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The mechanics of subglacial sediment: an
example of new “transitional” behaviour

Fatin Altuhafi, Béatrice A. Baudet, and Peter Sammonds

Abstract: A series of isotropic compression tests and drained and undrained triaxial compression tests have been per-
formed on glacial sediment from Iceland. Langjokull sediment, which is well graded, is thought to have reached a critical
grading during deposition and transportation. Multiple parallel normal compression lines (NCLs) were found, but a unique
critical state line (CSL) could be identified. This is unlike other so-called “transitional” soils, whose grading varies be-
tween reasonably well graded to gap graded, which tend to have distinct NCLs and critical state lines depending on the
specimen density. It is thought that in the case of the Langjokull sediment studied, its particular strain history that involved
incessant shearing during deposition accounts for the difference in behaviour. This provides the interesting case of a soil
that has been crushed to a critical grading in situ, which depends on the mineralogy of the grains, which was then sampled
and tested. Despite the unique grading, samples with a range of different void ratios can be prepared and the combination
of grading and density seems to set a fabric that cannot be changed by compression, resulting in multiple parallel NCLs.
At the critical state, however, the fabric has been destroyed and the CSL is unique.

Key words: glacial soil, particle-size distribution, laboratory tests, critical-state soil mechanics.

Résumé : Une série d’essais en compression isotrope et d’essais en compression triaxiale drainés et non drainés a été ef-
fectuée sur des sédiments glaciaires provenant de 1’Islande. Les sédiments de Langjokull, qui ont une granulométrie conti-
nue, ont possiblement atteint une granulométrie critique durant la déposition et le transport. Plusieurs lignes de
compression normales (LCN) paralleles ont été trouvées, mais une seule ligne d’état critique (LEC) a pu étre identifice.
Ceci differe d’autres sols appelés « de transition », qui eux présentent une granulométrie variant entre continue et disconti-
nue, ceux-ci ayant des lignes de compression normales et d’état critique dépendamment de la densité de 1’échantillon. T
est postulé que dans le cas des sédiments €tudiés de Langjokull, leur historique de contrainte particuliére de cisaillement
continu durant la déposition a contribué a leur différence de comportement. Ceci fourni un cas intéressant de sol ayant été
broy¢€ in situ a une granulométrie critique, qui elle dépend de la minéralogie des grains. Ce sol a été échantillonné et testé.
Malgré la granulométrie unique, des échantillons ayant des indices des vides différents peuvent étre préparés. La combinai-
son de la granulométrie et de la densité semble fixer une matrice qui ne peut pas étre modifiée par la compression, ce qui
produit plusieurs LCN paralléles. Cependant, a I’état critique, la matrice est détruite et la LEC est unique.

Mots-clés : sol glaciaire, distribution granulométrique, essais en laboratoire, mécanique des sols a 1’état critique.

[Traduit par la Rédaction]

Introduction

Glacier beds have traditionally been considered to be
rigid, but an increasing number of modern glaciers have
been found to rest on deformable beds; for example, Breida-
mérkurjokull in southeastern Iceland (Boulton and Hind-
marsh 1987), Tapridge Glacier in Yukon Territory, Canada
(Blake et al. 1992), Storglacidren in Sweden (Iverson et al.
1995), and Bakaninbreen in Svalbard (Porter et al. 1997).
Accelerating summer melts have caused ice caps to lose ice
volumes and reveal sediments that show a clear stamp of de-
formation, with shearing caused by glacier movement usu-

ally resulting in the remoulding of the upper part of the
sediment (e.g., Breidamérkurjokull, Boulton and Hindmarsh
1987). The implications of deformation of the glacier bed
are potentially far reaching in terms of understanding glacier
dynamics and the stability of ice sheets. Studies on the be-
haviour of glacial sediment are, however, limited, with pre-
vious research generally focusing on the ultimate strength of
the sediments (Kamb 1991; Iverson et al. 1998; Iverson et
al. 1999; Tulaczyk 1999; Tulaczyk et al. 2000) or on the
sensitivity of the sediments to the rate of shearing (Boulton
and Jones 1979; Boulton and Hindmarsh 1987; Blake et al.
1992; Dobbie 1992; Iverson et al. 1998; Truffer et al. 2000;
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Fig. 1. Particle-size distribution of Langjokull sediment.
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Tulaczyk et al. 2000; Tulaczyk 2006; Altuhafi et al. 2009).
This paper presents data from laboratory tests that were per-
formed on glacial sediment from Iceland — Langjokull
till — using techniques and theories of geotechnical engi-
neering, in particular critical-state soil mechanics (Roscoe
et al. 1958). As well as providing an insight into the me-
chanical behaviour of an unusual sediment, this paper aims
to contribute to current research on glacier movement on de-
formable beds. The shearing rate—dependency of the till,
which has been presented in Altuhafi et al. (2009), is not in-
cluded here.

