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Abstract

Landslides are globally widespread along coasts, posing a major natural thread to population
and infrastructure. Understanding initiation, type, and areas affected by such landslides, is
thus one of the primary concerns for coastal communities and infrastructure projects, like
harbor constructions and residential settlements. Some of the most damaging landslides in
the past occurred in soil with high sensitivity, a measure of the post-failure strength loss in
the failure zone during landsliding. Such soil exhibits very low shear strength after failure,
predisposing progressive landslides with long runout distance and dimensions difficult to
predict. High sensitivities have been described in post-glacial clayey sediments in Norway, as
well as in weathered tephra in New Zealand. In both regions, it is of common interest to better
understand the effect of cyclic loading, such as earthquake shaking or machine vibrations,
on the shear strength of post-glacial clayey sediments and weathered tephra, respectively.
Furthermore, the processes that lead to high sensitivities in weathered tephra are still poorly
understood.

This doctoral thesis aims to broaden the understanding of pre- and post-failure mecha-
nisms of coastal landslides in sensitive soil. Two landslides were investigated, that occurred
in sensitive soil and affected society, economy, and natural environment in coastal regions:
(1) The coastal submarine Orkdalsfjord landslide in post-glacial silt, Norway, and (2) the
coastal subaerial Omokoroa flow slide in weathered tephra, New Zealand.

The vulnerability of the Orkdalsfjord landslide to cyclic loading was studied by in situ
vibratory cone penetration tests and laboratory cyclic triaxial testing. Very coarse silt layers,
interbedded in the post-glacial silt unit overlying the failure surface, are more vulnerable to
cyclic loading compared to surrounding finer silts. Accordingly, the very coarse silt layers
may have contributed to the weakening of the Orkdalsfjord landslide in the presence of cyclic
loading. The cyclic loading behavior of weathered tephra from the Omokoroa flow slide was
analyzed by monotonic and cyclic triaxial testing. The weathered tephra experiences brittle
failure and has higher friction coefficients than normally consolidated clay, being similar to
granular soil. Comparing the cyclic shear strength of weathered tephra with that of sensitive
post-glacial clays shows that for weathered tephra the number of loading cycles to shear
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failure depends more strongly on the level of shear stress applied and that altered tephra is
more resistant to small cyclic loading but fails within a narrower range of shear stresses.

The development of high sensitivities in weathered tephra was analyzed by scanning
electron microscopy and laboratory vane shear measurements along a drill core comprising
the intact tephra succession of the Omokoroa flow slide. The secondary clay mineral
halloysite dominates the Pahoia Tephra, a sequence that was involved in the Omokoroa flow
slide. The halloysite particle morphologies are highly variable with depth. While tubular
morphologies are prevalent in the upper tephra successions, the lower Pahoia Tephra sequence
is dominated by spheroidal halloysite. This change in halloysite morphology coincides with
an increase in sensitivity with depth. Therefore, spheroidal halloysite is likely the key in the
development of sensitivity in weathered tephra from New Zealand and potentially elsewhere
in regions of similar volcanic origin. In the failure surface of the Omokoroa flow slide,
a new open-sided spheroidal halloysite particle shape in the form of ’mushroom caps’ is
recognized for the first time that governs the development of high mobility in the failure
surface during landsliding. Based on a new ’attraction-detachment’ model, it is suggested that
the rearrangement in the halloysite texture during the failure process reduces the attractions
between the particles at nanoscale dimensions and thus predisposes flow sliding.

Various aspects of the cyclic loading behavior of sensitive post-glacial silts and weathered
tephra were studied, contributing to a better understanding of pre- failure and shear failure
behavior during cyclic loading scenarios such as earthquakes. Both soil types are vulnerable
to cyclic loading, which therefore needs to be considered when planning civil engineering
projects on or close to slopes comprised of post-glacial silt or altered tephra. A new concep-
tual model explains the high sensitivities in halloysite-rich tephra, which provides a potential
key for the identification of sensitive weathered tephra that are predisposed to flow sliding.



