 of 25  67 

10 20 30 40 50 60 70 80 90 100
0.664

0.666

0.668

0.67

0.672

0.674

0.676

Effective isotropic stress (kPa)

V
oi

d 
ra

tio

Fig. 28 Isotropic consolidation without liquefaction for loose sample
above eliq30 with e30 = 0.675 of drained compression test CID

friction angle of 9◦8 at first slip occurrence is in the same
order, although smaller, of that found in previous study on
the same glass beads, albeit from a different batch [19].

Figure 30 gives the time evolution of axial strain, volumet-
ric strain, deviatoric stress and excess pore pressure centering
around the liquefaction phenomenon acquired by fast mea-
surement system. This graphic conveys a false impression
of déjà vu excepting a large deviatoric drop towards the null
stress state during the first slip phase. The evolutional charac-
teristics of pore pressure development, axial contraction and
volumetric compaction of the slip phase under shear are very

similar to those of spontaneous liquefaction under isotropic
consolidation. Note particularly the large event in the post-
liquefaction regime, associated with an additional volumetric
compaction and axial extension before attaining the final con-
stant axial strain state.

The ΔUnorm of the liquefaction event under drained shear
is superimposed with dashed line in Fig. 22a with practically
little visual difference. It means the isotropic instabilities and
the slip phase of the stick-slip phenomenon share probably
the same physical origin.

In previous works, the slip component of the stick-slip
phenomenon is always associated with sudden deviatoric
stress drop, axial strain jump, volumetric strain compaction,
and from time to time sudden surge of ΔU , resulting in very
high and narrow peak with fast dissipation. These charac-
teristics are found again in Fig. 29 with a deviatoric drop to
zero in only 3 ms, an exceptional large axial strain jump of
nearly 14 % and a mild volumetric compaction of only 0.64
%. Furthermore, the very short-lived pore pressure peaks
are captured in more details in this paper. More importantly,
the newly performed experiments assess the dynamic char-
acteristics of the slip phase and incidentally show the real
possibility of total collapse by liquefaction during the slip
phase in drained compression, due to the spontaneous and
random development of ΔU . Together, these works point
to the structural instability as a possible physical origin
of the stick-slip phenomenon during shear and of the col-
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the slip phase in triaxial drained compression (color figure online)

lapse, local or global, during isotropic consolidation. This
test is the first known experimental evidence supporting the
numerical simulation showing temporarily liquefaction in
drained conditions for initially dense state, Goren et al. [33].
However, no transient phase was detected in the numerical
experiment.

The slow data acquisition system gives an unrealistic fric-
tional angle of 74◦7 at pore pressure peak (hollow red point
B and dashed line in Fig. 31), even briefly for only one mea-
surement, since it is clearly situated outside the usual range of
granular materials. The correct effective stress path in the slip
phase, in continuous blue line, revealed by adequate acqui-

sition system, continues to follow the classical straight line
CID of drained compression down to point D, instead of point
B, and moves subsequently toward the liquefaction state of
point C, obliterating the next stick component.

One of the numerous questions raised by previous
works [19], concerns the sudden pore pressure development :
Could the unexpected surge of ΔU in the slip phase be strong
enough to annihilate the total stress, and long enough to sus-
tain the null effective stress state of liquefaction? This paper
offers an obvious response, solving then at least one small
mystery of model granular media.

5 Conclusions

This paper examines the possibilities offered by classical and
versatile axisymmetric triaxial soil mechanic machines to
explore an unknown aspect of the mechanical behaviour of
idealized granular materials. It presents a detailed study of the
isotropic consolidation behaviour of very loose and fully sat-
urated monodisperse glass beads prepared by moist tamping
technique. This paper provides the first full report of spon-
taneous liquefaction under drained isotropic compression of
glass beads and reveals some mechanisms underlying the
diffuse instability phenomenon, usually hidden or partially
developed in sands.

Two basic ingredients are required to perform this unex-
pected isotropic liquefaction, a never observed before behav-
iour for real granular media: a loose density state and an initial
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structural anisotropic state of monodispersed model granular
material.

Each spontaneous isotropic liquefaction event occurring
under undetermined isotropic stress can be characterised in
three phases. The first short dynamic transient phase I , last-
ing less than 200 ms, has a very fast excess pore pressure
development ΔU , vibrating like an oscillating underdamped
system and creating a reduced stress state with null σ ′. The
second longer phase II, with sustainable state of vanishing
σ ′ for at least 1 s, is responsible for creating a full lique-
faction state with very large deformation. The last phase III
permits the recover of σ ′ to the previous steady state before
the liquefaction event. At least three necessary conditions
should be fulfilled to have an instantaneous liquefaction: the
granular assembly should be loose enough above the thresh-
old void ratio eliq30 , and the effective stress state small enough
approaching the zero value for at least 1 s. The isotropic triax-
ial compression is liquefaction-free for loose state below eliq30 .

These experimental observations greatly increase the
complexity of modelling together the global and local behav-
iours of idealized granular materials. Nevertheless, this paper
offers new experimental insights into the still mysterious
spontaneous liquefaction under isotropic consolidation, even
for model granular media. The unambiguous identification of
the triggering mechanism of the collapse phenomenon, simi-
lar to the slip component of the stick-slip phenomenon, is still
unknown. One of the possible driving mechanism can be the
propagation of local subsequent failures of the force chains
or the collapse of the unstable honeycombed macropores.
The pore fluid is not the cause of the observed liquefaction.
It merely amplifies the event due to the large duration of the
stable phase II with sustainable null σ ′, responsible for the
destruction of the granular micro-structure. However, cur-
rent knowledge remains far from fully understanding how
the instability of loosely bound and fully saturated granular
assemblies works.

The questions asked in the introduction remain unan-
swered: What are the physical triggering mechanisms, lead-
ing to this powerful and instantaneous buildup of ΔU capable
of annihilating σ ′ for a sufficient length of time to create
catastrophic failures such as liquefaction or landslide? What
are the physical parameters controlling this pore pressure
evolution, especially in the transient oscillatory phase I and
the crucial stable phase II? Our attempt to answer the above
questions only adds a new layer to the intrigue.

Although isotropic liquefaction and stick-slip behaviour
are still unknown to theoretical and numerical scientists, the
experimental results of this paper may offer new clues to how
granular liquefaction is formed. Despite many new difficult
challenges to model the observed behaviour, several useful
directions can be pointed out. New contact models integrating
realistic rolling, sliding and torsion features of spherical par-
ticle may be introduced into DEM modelling [28]. Promising

ideas in the quest for the triggering mechanisms can be
explored and compared with the newly acquired experi-
mental data of this paper within the field of constitutive
modelling. To cite a few: the burst of kinetic energy leading
to a dynamic regime [63], the sudden rearrangement of small
number of grains [78], the localised reorganisations toward
the progressive emergence of cooperative effects [55], the
simple universal predictions based on mean field theory and
event statistics [13], the elastic instability of Granular Solid
Hydrodynamic theory [35] as well as the meso-scale model
with local minimum density energy [49] or the fiber bundle
model [60]. The test data as described here can be down-
loaded from the journal website as supplementary material.
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