Material and sample preparation

Langjokull sediment was retrieved from a proglacial site
at the retreated margin of Vestari-Hagafellsjokull in the
Langjokull ice cap (Iceland), during a sampling expedition
that was part of the Natural Environment Research Council
(NERC) ARCICE joint project between University College
London (UCL), the University of Southampton, and the Uni-
versity of Bristol. Langjokull is Iceland’s second largest ice
cap, with an area in 1973 of 953 km? and a maximum eleva-
tion of 1450 m above sea level. The ice cap provides an
ideal field area for research because it is relatively accessi-
ble, whilst believed to be resting on deformable sediments
(Hart 1995; Fuller and Murray 2000). Ten block samples
(30 cm x 30 cm x 40 cm) were collected in 1998-1999
from below the topmost 0.4 m of the lodgement till, which
is likely to have been remoulded by shear deformation, ero-
sion, and some fluvial disturbance (Boulton 1976). The sam-
ples were frozen on site using liquid nitrogen for easier
handling and transportation. The freezing technique is con-
sidered one of the practical methods to preserve the granular
material structure (Mimura 2003), and it is unlikely that the
soil mechanical properties have been affected by this freez-
ing, especially for a sediment that has likely been subjected
to many cycles of freezing during its history.

Glacial sediments, unlike other common sediments, were
deposited beneath glaciers under unique conditions, suffer-
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Fig. 2. Scanning electron microscope images of an undisturbed
sample of Langjokull, showing the sediment’s particle size range
and shape and the voids in the sediment’s undisturbed fabric:

(a) larger scale image showing a highly weathered fine particle in
the middle of the undisturbed sample shown in (b); (b) image
showing the range of particle sizes in the sediment.

ing incessant shearing due to the continuous movement of
the glacier and ice flow at the glacier beds. The resulting
subglacial erosion and abrasion of rocks provided the main
source of debris in the basal layer of the glacier, which
eventually became the source material in the case of glacial
sediments classified as lodgement till. Lodgement till is
formed when the glacial debris are smeared into the deform-
able bed due to movement of the glacier. In deformable gla-
cier beds, deposition may have occurred as a combination of
three different processes: melt-out at the ice—sediment inter-
face, transportation of the sediment within the deforming
layer due to glacial flow, and basal shearing (Hart 1995).
Langjokull till is an unstratified, unsorted mixture with a
wide range of grain sizes, made of detritus carried in the
basal debris layer at the bed—glacier interface where the
sediment density is high and mutual attrition of particles is
severe due to the high frequency of clast to clast contacts
(Shilts 1976; Benn 1995; Hooke and Iverson 1995; Hart et
al. 2004). It can be described as cohesionless with a high
presence of clasts sometimes larger than 100 mm in diame-
ter, occurring in the form of isolated boulders. From the
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Table 1. Details of isotropic compression tests in the high-pressure triaxial cell (see Fig. 3).

Specimen Max. p;, e for retrieved
Test state (MPa) €initial final specimen® Remarks
LU-ISO Undisturbed 37.0 0.29 0.27 —
LR-ISO Remoulded 22.0 0.38 0.39 SEM
LR-30MPa-ISO Remoulded 30.2 0.30 0.28 Sieved
LR-40MPa-ISO Remoulded 40.0 0.29 0.28 Sieved — SEM

Note: p(/), mean initial effective pressure; SEM, scanning electron microscope.
*Void ratio calculated from the final water content (of retrieved sample after test), assuming full saturation of the sample.

Table 2. Details of isotropic compression tests in the permeameter (see Fig. 3).

Specimen Max. p; e for retrieved
Test state (MPa) €initial final specimen® Remarks
LR250-1 Remoulded 234.0 0.35 0.10 0.066 Sintering
LR250-2 Remoulded 248.3 0.45 0.26 0.17 —
LR250-2A°  Remoulded  249.5 0.42 0.23% 0.18" —
LR250-3 Remoulded 249.0 0.35 0.10 0.10 Sintering

*Void ratio calculated from the final water content (of retrieved sample after test), assuming full saturation of the

sample.

"Back pressure system channels experienced some leakage towards the end of test, which resulted in a reduction in the

retrieved sample’s void ratio.