Zusammenfassung

Hangrutschungen in Küstenregionen sind weltweit verbreitet und Studien, die zum Verständ-
nis der Initiierung, Ausmaße und Gefährdung von Rutschungen beitragen sind von großer
Bedeutung für küstennahe Wohngebiete und Infrastrukturprojekte. Einige der verheerendsten
Hangrutschungen in der Vergangenheit ereigneten sich in Böden mit hoher Sensitivität, ein
Parameter, der in der Geotechnik für die Quantifizierung des Scherfestigkeitsverlusts in der
Versagensfläche Verwendung findet. Solch hoch sensitive Böden weisen meist eine sehr
geringe Restscherfestigkeit nach dem Versagen auf, was schwer vorhersagbare, verflüssigte
Hangrutschungen mit großen Auslaufbereichen begünstigt. Hohe Sensitivitäten wurden
sowohl für postglaziale tonige Sedimente aus Norwegen als auch für verwitterte Tephra aus
Neuseeland beschrieben. In beiden Regionen ist es von gesellschaftlichem Interesse, die
Schwächung von sensitiven Hangsedimenten unter zyklischer Belastung, wie zum Beispiel
während Erdbeben oder Maschinenvibrationen, besser zu verstehen. Darüber hinaus sind die
Prozesse, die zu hoher Sensitivität in verwitterter Tephra führen, weitgehend unbekannt.

Diese Doktorarbeit hat das Ziel, die Pre- und Post-Versagensmechanismen von Hangrut-
schungen in sensitiven Böden am Übergangsbereich zwischen Land und Wasser besser zu
verstehen. Dafür wurden zwei Rutschungen untersucht, die in sensitiven Böden auftraten
und dabei sowohl die sozioökonomische als auch die natürliche Umwelt beeinflussten: (1)
Die submarine Orkdalsfjord Hangrutschung in postglazialen Silten, Norwegen und (2) die
subaerische Omokoroa Hangrutschung in verwitterter Tephra, Neuseeland.

Die Anfälligkeit der Orkdalsfjord Hangrutschung gegenüber zyklischer Belastung wurde
mittels vibrierter Drucksondierung und zyklischen Triaxialversuchen untersucht. Die post-
glaziale Siltabfolge, die die Versagensfläche überlagert, beinhaltet zwischengelagerte Grob-
siltlagen, welche anfälliger gegenüber zyklischer Belastung sind. Folglich könnten die
Grobsiltlagen zu einer Schwächung der Orkdasfjord Hangrutschung beigetragen haben,
wenn während der Rutschung zyklische Belastungen vorherrschten. Das zyklische Belas-
tungsverhalten von verwitterter Tephra aus der Omokoroa Hangrutschung wurde mit Hilfe
von monotonen und zyklischen Triaxialversuchen untersucht. Die verwitterte Tephra hat ein
sprödes Versagensverhalten mit höherem kritischen Reibungswinkel als postglaziale Tone
und ist eher vergleichbar mit granularen Böden. Der Vergleich der zyklischen Scherfestigkeit
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von verwitterter Tephra mit postglazialen Tonen zeigt, dass im Falle der verwitterten Tephra
die Anzahl an Belastungszyklen bis zum Versagen stärker von der mittleren Scherspannung
im Boden abhängt, und sie gegenüber kleinen Belastungszyklen beständiger ist, jedoch
innerhalb eines kleineren Scherspannungsintervalls versagt.

Die Entstehung der hohen Sensitivität in verwitterter Tephra wurde anhand von Rasterelek-
tronenmikroskopie und Laborscherflügelversuchen entlang eines Bohrkerns untersucht,
welcher die vollständige ungestörte Tephraabfolge der Omokoroa Hangrutschung bein-
haltet. Das sekundäre Tonmineral Halloysit dominiert die Pahoia Tephra, eine Abfolge von
verwitterter Tephra, die an der Omokoroa Hangrutschung beteiligt war. Die Morphologie
der Halloysitpartikel variiert mit der Tiefe: Während in den oberen Tephraabfolgen eine
röhrenförmige Morphologie vorherrscht, wird die untere Pahoia Tephra von spheroidalem
Halloysit dominiert. Dieser Wechsel in der Tonmorphologie geht mit einem Anstieg der Sen-
sitivität mit der Tiefe einher. Deshalb ist spheroidaler Halloysit wahrscheinlich maßgeblich
an der Entstehung hoher Sensitivität in verwitterter Tephra beteiligt. Die Versagensfläche der
Omokoroa Hangrutschung wird von einer zuvor unbekannten spheroidalen Halloysitmor-
phologie dominiert, die mit ihrer markanten offenen Seite an „Pilzköpfe“ erinnert. Anhand
eines neuen „Anziehungs-Abstoßungs“-Models wird postuliert, dass die Umlagerung der
Halloysitmatrix während des Versagens die auf nanoskopischen Größenordnungen wirkenden
Anziehungskräfte zwischen den Pilzköpfen reduziert, was zu einer starken Verflüssigung der
Hangrutschung führt.

