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Undrained monotonic triaxial loading behaviors of a type of
iron ore fines
Hailong Wang, Junichi Koseki, Fei Cai, and Tomoyoshi Nishimura

Abstract: Concerning the static liquefaction properties of an industrial cargo, i.e., iron ore fines (IOF), undrained monotonic
behaviors of a type of IOF are revealed through conducting triaxial compression tests. It is found that IOF exhibit some similar
behaviors as those of common sandy soils, while some very unusual behaviors are also observed. All IOF specimens with
compaction degree of 84%–95% and confining pressure of 50–200 kPa exhibit dilative behavior from the beginning of axial
loading until the deviator stresses reach their peaks (qpk). Then the dilative behavior transforms to a contractive behavior, and
the contractive behavior continues until reaching the residual stress without observation of phase transformation and quasi
steady state. These behaviors are not usually observed for common sandy soils based on extensive previous works. More studies
may be necessary as these unusual behaviors imply that flow failure, similar to the undrained monotonic behavior of very loose
sand, may be triggered regardless of the density of IOF. In addition, this study also establishes the relationships of IOF between
its initial conditions, peak stress conditions, and residual conditions by employing classical knowledges developed for sandy
soils.

Key words: iron ore fines, undrained triaxial test, static liquefaction, steady state, collapse surface.

Résumé : En ce qui concerne les propriétés de liquéfaction statique d’une marchandise industrielle, les fins minerais de fer
(« IOF »), les comportements monotones non drainés d’un type d’IOF sont révélés par des essais de compression triaxiale. Il est
constaté que les IOF présentent des comportements similaires à ceux des sols sableux communs, alors que certains comporte-
ments très inhabituels sont également observés. Tous les spécimens IOF avec un degré de compaction de 84–95 % et une pression
de confinement de 50–200 kPa présentent un comportement dilatatif depuis le début du chargement axial jusqu’à ce que les
contraintes de déviateur atteignent leurs maximums (qpk). Le comportement dilatatif se transforme ensuite en comportement
contractif, et le comportement de contraction continue jusqu’à atteindre la contrainte résiduelle sans observation de transfor-
mation de phase et d’état quasi d’équilibre. Ces comportements ne sont généralement pas observés pour les sols sablonneux
communs sur la base d’importants travaux antérieurs. D’autres recherches peuvent être nécessaires, car ces comportements
inhabituels impliquent que la défaillance de l’écoulement, similaire au comportement monotone non drainé du sable très lâche,
peut être déclenchée indépendamment de la densité de l’IOF. En outre, cette recherche établit également les relations de l’IOF
entre ses conditions initiales, les conditions de contrainte maximale et les conditions résiduelles en utilisant les connaissances
classiques développées pour les sols sableux.

Mots-clés : fins minerais de fer, essai triaxial non drainé, liquéfaction statique, état d’équilibre, surface d’effondrement.

Introduction
Iron ore fines (IOF) are transported as a type of bulk cargo for

the iron-making industry. Together with some other cargoes,
such as nickel ore and sinter feed bauxite, they are of concern for
the International Maritime Organization (IMO) and relevant orga-
nizations due to accidents and associated life loss caused by
reportedly liquefaction of the cargoes during the maritime
transportation (Isacson 2010 2010a, 2010b; LPC 2011; Gard 2012;
Roberts et al. 2013; Chen et al. 2014). For safe transportation of IOF
at sea, IMO, after two casualties occurred in 2009 (Isacson 2010a),
declared that IOF should be regarded as a liquefiable cargo and
shipped with a moisture content below the transportable mois-
ture limit (TML), although there was no specific regulation proce-
dure for IOF listed in the International Maritime Solid Bulk
Cargoes Code (IMSBC Code) (IMO 2010b). Then IMO organized an

iron ore technical working group (TWG) with participants of the
world’s three largest iron ore producers (BHP Billiton, Rio Tinto,
and Vale) to conduct research, and coordinate recommendation
and conclusions about the transport for IOF (IMO 2013b). Based on
the findings of the TWG (IMO 2013b, 2013c, 2013d, 2013e), IMO
issued a circular (IMO 2013a), in which IOF containing 10% or more
particles with size less than 1 mm, 50% or more particles with size
less than 10 mm, and less than 35% goethite content, is catego-
rized as liquefiable cargo. And a new test procedure, i.e., Modified
Proctor/Fagerberg test (MPF test), is provided to replace the three
methods including the Proctor/Fagerberg test (PF test) for deter-
mination of the TML of IOF because the MPF test seems to be able
to produce similar densities of IOF as those for shipping (IMO
2013b, 2013c, 2013d, 2013e).