Fig. 3. Compression curves from isotropic compression tests on Langjokull sediment: undisturbed (LU) and remoulded (LR) specimens.
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particle-size distribution of the sediment that was tested,
shown in Fig. 1, it is seen that the fines count for more
than 45% of the sediment. The sediment in the proglacial
site was water-saturated, with relatively high void ratios,
considering the well-graded nature of the sediment, of
around 0.57. The specific gravity was determined to be
3.11. Scanning electron microscopy images of undisturbed

samples (Fig. 2) show the subangular, subrounded shape of
the sediment particles and the high voids in the sediment’s
undisturbed fabric. X-ray diffraction test results determined
that the sediment is of a typical clean basaltic composition,
mainly dominated by feldspar and pyroxenes. The absence
of clay minerals in the samples as well as the presence of
augite suggest that mechanical weathering rather than chem-
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Table 3. Details of triaxial shearing tests on Langjokull sediment at low pressures.

Shearing

Test Specimen o, e after rate
Test description state (kPa) Cinitial consolidation Efinal (mm/h) Figures
LUI-CU* CIU Undisturbed 496 0.58 0.43 0.43 3.0 4,9, 11, 12, 13
LU2-CU* cruf Undisturbed 215 0.58 0.50 0.50 3.0 4,9,11, 12,13
LR2-CU* CIU Remoulded 215 0.48 0.45 0.45 3.0 4, 7b, 8b,11,12, 13
LR4-CU* CIU Remoulded 101 0.52 0.50 0.50 3.0 4,7b, 8b, 11, 12, 13
LR3-CU* CIU Remoulded 449 0.40 — — 3.0 4, 7b, 8b, 11
LR100kPa-CD?* CID Remoulded 104 0.51 0.49 0.47 1.0 3, 5b, 6b, 11,12, 13

Note: a;, effective radial stress at each test; CID, isotropically consolidated drained shearing; CIU, isotropically consolidated undrained shearing.

*Void ratio of retrieved sample was not determined for these tests.
"There was some stress relaxation times during test.
iTest was conducted in the computer-controlled triaxial cell.

Table 4. Details of triaxial shearing tests in the high pressure triaxial cell.

e of
Test Shearing ol retrieved
Test Sample type type Cinitial €start_shearing Cfinal rate (mm/h) (MPa) SPeCimen Figures
LU2MPa-CD Undisturbed* CID 0.56* 0.38 0.36 1.0 2.0 0.35 4, 5a, 6a, 10,
12, 13
LU10MPa-CD Undisturbed CID 0.56 0.33 0.29 1.0 10.0 0.27 3, 4, 5a, 6a,
10, 12, 13
LU10MPa-CU Undisturbed* CIU 0.58 0.33 0.33 3.0 10.2 0.33 3,4, 7a, 8a,
10, 12, 13
LR2MPa-CD Remoulded* CID 0.45 0.37 0.35 1.0 2.0 0.33 4, 5a, 6a, 10,
12, 13
LR2MPa- Remoulded? CID 0.40 0.36 0.34 1.0 2.1 0.33 4, 5a, 6a, 10,
CD(Dense) 12, 13
LR 10MPa-CD" Remoulded* CID 0.50 0.33 0.29 1.0 10.0 0.28 3, 4, 5a, 6a,
10, 12, 13
LR20MPa-CD Remoulded* CID 0.52 0.33 0.27 1.0 20.0 0.27 4, 5a, 6a, 10,
12, 13
LR30MPa-CD" Remoulded* CID 0.57 0.31 0.27 1.0 30.1 0.25 4, 5a, 6a, 10,
12, 13
LR10MPa-CU" Remoulded CIU 0.47 0.37 0.37 3.0 10.0 0.33 3,4, 7a, 8a,
10, 12, 13
LR20MPa-CU Remoulded* CIU 0.49 0.30 0.30 3.0 20.1 0.30 3,4, 7a, 8a,
10, 12, 13
LR30MPa-CU Remoulded CIU 0.51 0.28 0.28 3.0 30.0 0.28 3,4, 7a, 8a,
10, 12, 13

Note: CID, isotropically consolidated drained shearing; CIU, isotropically consolidated undrained shearing.
*Sample experienced some reduction in void ratio when the membrane was placed; initial void ratio due to reduction was 0.50.

Specimen was sieved before and after test for particle breakage monitoring.

“Tested using local LVDTs and strain belt.

ical weathering was responsible for the formation of the
sediment, concurring with the hypothesis that subglacial de-
formations played a significant role in the formation of the
till (Flint 1971).