In dieser Arbeit wurden unterschiedliche Aspekte von zyklischem Belastungsverhalten
sensitiver postglazialer Silte und verwitterter Tephra analysiert, was zu einem verbesserten
Verständnis der Pre- und Post-Versagensmechanismen von Hangrutschungen beiträgt. Da
beide Bodentypen anfällig gegenüber zyklischer Belastung sind, ist es notwendig, dies in
zukünftigen Baugrundvorhaben zu berücksichtigen. Ein neues konzeptionells Modell erklärt
die hohe Sensitivität verwitterter halloysitreicher Tephra und kann zukünftig dazu verwendet
werden, Regionen mit hohem Potenzial für mobile Hangrutschungen zu identifizieren.
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Chapter 1

Introduction

1.1 Landslides

Landslides are “downward and outward movements of slope-forming materials, wherein
shear failure occurs along one or several surfaces” (Eckel, 1958; Hampton et al., 1996).
They are globally widespread in all types of environments, posing a major natural hazard to
population and infrastructure. Areas close to the shoreline have always been the preferential
location for settlements, because of the easy accessibility, trade and the wealth of natural
resources. With the rapidly growing global population during the last few decades, this
results in around 1.2 billion people living within 100 km from the shoreline (Small and
Nicholls, 2003). As a consequence, a large percentage of coastal communities are exposed
to landslides. Notable examples of coastal landslides in Finneidfjord, Norway, and in Nice,
France have caused fatalities as well as partial destructions of harbor constructions (Assier-
Rzadkieaicz et al., 2000; Longva et al., 2003), highlighting the need to better understand the
causes of landslides in coastal areas.

The causes of landslides are often complex and arise from a combination of geologic,
topographic, and climatic factors (Varnes, 1978). However, they are always the result of
slope failure, which is initiated when the factor of safety F

F = s/τ , (1.1)

drops below 1 (Morgenstern and Price, 1965). Where τ is the shear stress acting in the
slope. The shear strength s is defined as the maximum shear stress τmax that the soil can
withstand and is controlled by effective stress. The relationship between shear strength and
effective stress can be represented by the Mohr-Coulomb strength envelope as
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s = τmax = c′+σ
′tanφ

′, (1.2)

where c′ is the effective stress cohesion, σ ′ is the effective stress on the failure plane at
failure, and φ ′ is the effective stress angle of internal friction (Muir Wood, 1990; Duncan
et al., 2014). For undrained loading conditions, excess pore water pressure u decreases the
normal stress σn according to Terzaghi’s effective stress principle (Terzaghi, 1944):

σ
′ = σn −u, (1.3)

which leads to a decrease in effective stress. As a consequence, the undrained shear
strength su is lower than the shear strength of the soil for drained loading conditions.

Strain
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sr

Pre-Failure Post-Failure

S
h
e
a
r 

st
re

s
s

A: Stable slope, F > 1 C: Landslide, F < 1B: Shear failure, F = 1
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behavior

Plastic
behavior

Brittle, strain softening
(sensitive)

Ductile
(not sensitive)

Fig. 1.1 Failure stages of landslides. su - Undrained shear strength; sr - Remolded shear
strength; F - Factor of safety.

A soil element that is involved in a landslide commonly passes through a pre-failure, a
shear failure, and a post-failure stage (Terzaghi et al., 1996; Locat and Leroueil, 1997). In
the pre-failure stage, the shear stress acting in the slope is below the shear strength of the soil
– the slope is stable with a factor of safety being greater than 1 (Fig. 1.1A). With increasing
shear stress, the soil passes from linear elastic to nonlinear plastic stress-strain behavior until
the shear stress eventually reaches the shear strength, at a factor of safety ∼ 1 (Fig. 1.1B). It
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further marks the initiation of a failure surface along which the failed soil mass slides during
the post-failure stage (Fig. 1.1C). In ductile soil, the post-failure strength is more or less
equal to the shear strength. However, brittle soil softens, leading to a decrease in stress after
failure, until a level of constant stress is reached at large strains, which is called the remolded
or residual strength sr.