Figure 1 schematically illustrates the way to determine the TML
by MPF and PF tests. MPF and PF tests are essentially the same as
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the Proctor compaction test, but with smaller compaction ener-
gies, while gross water content (= mass of water/masses of IOF and
water) rather than the net water content (= mass of water/mass of
IOF) is used to plot the compaction curve. The TML is equal to the
gross water content corresponding to the intersecting point of
the compaction curve and the 80% degree of saturation line for
the MPF test, or the 70% degree of saturation line for the PF test,
namely as can be seen from Fig. 1, TML determined by the MPF test
is higher than that of the PF test.

There are very few research results about properties of IOF ex-
cept reports of the TWG. Munro and Mohajerani (2017a, 2017b)
discussed the liquefaction potential and stability issue of IOF
based on the model tests and traditional consolidated drained
triaxial tests. As an independent study, Wang et al. (2014, 2017b)
revealed the soil water characteristic curves of unsaturated IOF;
Wang et al. (2016a) revealed the undrained behaviors of saturated
and unsaturated IOF subjected to cyclic triaxial loading; Wang et al.
(2016b) revealed some geotechnical properties of two types of IOF;
Wang et al. (2017a) reported the primary evaluation of liquefaction
potential of the IOF heap with considerations of seepage and lique-
faction resistance of unsaturated IOF by applying rolling motions.

As reported by the IMO (2010a), one of the shipping casualties
induced by liquefaction of IOF occurred 2–3 miles (3–5 km) away
from the port in a prevailing weather conditions with wind speed
of 15 knots and wave height of 2 m. Thus, rather than cyclic
loading, static shear loading, for instance, during the loading pro-
cess, seepage process or natural densification process of IOF, may
also have been responsible for the liquefaction. From this point of
view, the undrained behaviors of a type of IOF under monotonic
triaxial loading are revealed and compared with typical behaviors
of common sandy soils.

Typical undrained behaviors of common sandy soils
The typical undrained behaviors of common sandy soils have

been studied extensively in the past decades (Castro and Poulos
1977; Lindenberg and Koning 1981; Poulos 1981; Been and Jefferies
1985; Sladen et al. 1985; Ishihara 1993; Pitman et al. 1994; Verdugo
and Ishihara 1996; Yamamuro and Lade 1997a, 1997b; Yoshimine
and Ishihara 1998; Yoshimine et al. 1999; Yang et al. 2008; Schnaid
et al. 2013 among others). Though the fines content, initial shear
condition, overconsolidation, sampling method etc. are also ef-
fect factors (Ishihara and Okada 1978; Lade and Yamamuro 1997;
Vaid and Eliadorani 1998; Sze and Yang 2014), the undrained be-
haviors of sandy soils are thought to be affected primarily by the
density and confining pressure conditions. Figures 2a and 2b sche-

matically show typical undrained behaviors of common sandy
soils and Figs. 2c and 2d indicate the definitions of terminology
used in this study. A very loose specimen (e.g., specimen A in
Fig. 2) usually behaves contractively from the beginning of load-
ing until reaching the final residual deviator stress (qs) in the
effective stress path plot. In the stress–strain relationship plot,
specimen A first shows strain-hardening until reaching its peak
deviator stress (qpk), then strain-softening continues until reach-
ing qs at the steady state (SS). SS is the state of the sand deforming
continually, at constant volume and under constant shear stress

Fig. 1. Schematic illustration of method to determine transformable
moisture limit (TML).
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Fig. 2. Schematic drawing of typical undrained behaviors of sandy
soils: (a) typical effective stress paths of common sandy soils;
(b) typical stress–strain relationship of common sandy soils; (c) definition
of dilatancy; (d) definition of strain behavior.
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and confining stress (Ishihara 1993). The behaviors like those of
specimen A may result in flow failure (or flow liquefaction) and
induce severe problems as strain develops continuously with a
shear stress of much smaller peak value (Hanzawa 1980; Marcuson
et al. 1990; Lade 1993; Lade and Yamamuro 1997; Yoshimine et al.
1999; Yamamuro and Covert 2001).