The undisturbed samples were trimmed to 38 mm diame-
ter by 76 mm height cylindrical specimens. The trimming
was carried out on frozen sediment in a cold room (=20 °C)
with the help of a trimming frame that was used to hold the
small block of sediment. The trimmed samples were then
left to thaw on the pedestal of the apparatus before testing.
The remoulded specimens were prepared using the material
left from the trimming of the undisturbed samples. Particles
with a size larger than 4.75 mm were first removed from the

sediment. The remoulded samples were prepared by adding
water to the dry sediment to achieve the desirable water
content (about 10%). The weight of the sediment was calcu-
lated to achieve the desirable void ratio of the sample. The
sediment was then statically compacted in three layers in a
cylindrical three-part mould made to measure. The three
layers were composed of a similar weight of soil and
were compacted by applying a static load to achieve a
pre-determined thickness. This was done to ensure homo-
geneity throughout the sample.

This method was also applied to the preparation of the
loose specimens because segregation in the well-graded
sediment prevented an efficient use of the pluviation method
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Fig. 4. Stress ratio versus axial strain for triaxial compression tests on Langjokull sediment.
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described by Coop and Lee (1993). The loosest specimen
prepared in this way had a void ratio of 0.52, which com-
pares well with the void ratio of 0.56-0.58 in the natural
material, while the densest specimen had a void ratio of
0.35 to investigate the effect of initial density of the speci-
men on its behaviour.

Testing apparatus and procedure

Langjokull sediment was deposited under a temperate gla-
cier, and it is usually assumed that such sediment is fully sa-
turated, ice-free, and under high pore-water pressures. In the
case of the Langjokull glacier, the pore-water pressures were
measured to be of the same order of magnitude as the over-
burden pressure (Eyre 2003), so that the in situ effective
stress is very low, of the order of a few kPa. Because of lim-
ited drainage routes, it is usually assumed that deformations
underneath glaciers occur in undrained conditions (Boulton
and Dobbie 1993; Tulaczyk et al. 2000). Within the pro-
gramme of tests, it was attempted to replicate these condi-
tions, but testing at very low confining pressures proved
difficult. A more comprehensive programme of tests was de-
vised that eventually enabled building a framework for the
behaviour of the till. It included tests at low to moderate
pressure, up to 1 MPa confining pressure, carried out both
in a conventional triaxial apparatus and a hydraulic triaxial
apparatus; tests under higher pressures, conducted using a
high-pressure triaxial apparatus (10 to 40 MPa); and ex-
tremely high isotropic compression pressures were reached
using a permeameter, so-named because it was originally
designed to determine the permeability of rocks. The per-
meameter is similar to a high-pressure triaxial cell and can
reach a maximum cell pressure of up to 300 MPa. In addi-
tion, one-dimensional compression tests were carried out in
an oedometer cell modified to enable the application of
higher stresses to the sample, up to 20 MPa. A summary of
the tests is given in five tables within this paper.

High-pressure triaxial tests

The high-pressure triaxial apparatus used was developed
at UCL. The cell, a steel vessel, uses silicone oil to pressur-
ize the specimen up to 60 MPa. It has two interior compart-
ments: the main chamber and a second upper chamber. A
backpressure system, which controls the pore-water pressure,
is connected to the base of the specimen. Both cell and pore
pressures are controlled by 50 mL piston intensifiers that are
monitored by transducers logged to a computer. The speci-
men is sheared by pushing the cell base upward by means
of controlled-rate mechanical gears and gear box, with the
upper ram fixed to an external frame. The ram, made of spe-
cially hardened steel, precision ground, and set in polytetra-
fluoroethylene (PTFE) seals to minimize friction, is drilled
to allow a connection between the main chamber and the
upper chamber to balance out the upthrust on the ram from
the pressurizing fluid. Shear force and displacement are
monitored by an external load cell and externallinear varia-
ble displacement transducer (LVDT), respectively. Volume
change of the specimen is monitored by the change of water
volume in the backpressure system intensifier cylinder,
which was calibrated for this purpose. Local LVDTs with an
accuracy of 0.0001% were placed on the specimen to meas-
ure small deformations. The top and bottom platens receiv-
ing the specimen were lubricated to favour a right cylinder
deformation of the specimen, so that the change in area of
the specimen during testing could be accounted for when
calculating the deviatoric stress. The specimens were in-
stalled in the triaxial chamber immediately after preparation,
and saturation was conducted in stages until a Skempton B-
value above 0.96 was obtained (Skempton 1954). The cell
pressure was then increased to reach to the desired value of
effective confining stress. The ram was subsequently pushed
downwards until it touched the specimen, using the same
strain rate as that used for the shearing. The stabilized read-
ings from the load cell during that stage were used to correct
the value of axial force during shearing.
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Fig. 5. Deviator stress development during drained triaxial compression test on remoulded specimens: (a) high confining pressure; (b) low