The factors that contribute to shear failure and thus to landslide initiation are diverse and
may vary from slow geological processes operating on timescales of thousands of years to
sudden short-term impacts operating on timescales of minutes to days. According to Eq. 1.1,
they may be either (a) factors that increase the shear stress on the slope or (b) factors that
decrease the shear strength of the slope material (Varnes, 1978; Duncan et al., 2014). Factors
that increase the shear stress include (i) additional surcharge due to rain, infrastructure, fill,
seepage, talus, and vegetation, (ii) the removal of lateral support caused by trenches, toe
erosion, cuts, and quarries, (iii) an increase in lateral pressure due to water and ice in cracks
and caverns or due to swelling of clay minerals, and (iv) cyclic loading by earthquakes,
storms, explosions, traffic and machinery. Factors that decrease the shear strength include (i)
geological factors like faults, discontinuities, inclined strata, and weak layers, (ii) weathering
of primary deposits, including the physical disintegration of rock, removal of cement, drying
of clays, and the clay neoformation and transformation, and (iii) excess pore water pressure
induced by increased water level or internal reorganization of the soil fabric.

1.2 Role of sensitivity in landsliding

Weathering of primary deposits has been recognized as important factor contributing not only
to the pre-failure stage and landslide initiation, but also to softening during the post-failure
landsliding (Kvalstad et al., 2005). This post-failure strength loss in the shear zone, which is
typical for brittle soil (Fig. 1.1), is quantified by the sensitivity S (Terzaghi, 1944; Skempton
and Northey, 1952):

S = su/sr, (1.4)

where the undrained and remolded shear strengths are measured at the same water
content. Following the commonly accepted classification from Norsk Geoteknisk Forening
(1974), soils are divided into categories of low sensitivity (S < 8), medium high sensitivity
(8 ≤ S ≤ 30), high sensitivity (S < 30), and quick clay (S > 30 and sr < 0.5kPa).

Undisturbed soil with high sensitivity can exhibit a relatively large initial shear strength
and, thus, a sharp decrease in strength during shear. The failure surface exhibits low remolded
strength, resulting in landslides with long runout distance and dimensions that are difficult
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to predict (Demers et al., 2014; L’Heureux et al., 2014a). Many progressive landslides
have been recognized in sensitive soils of Canada and Scandinavia (Tavenas, 1984). During
progressive failure, the post-failure softening behavior of the sensitive soil causes the failure
surface to propagate from a local failure, often close to the toe of the slope, further in the
slope (Locat et al., 2011) (Fig. 1.2). Following Bjerrum (1967) and Bishop (1971), the shear
stresses and strains that develop in the slope during progressive failure do not mobilize a
constant shear strength, but a strength that varies between undrained and remolded shear
strength along the potential failure surface. Consequently, the sensitivity of the soil may
determine the intensity and severity of progressive landslides.

Potential
failure surface

Local
failure

Strain

Shear 
stress

su

sr

Fig. 1.2 Progressive failure along a circular failure surface. su - Undrained shear strength; sr -
Remolded shear strength (after Locat et al., 2011).

High sensitivities have been reported for post-glacial, brackish and marine clayey sedi-
ments from Scandinavia (Gregersen, 1981; Torrance, 1983; Rankka et al., 2004; Andersson-
Sköld et al., 2005; Solberg et al., 2008), Canada (Lo and Becker, 1979; Leroueil et al.,
1983; Torrance, 1983), Alaska (Kerr and Drew, 1968; Updike and Carpenter, 1986), and
Japan (Egashira and Ohtsubo, 1982), as well as for weathered tephra from New Zealand
(Smalley et al., 1980; Jacquet, 1990; Moon et al., 2015b), Indonesia (Wesley, 1977), Hawaii
(Wieczorek et al., 1982), and Japan (Sasaki et al., 1974). The term tephra encompasses
all unlithified volcanic airfall materials of any grain size and composition (Lowe, 2011).
Sensitive soils, either of post-glacial or volcanic origin, occur globally (Fig. 1.3) and are
considered to be an important subsoil for geotechnical design. Therefore, the pre- and
post-failure behavior of sensitive soil has to be properly understood.



1.3 Cyclic shear strength of soil 5

Fig. 1.3 Global distribution of sensitive post-glacial clays and sensitive weathered tephra.
See text for references.