A loose � medium-dense specimen (e.g., specimen B) may also
exhibit contractive behavior in the early stage of loading, while it
turns to the dilative side at the phase transformation (PT). PT is a
point coinciding with the quasi steady state (QSS), where a tem-
porary drop in shear stress takes place over a limited range of shear
strain (Ishihara et al. 1975; Ishihara 1993). For the medium � dense
specimen (e.g., specimen C), the initial contractive behavior may
turn to a dilative behavior without experiencing strain-softening,
and for the dense specimen (e.g., specimen D) contractive behav-
ior may not be exhibited (Yoshimine et al. 1999). The dilatancy
behaviors may change depending on the initial confining pres-
sure; that is to say, usually a low confining pressure impels, and a
high confining pressure impedes, dilative behavior (Ishihara 1993;
Yang et al. 2008).

Figure 3 shows the undrained behaviors of two specimens of
saturated Toyoura sand, a widely used fine sand in laboratory
testing, obtained in triaxial tests. The very loose and medium-
dense specimens behave very similar to specimens A and C in
Fig. 2, respectively. It should be noticed that for the triaxial tests

in Fig. 3, the very loose specimen was of a void ratio (e) of 1.11 or
relative density (Dr) of –33% before the consolidation process. Be-
cause it was prepared by the moisture tamping method with
10 layers, a negative Dr can be obtained, unfortunately, e after the
consolidation process was not measured. In contrast, the medium-
dense specimen was prepared by the air pluviation method and
e = 0.77 or Dr = 62% was that measured after the consolidation
process.

Test material and program
A type of IOF, with a specific gravity (Gs) of 4.444, a gradation as

shown in Fig. 4, was used in this study; this IOF has characteristics
similar to those of clayey sand with gravel according to ASTM
(2003) standard D2487. At the time of conducting this study, due
to testing device limitation for the MPF or PF test, a compaction
test with a compaction energy close to the Proctor compaction
energy (550 kJ/m3) was conducted following JIS (2009) standard
A1210, by which a maximum dry density (�dmax) and an optimum
water content (wopt) of 2.79 Mg/m3 and 12%, respectively, were
obtained. Munro and Mohajerani (2017a) conducted MPF and Proc-
tor tests on one type of IOF, indicating that �dmax and wopt ob-
tained from the MPF test were about 88% and 109% of those
obtained from the Proctor test, respectively.

Table 1 shows the testing conditions, in which the isotropically
consolidated undrained tests (ICU) were mainly conducted, while
a few anisotropically consolidated undrained tests (ACU) were
also conducted to consider the IOF element subjected to the initial
shear stress during the maritime transportation. The compaction
degree (Dc = �d/�dmax × 100%, �d is dry density of the specimen) and
void ratio (e) are values obtained after the consolidation process.

IOF was uniformly pre-mixed with water (initial water content:
12%) and cured for at least 24 h before usage. The specimen with
50 mm in diameter and 100 mm in height was formed by the one
dimensional compression method in a split mold, which was es-
sentially the same as the moisture tamping method with one layer
(Ishihara 1993; Sze and Yang 2014). In addition, to improve the
uniformity of density distribution of the specimen during one
dimensional compression, a plastic sheet was pasted in the inner
wall of the mold to reduce the friction and tapping energy was
applied from the outside wall of the mold while compressing the
specimen. It was observed in the trail tests of the undrained cyclic
triaxial test that for the specimens prepared by the moisture
tamping method with multiple layers, large deformation always
first developed from the top part of the specimen, in contrast, it
occurred in the middle part for those prepared by the one dimen-
sional compression method. The double vacuuming method

Fig. 3. Undrained behaviors of Toyoura sand: (a) effective stress
path and (b) axial strain and deviator stress relationship.

Stress

Fig. 4. Gradation curve of iron ore fines (IOF).
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(Ampadu and Tatsuoka 1993) was applied to saturate specimens,
by which the pore pressure coefficient B > 0.95 condition was
achieved with the application of the back pressure of 200 kPa.

The volume changes were measured by a double cell system
(Wang et al. 2016 c) during the pre-consolidation process and by
monitoring the drainage of water from the specimen during the
consolidation process. After 2 h consolidation, the monotonic un-
drained loading with an axial strain rate of 0.1%/minute was ap-
plied in a strain-controlled triaxial system without the application
of lubricated ends.