confining pressure (100 kPa).
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Specimens were constructed in a similar way to those for
the triaxial cell, then they were held in a stainless steel
frame that was lowered inside the pressure chamber and se-
curely isolated by a breech nut. Backpressure was applied to
the top of the specimen using a computer-controlled intensi-
fier. Two transducers were used to monitor the backpressure
applied and the pore-water pressure developing inside the
specimen. The volume change of the specimen was moni-
tored by the displacement of the piston of the backpressure
intensifier, which was calibrated for this purpose. The cell
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pressure was monitored in two ways: by a pressure gauge
and an inline transducer, which logged the data to a com-
puter. Four isotropic compression tests were performed on
reconstituted specimens, which reached 250 MPa: two dense
specimens (void ratio e = 0.35) and two medium-density
specimens (e = 0.41 and 0.43).

Modified oedometer cell

A standard oedometer loading frame along with a special
oedometer cell that was modified to enable the application
of higher stresses to the specimen by reducing the stress
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Fig. 6. Volumetric strain response during drained triaxial compression test on remoulded specimens: (@) high confining pressure; (b) low

confining pressure (100 kPa).
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contact area were used. Selection of the modified cell, be-
cause of its small size (20 mm diameter by 10 mm height),
meant that it was not possible to use intact specimens. The
remoulded samples were prepared by pouring a saturated
sediment mixture (slurry) into the sample ring to achieve a
high void ratio for the tested sample. The initial density of
the sample was determined from the dry weight of the sedi-
ment poured in the ring and the interior sample ring volume.

Isotropic compression tests and sediment
yielding
Five isotropic compression tests were performed in the

high-pressure triaxial apparatus: one test was carried out on
an undisturbed specimen (LU-ISO) to reach a pressure of

37 MPa, while the remaining tests (LR-ISO, LR-10MPa-
ISO, LR-30MPa-ISO, and LR-40MPa-ISO) were carried out
on remoulded specimens and reached maximum pressures of
22, 10, 30, and 40 MPa, respectively. To reach very high
isotropic pressures, higher than those permitted by the high
pressure triaxial cell, the permeameter was used to test four
additional specimens. Details of the isotropic compression
tests are given in Tables 1 and 2.

The compression curves obtained from these tests are
shown in Fig. 3. Consolidation stage data of both drained
and undrained compression tests on remoulded and intact
samples of the sediment (of which details are presented in
Table 3) are also included in the figure to present a more
complete picture of the sediment behaviour during compres-
sion. Parallel compression curves were obtained, with no
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Fig. 7. Deviator stress development during undrained triaxial compression test on remoulded specimens: (a) high confining pressure; (b) low

confining pressure (100 kPa).
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tendency to converge even at the very high pressure of
250 MPa. They seemed to depend on the initial sample’s
density. Similar trends were found for the undisturbed and
remoulded specimens. No clear yielding point could be
identified on either curve; however, the higher stiffness ob-
tained from the unloading curves would indicate that defor-
mations in the specimens were elastoplastic.

Similar examples of nonunique normal compression lines
(NCLs) have been reported in the literature for remoulded
specimens of gap-graded residual soils (Ferreira and Bica
2006), some types of well-graded silts (Nocilla et al. 2006),
and some mixed soils (Martins et al. 2001). Langjokull sedi-
ment is well graded, with a coefficient of uniformity of D/
Dy =5.55, even though this figure does not give a true rep-

resentation of the wide range of particle sizes present in the
sediment, with the fine fraction counting for more than 45%.
Previous research, however, has shown that the fractal di-
mension often provides a better description of granular soils
that have suffered particle breakage during their history. Re-
searchers have shown that soils that have undergone particle
breakage during compression usually develop a fractal grad-
ing (Sammis et al. 1987; McDowell et al. 1996), with typi-
cal fractal dimensions of 2.5-2.6. The fractal dimension
tends to be higher in materials that are not the result of
pure crushing; for example, subglacial sediments that have
been subjected to sorting (Hooke and Iverson 1995; McDo-
well and Bolton 1998; Khatwa et al. 1999). The Langjokull
sediment studied here was found to have a fractal dimension
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Fig. 8. Excess pore-water pressure development during undrained triaxial compression test on remoulded specimen: (a) high confining

pressure; (b) low confining pressure (100 kPa).
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of about 2.9. Studies of particle breakage of Langjokull sedi-
ment have further shown that its well-graded particle-size
distribution cannot evolve any more when submitted to high
stresses and strains, so that the sediment seems to have
reached an ultimate grading in the ground (Altuhafi et al.
2006).3 Yield in granular materials has been associated with
particle breakage (Coop and Lee 1993; McDowell and Bol-
ton 1998; Hyodo et al. 2002), and in the case of Langjokull
sediment the absence of particle breakage during compres-
sion may be associated with the lack of a clear yielding
point and perhaps nonconvergence of NCLs. The depend-
ency of the compression curve location on the initial density
or void ratio of the specimen, which also seems to be a fea-