1.3 Cyclic shear strength of soil

In the pre-failure stage, one of the most extensively studied factors contributing to landslide
initiation is the effect of cyclic loading on shear strength (Idriss and Boulanger, 2008). This
is because cyclic loading not only increases shear stress on the slope due to ground shaking,
but may also decrease shear strength by disruption of the soil.

In saturated non-cohesive soil, such as sands and unaltered tephra, cyclic loading disrupts
the grain-to-grain contacts, causing the soil to compact. This results in excess pore pressure,
which decreases the effective stress carried by the soil (Eq. 1.3). When the effective stress
equals zero, the grain contacts are no longer under normal force and the soil changes into a
liquefied state with no or very little shear strength. The 2011 Christchurch earthquake on the
South Island of New Zealand is a notable example where liquefaction is considered to be an
important cause of a large number of landslides in coastal non-cohesive sediments (Kaiser
et al., 2012).

In cohesive silts and clays, the reduction in shear strength due to cyclic loading is
considered to be a result of the mechanical disruption of bonds between clay particles (Idriss
and Boulanger, 2008). The 1964 Prince William Sound, Alaska earthquake and the 1999
Chi-Chi, Taiwan earthquake are examples where cyclic softening, as introduced by Boulanger
and Idriss (2006), caused considerable settlement and ground failures in cohesive soil (Idriss,
1985; Chu et al., 2004).
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The liquefaction potential of non-cohesive sediments is commonly evaluated by field
methods, such as standard penetration tests (SPT) or static cone penetration tests (SCPTU),
using empirical correlations between data and field observations (Seed et al., 1983; Robertson
and Wride, 1998; Youd et al., 2001). Alternatively, vibratory cone penetration tests (VCPTU)
have been used to directly measure the liquefaction potential in situ by mechanically inducing
cyclic loads into the sediment (Sasaki et al., 1984; Tokimatsu, 1988; Wise et al., 1999). Based
on the concept of effective stress, the cyclic loading during VCPTU will both decrease cone
resistance and increase induced pore water pressure in sediment layers with high liquefaction
potential (Fig. 1.4). VCPT has also been successively applied to sensitive weathered tephra
in New Zealand, showing depth intervals with increased vulnerability to cyclic loading (Jorat
et al., 2014a, 2015; Moon et al., 2015a). However, no other in situ tests have been performed
in order to assess the cyclic softening potential in cohesive soils like sensitive post-glacial
clayey sediments.
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Fig. 1.4 Measurement of the in situ liquefaction potential by static and vibratory cone
penetration testing. A: Schematic cone, commonly used for cone penetration testing (after
Lunne et al., 1997). B: Comparison of static cone resistance qcs with vibratory cone resistance
qcv in order to identify sediment layers with low cyclic resistance. C: Sediment layers with
low cyclic resistance exhibit a peak in the cone reduction diagram (A and B after Sasaki
et al., 1984).

The general understanding of soil response under cyclic loading requires additional
laboratory methods under controlled stress and strain conditions, such as cyclic triaxial,
cyclic simple shear, and torsional shear tests. Most previous laboratory-based studies on
cyclic undrained behavior have focused on naturally deposited sand (Mohamad and Dobry,
1986; Alarcon-Guzman et al., 1988; Hyodo et al., 1994a; Georgiannou et al., 2008), clay
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(Sangrey et al., 1969; Ansal and Erken, 1989; Yasuhara et al., 1992; Zergoun and Vaid,
1994), or silt-clay mixtures (Hyde and Brown, 1976; Guo and Prakash, 1999). Georgiannou
et al. (2008) and Zergoun and Vaid (1994) performed a monotonic and a cyclic shear test
on Fontainebleau sand and Cloverdale clay, respectively, and displayed the curves for each
soil in a shear stress – mean effective stress diagram (Fig. 1.5). Consequently, the sand and
clay samples have a lower shear strength when subjected to cyclic loading than compared to
monotonic loading. This observation highlights the need to consider cyclic loading in shear
strength and slope stability assessments in regions with frequent earthquake shaking or other
types of cyclic loading.