Test results

Isotropically consolidated undrained test (ICU)
Figure 5 shows the effective stress paths (p′–q) and stress–strain

relationships (�a–q) of ICU specimens with different densities un-
der the initial confining pressure (p0

′ ) of 100 kPa, where p′ �
��a

′ � 2�r
′ �/3 and q � �a

′ � �r
′ (�a

′ is effective axial stress, �r
′ is

effective lateral stress). It is seen from the p′–q plot that all speci-
mens dilate from the initial deviator stress (q0) until reaching qpk.
Then the dilative behavior turns to a contractive behavior until
reaching qs at SS without observation of the PT. The slope of the
steady state line (SSL) is Ms = 2.0. In the �a–q plot, deviator stress
reaches qpk at �a of 1.0%–2.5% and then the strain-softening from
qpk to qs is observed without clear observation of the QSS regard-
less of the density conditions. Note that the residual deviator
stress qs is defined in this section as the minimum q in the range
from qpk until the end of the test, and SS is assumed to be the state
at residual stress; definitions of qs and SS are based on the fact that
QSS is not very clear for IOF from the results in this study. Regard-
ing the effect of density, the line connecting the initial point
(p0

′ , q0) and peak point (ppk
′ , qpk) of each test is drawn in the figure

inset of Fig. 5a, where ppk
′ is p′ value corresponding to qpk. It is

implied that the trend of dilative behavior becomes stronger as
the density increases; this trend is similar to that for common
sandy soils.

Figures 6–8 show the effective stress paths and the stress–strain
relationships of ICU specimens with similar densities, but differ-
ent p0

′ . Similar to those shown in Fig. 5, all specimens regardless of
p0

′ exhibit the dilative behavior from q0 until qpk, and turn to the
contractive behavior thereafter until reaching the SS. Similar as
that shown in Fig. 5, the slope of the SSL is Ms = 2.0 and there is no
clear observation of PT. Moreover, the strain-softening from qpk to
qs is observed without clear observation of the QSS. In the figure
insets of p′–q relationships, the lines connecting (p0

′ , q0) and
(ppk

′ , qpk) were moved to share the same initial points. It is implied
that the dilative trend seems to be repressed by the increase in the
initial confining pressure; this trend is also similar to that for
common sandy soils.

Anisotropically consolidated undrained test (ACU)
Figure 9 plots the effective stress paths and stress–strain rela-

tionships of anisotropically consolidated undrained test (ACU)

specimens with various q0. The behaviors of specimens with the
q0 > 0 condition are very similar to those of the specimen with q0 =
0 condition. However, it seems that qpk and qs first increase and
then decrease with the increase in q0. The lines connecting the
initial and peak points of the stress paths are shown in the figure
inset of Fig. 9a; they suggest that the dilative behavior becomes
stronger with the increase in q0. The stronger dilative behavior
induced by the increase in q0 may be one of the reasons that

Table 1. Testing conditions.

Test
Compaction
degree, Dc (%)

Void
ratio, e

Initial confining
pressure, p0

′ (kPa)
Intimal shear
stress, q0 (kPa)

Isotropic consolidated
undrained (ICU)

95.0 0.679 200 0
94.9 0.682 100 0
92.0 0.734 50 0
91.2 0.751 100 0
87.3 0.829 100 0
87.5 0.825 60 0
83.8 0.905 100 0

Anisotropic consolidated
undrained (ACU)

93.1 0.715 100 17
92.1 0.732 100 59
92.8 0.719 100 121

Fig. 5. Undrained behaviors of IOF under p0
′ = 100 kPa: (a) effective

stress paths and (b) axial strain and deviator stress relationship.
Dc, compaction degree.
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results in the increase in qpk and qs, while qpk and qs may reduce as
the initial stress condition (p0

′ , q0) approaches the failure envelope.

Discussions

Unusual behaviors of iron ore fines (IOF) compared to
common sandy soils

As a new material in geotechnical engineering, the granular
material IOF exhibits similar behaviors as those of common sandy
soils, such as those under effects of density and confining pres-
sure, while some very interesting unusual behaviors are found
from this study. By comparing Figs. 5–8 with the typical behaviors
of common sandy soils shown in Fig. 2, the unusual undrained
behaviors of IOF for tested specimens, as schematically illustrated
in Fig. 10, can be summarized as the following three points:

1. IOF specimens exhibit dilative behavior from q0 to qpk, while
common sandy soils generally behave contractively in this
stage except for relatively dense specimens (e.g., specimen D
in Fig. 10).

2. The dilative behavior of IOF transforms to the contractive be-
havior from qpk, while for common sandy soils, once they turn
to the dilative behavior, it generally continues until reaching
the SS.