Axial strain (%)

40 50

ture of Langjokull sediment, has been termed ‘“‘transitional”
(Nocilla et al. 2006). This well-defined feature in compres-
sion, however, does not extend to the determination of the
CSL, where researchers have found it difficult to single-out
a unique pattern of behaviour (e.g., Nocilla et al. 2006). This
is explored in the following section.

Triaxial compression tests and critical state

Drained and undrained triaxial compression tests were
carried out on both reconstituted and undisturbed specimens,
using the conventional triaxial cell, the high-pressure triaxial
cell, and a fully computer-controlled cell, keeping the cell

3 Altuhafi, F., Baudet, B.A., and Sammonds, P. On the particle size distribution of glacial sediments. Submitted for publication.
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Fig. 9. Response during undrained triaxial compression test on undisturbed specimen: (a) deviator stress; (b) excess pore-water pressure.
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pressure constant during shearing in all tests. The undis-
turbed specimens were therefore subjected to stresses higher
than those they were subjected to in the ground, but because
the material is pure basalt, it is not expected to have any
structure (Boulton 1976) other than perhaps some fabric
which, as a stable form of structure, would not be affected
by the isotropic compression prior to shearing. Details of
the tests conducted are given in Tables 3 and 4, and results
are plotted in the next eight figures. Irrespective of the intact
or remoulded nature of the specimens, they all seem to
reach a stress ratio of about 1.4 at large strains (Fig. 4).

Some specimens strain-harden to failure e.g., LU2-CU,
whereas others reach a peak stress ratio around 1.5 followed
by strain-softening to failure e.g., LR3-CU, depending on
the state of the specimen at the start of shearing.

The stress—strain response during drained shearing of the
remoulded specimens is shown in Fig. 5. During the two
high-pressure tests at 20 MPa and 30 MPa confining pres-
sure (Fig. 5a), the deviator stress could only be logged until
10%—15% axial strain, but the other tests, at 2 MPa and
10 MPa, show good repeatability with mild or no softening
until failure. The volumetric response (Fig. 6a) indicates a
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Fig. 10. Stress paths of tests under high confining pressure, in the deviator stress — mean effective stress plane, showing the CSL.
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tendency to first contract before dilating, in all these tests
except for LU2MPa-CD. The contractive phase is quite
long, with the peaks reached at strains between 5% and
10%. Results from the single low-stress test, performed at
100 kPa confining pressure, are shown in Figs. 5b and 6b.
Both stress—strain and volumetric responses are contractive,
with the specimen strain-hardening to reach failure at about
10% axial strain.

The stress—strain response and excess pore-water pressure
response during undrained shearing of the remoulded speci-
mens is shown in Figs. 7 and 8. During the tests performed
at high confining pressure, the specimens uniformly strain-
hardened to reach a stable strength at large strains (Fig. 7a).
The excess pore-water pressure, however, increased to a
peak, reached at about 5% axial strain, before decreasing by
as much as 30% (Fig. 8a). The tests performed at low
stresses (Fig. 7b) also seem to uniformly strain-harden to a
critical state, even though the test at 100 kPa confining pres-
sure was finished prematurely. This is accompanied by a
sharp rise in excess pore-water pressure until a peak at about
3% axial strain (Fig. 8b), after which the pore pressure re-
duces, dramatically in one case, perhaps because of the rela-
tively high initial density of the sample (initial e = 0.40).

Results from the undrained tests performed on the undis-
turbed specimens are shown in Fig. 9. These tests were car-
ried out at “low” effective confining pressures of 215 and
495 kPa. As in their remoulded homologues, the specimens
strain-hardened to reach a stable critical state (Fig. 9a),
while the excess pore-water pressure peaked before decreas-
ing to a near stable state (Fig. 9b).