Mean effective stress, p‘ (kPa) Normalized mean effective stress, s‘/p‘c
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Fig. 1.5 A: Monotonic and cyclic torsional shear tests on Fontainebleau sand (after Georgian-
nou et al., 2008). SSL - Stead state line; FLS - Flow liquefaction surface; p′ = (σ ′

a +2σ ′
r)/3,

with σ ′
a and σ ′

r being the axial and radial effective stresses. B: Monotonic and cyclic triaxial
shear tests on Cloverdale clay (after Zergoun and Vaid, 1994). q = σ ′

a−σ ′
r; s′ = (σ ′

a+σ ′
r)/2;

p′c = (σ ′
ac + 2σrc)/3, with σ ′

ac and σ ′
rc being the axial and radial effective consolidation

stresses.

The cyclic loading behaviour of sensitive post-glacial clays has been investigated in the
past through laboratory studies, and is relevant for civil engineering (Lo, 1969; Lefebvre
and Leboeuf, 1987; Wichtmann et al., 2013). Although tephra is a relevant subsoil in many
tectonically active areas such as New Zealand and Japan (Briggs et al., 2005; Chigira, 2014),
knowledge about the cyclic shear strength of tephra is limited to crushable unaltered tephra
(Miura et al., 2003; Orense and Pender, 2015; Wiemer and Kopf, 2016). Yoshimoto et al.
(2013) and Orense and Pender (2015) performed undrained cyclic triaxial tests on various
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soils and concluded that the resistance to undrained cyclic loading is low for sand, high for
clay, and intermediate for unaltered tephra (Fig. 1.6).

Volcanic glass is a major constituent of tephra, which weathers to secondary clay minerals
within several thousands of years (Lowe, 1986). Subsequently, this alteration increases the
proportion of clay minerals, likely changing the geotechnical behavior of the tephra such
as its cyclic shear strength. However, the cyclic loading behavior of weathered sensitive
tephra has not been analyzed and therefore it remains unknown if sensitive tephra exhibits
undrained cyclic shear strength properties similar to granular soils, e.g. sand and unaltered
tephra, or cohesive soil, e.g. clay and silt.
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Fig. 1.6 Cyclic deviator stress ratios - number of cycles to failure relationship for different
sands, sand with fines content, coal ash, unaltered tephra (pumice), and clay (after Yoshimoto
et al., 2013; Orense and Pender, 2015). σcy - Single axial stress amplitude; σ ′

c - Effective
isotropic consolidation stress.

1.4 Development of sensitive soil

High sensitivities have been reported in post-glacial clayey sediments as well as in weathered
tephra. Aspects that are considered relevant for the sensitivity development are discussed
and gaps in knowledge are pointed out for both soil types separately.

1.4.1 Post-glacial clay

High sensitivities have first been recognized in post-glacial clayey sediments from the
Northern Hemisphere (Skempton and Northey, 1952) and many researchers have investigated
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the processes that caused the development of sensitivity in such soils (Rosenqvist, 1953,
1966; Smalley, 1971; Quigley, 1980). Torrance (1983) presented a first comprehensive idea
about sensitivity development in post-glacial clays that includes factors contributing to a
high undrained shear strength and/or a low remolded shear strength (Tab. 1.1). According
to Torrance (1983), highly sensitive soil from the Northern Hemisphere originates from the
sedimentation of fine-grained glacial materials in the marine environment that have been
leached after subaerial exposure.

The high cation concentration of seawater leads to the formation of thin diffuse electric
double layers at the interface between water and the low-activity illitic clay minerals, which
dominate the clay fraction of the sediment. The thin electric double layers decrease the
repelling forces between the clay particles, which, together with a high suspension concen-
tration and a low settling rate, favor a flocculated soil structure with a high void ratio and
thus a high natural water content.

The flocculated soil structure is essential for the development of high sensitivity, because
it (a) limits the consolidation of the soil when overburden pressure increases, leading to a
constantly high natural water content. It further (b) maintains a relatively high undrained
shear strength due to van der Waals bonding forces and electrostatic Coulomb attractions
while the cations are subsequently leached from the pore water under fresh water conditions
(Israelachvili, 2011). The rapid development of cementation bonds between clay particles
may play a role in some carbonate soils (Sangrey, 1972), but is considered not to be the
primary factor for the development of high undrained shear strength in most soils (Torrance,
1983). The post-depositional leaching of cations from the pore water increases the thickness
of the diffuse double layer, which results in a decrease in net attractive forces when the
contacts between clay particles are disrupted (Israelachvili, 2011). This results in an overall
decrease of cohesion in the soil, which, together with a natural water content close to the
liquid limit, results in a low remolded shear strength.