3. The deviator stress of IOF reduces (i.e., strain-softening devel-
ops) from qpk to qs without clear observation of the QSS and PT,

while these kinds of behaviors from qpk to qs are normally
observed only for very loose specimens of common sandy soils
(e.g., specimen A in Fig. 10).

The first point may relate to the specimen preparation method
(i.e., the one dimensional compression method), by which even
the loosest specimen (Dc = 84%) may be initially overconsolidated.
This inference may be supported by similar observations of spec-
imens formed by the moisture tamping method (Høeg et al. 2000;
Djafar Henni et al. 2013; Zhao and Zhang 2013; Mahmoudi et al.
2016). Ishihara and Okada (1978) also showed that the contractive
behavior can be impeded by increasing the overconsolidation
ratio.

The two other points may also relate to the gradation of IOF
with coefficient of uniformity (Uc) of 106. The skeleton of the IOF
specimens may be initially constituted by relatively large parti-
cles. When the deviator stress reaches qpk, the contacts between
relatively large particles may transform to small particles, by
which the contractive behavior and the strain-softening may be
induced. This interpretation is supported by Hara et al. (2004),
who studied the effect of Uc on the undrained monotonic behav-
iors of gravelly soils. They found that shear stress of the material
with higher Uc was prone to drop with the development of shear
strain.

In addition, test results from Toyoura sand specimens as shown
in Fig. 3 were from tests conducted by using the same apparatus

Fig. 6. Undrained behaviors of IOF with Dc of 95%: (a) effective
stress paths and (b) axial strain and deviator stress relationship.

Fig. 7. Undrained behaviors of IOF with Dc of 92%: (a) effective
stress paths and (b) axial strain and deviator stress relationship.
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with similar testing procedures, implying that the triaxial appa-
ratus would not be the reason resulting in the unusual behaviors
of IOF. Nevertheless, the unusual behaviors of IOF observed in this
study cannot be fully explained and further researches would be
worthwhile. As can be seen from Fig. 10, IOF regardless of its
density may deform continuously under a smaller shear loading
than peak shear strength like specimen A in Fig. 10. As mentioned
in section titled “Typical undrained behaviors of common sandy
soils”, specimen A may result in flow failure (or flow liquefaction).
Even in good weather condition, deformation of IOF may develop
locally and gradually during loading or shipping due to stress
conditions and material properties. Therefore, once the shear
stress exceeds the peak shear strength of IOF, sudden and large
deformation (or flow failure) may be triggered locally or globally,
which may induce casualties.

Steady state line (SSL) and collapse surface of IOF
Figure 11 plots the SSL of IOF in the p′–q and p′–e spaces based on

the test results in this study. In the p′–q space, SSL is of a slope of
Ms = 2.0 that corresponds to an angle of internal friction of �s =
48.6° according to the Mohr–Coulomb failure criterion. The data
obtained by Munro and Mohajerani (2017b) from consolidated
drained triaxial tests (CD tests) of nine samples of one type of IOF
are also plotted in solid stars. It seems that the IOF from this study
and that from Munro and Mohajerani (2017b) have similar SSLs.

The SSLs of common sandy soils obtained by other researchers are
plotted in dash lines, and imply that Ms of IOF is significantly
higher than those of common sandy soils. It seemes from litera-
ture reviews that the Ms of a sandy material may closely relate to
its gradation characteristics, such as the fines content, gravel con-
tent, and uniformity.

In the p′–e space, SSL of IOF can be written as

(1) e � 1.09 � 0.17log10�ps
′ /pref�

where ps
′ is the residual confining pressures and pref is a reference

value for normalization (=1 kPa herein). Comparing with common
sandy soils, it can be seen that SSL of IOF is much steeper in the
p′–e space except for the silt (i.e., silty sand with fines content (Fc)
of 100%) from Kwa and Airey (2017). Note that SSLs of Kwa and
Airey (2017) were strictly speaking critical state lines (CSLs) as they
were obtained by drained tests, while SSLs were those obtained by
undrained tests (Sladen et al. 1985). And it is interesting that even
for the same materials, critical state lines (CSLs) were different
depending on the density conditions. In addition, for common
sandy soil specimens with initial condition at the right hand side
of SSL, p′ usually goes to the left hand side to reach SS or to reach
QSS then to SS during shearing, and those with initial condition at

Fig. 8. Undrained behaviors of IOF with Dc of 87%: (a) effective
stress paths and (b) axial strain and deviator stress relationship.