The stress paths for all tests and for tests performed at
pressures less than 500 kPa are shown in Figs. 10 and 11,
respectively. All stress paths seem to indicate a unique CSL
in the stress plane, which concurs with the unique stress ra-
tio defined at large strains in Fig. 4. The undrained stress
paths obtained from the higher stress tests (Fig. 10) are typ-
ical of those obtained on granular materials, with a phase
transformation point close to the CSL defining the transition
between the contractive and dilative behaviours that were
observed in the pore-water pressure responses. Figure 11 de-
tails the tests performed at lower confining pressures (100—
500 kPa), on both undisturbed and remoulded specimens.
Both the intact and remoulded specimens tested at 495 and
450 kPa, respectively, show a similar trend as the higher
stress tests, but the contractive phase is less discernible. The
two specimens sheared at 215 kPa also seem to follow the
same path; however, the intact specimen contracted much
more than the remoulded specimen before reaching what
seems to be a phase transformation point, but this is not too
clear. The remoulded specimen tested at 100 kPa, which was
relatively loose (initial e = 0.52), developed positive pore-
water pressure and veered to the left, as would be predicted
by the stress—strain and pore—water pressure responses. From
Figs. 4, 10, and 11, a unique CSL can be defined in the
stress plane, such that

[ 4 =m'

where ¢’ is the deviator stress, M (equal to about 1.4) is the
gradient of the CSL, and p’ is the mean effective pressure.
The CSL chosen takes into account the changes in pore-
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Fig. 11. Stress paths of tests conducted under low confining pressure, in the deviator stress — mean effective stress plane. The CSL is drawn
on the graph.
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Fig. 13. Normalised stress paths using the equivalent pressure on the CSL, p/..
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Table 5. Details of one-dimensional compression tests in the
modified oedometer cell (see Fig. 14).

Max. p; e of retrieved
Test Cinitial (MPa) Cfinal specimen
LR1-Oedo 0.50 19.8 0.37 0.34
LR2-Oedo 0.61 20.9 0.43 0.43
ARTI1-Oedo  0.90 14.7 0.59 —
ART2-Oedo 0.97 19.3 0.56 0.50

water pressure still occurring at the end of some tests; how-
ever, the value of M should not be taken as accurate because
of these uncertainties. Nevertheless, all specimens seem to
join a unique CSL in the p'—¢’ plane, regardless of the
undisturbed-remoulded state of the specimen, the initial
state of the specimen or the confining pressure at which the
specimens were sheared.

Data of the shearing tests performed on the Langjokull
sediment are now presented in the volumetric space v—Inp’
in Fig. 12, with an inset Fig. 12a for detail. The initial and
final states of the tests have been marked on the undrained
paths. A CSL was drawn, taking into account the small
changes in volumetric strain that were still occurring at the
end of some tests. The equation for the identified CSL iden-
tified is

Normalization

O LU1-CU
—>—— LR2-CU
A Lu2-cU

—4  |R4-CU
——A—— LR100kPa-CD
—k—— LU2MPa-CD
—@—— LR2MPa-CD
—E—— LR2MPa-CD (dense)
—E—— LU10MPa-CD
—F—— LR10MPa-CD
———— LU10MPa-CU
—H— LR10MPa-CU
—A—— LR20MPa-CD
—4——— LR20MPa-CU
—&@—— LR30MPa-CU
——— LR30MPa-CD

2] v=I—-xlnp

where the gradient A = 0.037 and the intercept I"= 1.664 at
p' =1 kPa. This is a very low value of A, which should not
be taken as an accurate value because of the uncertainty as-
sociated with some critical-state points; nevertheless, it com-
pares reasonably well with the gradient of the parallel
compression lines in Fig. 3, estimated to be about 0.05.
Having determined the location of the CSL in v-Inp’
space, it is now possible to comment on the contractive—
dilative response of the sediment to shearing. In uniformly
graded granular materials, this response would be attributed
to the effect of the void ratio of the specimen at the start
of shearing and the initial state of the sediment relative to
the CSL (Been and Jefferies 1985; Klotz and Coop 2001).
Thus, if the state of the specimen at the start of shearing is
located below the CSL, the specimen will dilate upon
shearing; while if the initial state is above the CSL, it will
exhibit contractive behaviour upon shearing. The concept
of state parameter was applied to Langjokull sediment,
however because no unique normal compression line
(NCL) could be determined, the stress paths were not nor-
malized using the NCL, which usually serves as reference
line, but were normalized with the CSL to determine
equivalent pressures, p.., for given void ratios. A similar
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Fig. 14. One-dimensional compression on naturally graded samples and artificially more uniformly graded specimens of Langjokull sedi-

ment.
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method has been used by others (e.g., Klotz and Coop
2001; Ferreira and Bica 2006). The equivalent pressure on
the CSL can be determined using the equation

Bl pes =exp[(I" = v)/A]

The normalized stress paths for both drained and undrained
tests are shown in Fig. 13. They define a unique locus for
critical states at a point of coordinates p'/p,; = 1.0 and
q'Ipl, = 1.4. However, because there is no unique NCL for
the sediment, it is not possible to define a boundary surface.
For each specimen, there is a unique location defining the
start of shearing, which is defined by the state of the speci-
men itself and its position relative to the CSL. On the dry
side of critical, the dense specimens seem to outline a un-
ique Hvorslev surface (Hvorslev 1937).