Fig. 9. Undrained behaviors of IOF with Dc of 92% and various
pre-shear stresses: (a) effective stress paths and (b) axial strain and
deviator stress relationship.
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the left hand side of SSL, p′ usually goes to the right hand side
directly reaching SS. While, for IOF, it is shown that even for
initial condition at the left hand side of SSL, p′ always goes to the
right hand side to reach peak state and then comes back to SS.

Been and Jefferies (1985) proposed the state parameter 	 based
on a large number of undrained tests on Kogyuk sand. The state
parameter 	 was defined as the void ratio difference between the
initial state and the SS conditions at the same mean effective
stress. Been and Jefferies stated that the same sand tested under
very different combinations of void ratio and mean effective
stress behaves similarly if test conditions assure an equal 	. For
a comparison, Fig. 12 plots the relationship between the state
parameter and the normalized peak strength of IOF and reproduc-
tion of the test results Kogyuk sand in Been and Jefferies (1985). It
is shown that the relationship is unique with some scattering for
each of the tested materials.

Regarding the peak point (ppk
′ , qpk), Sladen et al. (1985) and

Alarcon-Guzman et al. (1988) discussed and applied the concept of
collapse surface. They stated that all points of (ppk

′ , qpk) normalized
by their corresponding residual confining pressures (ps

′) lie on a
unique line in the p′–q space regardless of the e and p0

′ . This line
was the projection of the collapse surface in the e–p′–q space. By
doing the same process, Fig. 13a plots the results for IOF together
with those for common sandy soils. The collapse surface of IOF in
the p′–q space can be written as

(2)
qpk

ps
′ � ML�ppk

′

ps
′ � 1� � Ms

It can be seen that the slope ML of collapse surface of IOF in the
p′–q space is 1.5, which is much larger than those of common
sandy soils.

In addition, Fig. 13b plots the collapse surface in the p′–e space,
from which ppk

′ /ps
′ is connected to Dc (%) as follows:

(3)
ppk

′

ps
′ �

0.2 Dc

Dc � 81.8

From Figs. 11–13 and eqs. (1)–(3), it can be seen that the initial
conditions (e.g., e or Dc), peak conditions (e.g., ppk

′ and qpk), and the
residual conditions (e.g., ps

′ and qs) can be connected by the classi-
cal knowledge developed for sandy soils. While as indicated in
Fig. 10, there are some unusual behaviors for IOF, which may need
more studies both experimentally and numerically to properly
evaluate the liquefaction potential of IOF.

Conclusions
To properly evaluate the static liquefaction potential of IOF,

undrained behaviors of a type of IOF were studied by conducting
the isotropically and anisotropically consolidated undrained tri-
axial shear tests for specimens with the degree of compaction
ranging from 83.8% to 95.0% or the initial confining pressure rang-
ing from 50 to 200 kPa. It is found that IOF exhibits similar behav-
iors as those of common sandy soils, such as those under effects of
density and confining pressure, while some unusual behaviors
were also observed as follows.

1. All IOF specimens exhibited dilative behavior from the begin-
ning of the axial loading until the deviator stresses reached
their peaks. While for common sandy soils, the contractive
behavior was generally observed in the initial shear stage.

2. The dilative behavior of all IOF specimens transforms to the
contractive behavior from the peak deviator stress, while for

Fig. 10. Schematic comparison of undrained behaviors between common sandy soils and IOF: (a, b) effective stress paths and stress–strain
relationships of common sandy soils and (c, d) effective stress paths and stress–strain relationships of IOF.
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common sandy soils, once they behave dilatantly, the behav-
ior generally continues until reaching the SS.

3. Following the contractive behavior, the deviator stress of IOF
reduces (i.e., strain-softening develops) from the peak deviator
stress to the residual deviator stress. During this reduction
process, the QSS and PT were not clearly observed. While co-
existence of the reduction process of deviator stress and the

absence of QSS and PT state is normally observed only for very
loose specimens of common sandy soils.

4. Relationships between the initial conditions (e.g., e or Dc),
peak conditions (e.g., ppk

′ and qpk), and the residual conditions
(e.g., ps

′ and qs) are established by employing classical knowl-
edge developed for sandy soils. It is also suggested that for IOF,
the slopes of the SSL and the collapse surface in p′–q and (or)
p′–e spaces are much steeper than those of common sandy
soils.

The above behaviors may be partly explained by the specimen
preparation method and gradation of IOF, while, as IOF specimens
regardless of density exhibit flow failure type behavior, further
studies may be very necessary.
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