Discussion

The results from the series of compression and shearing
tests on glacial Langjokull specimens have highlighted pat-
terns of behaviour that differ in some parts from that of gran-
ular materials. No unique NCL could be determined in the
v—Inp’ plane, the location of the NCL depending on the ini-
tial density of the specimen. In shearing however, a unique
CSL could be defined in both the stress and volumetric
planes. While the nonuniqueness of the NCL has been found
previously by Nocilla et al. (2006) on Italian well-graded silt
and by Ferreira and Bica (2006) on gap-graded residual soil,
they concurred in not finding a unique CSL for either of
these soils. Nocilla et al. (2006) went further by identifying
two distinct critical state lines (CSLs) in the ¢’—p’ plane for
drained and undrained tests. Previous work by Gens and
Potts (1982) had also shown that glacial soil does not follow
Rendulic’s principle (Rendulic 1936), but because they used
the same initial void ratio in all tests it is difficult to state
now whether the soil was transitional or not.

In the case of the Langjokull sediment, work presented
elsewhere? has shown that its grading may be ultimate or

critical, so that further breakage in compression or shearing
is not possible. It was also found that if the smaller particles
(<295 pum) were removed to create a uniformly graded
specimen, the coarse-grained sediment created showed
marked yielding when compressed one-dimensionally to
high stresses (Table 5; Fig. 14). In addition, a single NCL
could be identified for the coarse-grained sediment. It thus
seems that the well-graded nature of the sediment hinders
its capacity to reach a unique NCL, which is usually associ-
ated with particle breakage in granular soils (e.g., Coop and
Lee 1993). Nocilla et al. (2006) similarly found that, in
well-graded Italian silt of low clay content (8% and 3.5%),
compression to high stresses does not cause significant par-
ticle breakage while no unique NCL can be identified.
Although, the Langjokull sediment may yield in compres-
sion, as suggested by the relatively stiff unloading response
compared with the loading curve, the initial state of grading
and density seems to define the location of the NCL. The
agreement between the gradients of the NCL and CSL also
seem to indicate that the parallel compression curves are in-
deed multiple NCLs. The NCL typically reached in other
granular soils by crushing particles to high stresses may
thus represent a transient behaviour between the original
soil and the final soil obtained when all crushing has ceased,
as suggested by models including crushing (e.g., Daouadji
and Hicher 2006; Muir Wood 2006; Muir Wood 2008). In
the case of Langjokull sediment, because it has already
reached a critical grading in situ, it seems that its behaviour
is uniquely defined by its density, leading to different com-
pression curves for different densities. Density also affects
the response during shearing, with different densities show-
ing different behaviours — contractive or dilative — de-
pending on the initial state of the specimens. The CSL,
however, is not affected by initial density, as all tested
specimens ultimately reached a unique CSL in v—¢'—p’
space, so that reaching the critical state seems to be reduced
to reaching a steady density (or volume) by either dilating or
contracting during deformation. This further suggests that
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the fabric is completely destroyed during the process of
shearing. It also concurs with the assumption that the CSL
evolves with changing grading towards a steady state (Muir
Wood 2008), but that when there is no further breakage it
reaches an ultimate stable position.

Conclusions

Data from a well-graded glacial sediment, which is
thought to have reached a critical grading during deposition
and transportation, have been presented. Multiple parallel
NCLs were found, but a unique CSL could be identified.
This is unlike other so-called “transitional” soils, whose
grading varies between reasonably well graded to gap
graded, which tend to have distinct NCLs and CSLs depend-
ing on the specimen density. It is thought that in the case of
the studied soil, Langjokull sediment, its particular strain
history that involved incessant shearing during deposition
accounts for the difference in behaviour. This provides the
interesting case of a soil that has been crushed to a critical
grading in situ, which depends on the mineralogy of the
grains, which was then sampled and tested. Despite the
unique grading, samples with different void ratios can be
prepared, and the combination of grading and density in
each specimen seems to set a fabric that cannot be changed
by compression, resulting in multiple parallel NCLs. At the
critical state, however, the fabric has been destroyed and the
CSL is unique. Further work on similarly well-graded soil is
necessary to confirm the behaviour outlined here.
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