1.4.2 Weathered tephra

In contrast to post-glacial clay, the sensitivity development in weathered tephra is still not
well understood. This may be due to the the complex interrelation between the chemical
composition of the primary tephra, which can be highly variable, and the weathering process,
which depends on rainfall, temperature, and drainage (Lowe, 1986; Moon et al., 2015b).
The clay minerals of the kaolin group, allophane, imogolite, kaolinite, and halloysite, are
preferential weathering products of rhyolitic tephra (Churchman and Lowe, 2012) and are
considered to increase the risk of landslides (Kirk et al., 1997). However, the role of the
different kaolin clay minerals on the sensitivity development is controversial.
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Table 1.1 General model of sensitivity development in post-glacial clays and weathered
tephra (after Torrance, 1983, 1992).

Factors producing a high undisturbed strength

Depositional Post-depositional

Post-glacial
clays • Flocculation

• Salinity
• High suspension concentra-

tion

• Cementation bonds rapidly
developed

• Slow load increase

Weathered
tephra • Allophanic mineralogy • Diagenesis and weathering to

produce halloysite, imogolite,
and ferrihydrite

Factors producing a low remolded strength

Depositional Post-depositional

Post-glacial
clay • Low-activity illitic minerals

dominate
• Leaching
• Decrease in wL > Decrease in

w
• Reducing conditions
• Inhibition of high-swelling

smectite formation
• Minimal consolidation

Weathered
tephra • Airfall origin
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Jacquet (1990) analyzed various weathered tephra from the North Island of New Zealand
and concluded, together with a discussion by Torrance (1992), that a high undrained shear
strength arises from (a) a primary allophanic mineralogy and from (b) electrostatic attractions
and/or grain-to-grain contacts between neoformed allophane, imogolite, and halloysite
agglomerates (Tab. 1.1). A low remolded shear strength is favored by (a) the airfall origin
of the tephra, (b) a high void ratio, and (c) the mechanical disruption of attractive forces
between the agglomerates during shear. Wesley (1973, 1977) analyzed weathered tephra from
Indonesia and concluded that halloysite, rather than allophane, correlates with high sensitivity.
This observation is consistent with high sensitivities found in a weathered halloysite-rich
tephra from Japan (Sasaki et al., 1974). Moon et al. (2015b) suggested that airfall deposition
of rhyolitic tephra from distal volcanic centers produces fine grained soil with high void ratio,
low permeability, and high natural water content. This condition accelerates the dissolution
of primary tephra, mostly volcanic glass and feldspar, and the precipitation of halloysite
clays in the pore spaces (Churchman and Lowe, 2012). The weathering provides cations
that promotes the formation of thin diffuse electric double layers around the neoformed
halloysite particles. As a consequence, the halloysite particles are attracted by van der Waals
bonding forces and electrostatic Coulomb attraction forces and form agglomerates with high
cohesion, maintaining a high natural water content in the soil while weathering continues
(Moon et al., 2015b). Progressive weathering and inflow of fresh water may decrease the
cation concentration in the pore water, which leads to thicker diffuse electric double layers,
a decrease in net attractive forces, and thus to a decrease in cohesion. Moon et al. (2015b)
concluded that the low cohesion and high natural water content in the weathered tephra are
the main reasons for a low remolded shear strength, leading to a high sensitivity.

Halloysite exhibits various morphologies with tubes, spheroids, polyhedrons, and plates,
being the most common (Joussein et al., 2005) and some research aimed to link a specific
halloysite morphology with the sensitivity. Jacquet (1990) discussed possible influences of
kaolin morphologies on sensitivity, but did not correlate specific halloysite morphologies
with sensitivity. Smalley et al. (1980) measured sensitivities of S = 140 on samples taken
from the slide-prone weathered tephra layer of the Omokoroa flow slide, Tauranga Harbour,
North Island of New Zealand, which consisted almost entirely of spheroidal halloysite. The
spheroids had only few interparticle contacts, which, together with low plasticity, high natural
water content, and low activity of the weathered tephra layer, led Smalley et al. (1980) to
conclude that the high sensitivity could be explained by the inactive-particle, short-range-
bond theory (Smalley, 1971). Accordingly, short range bonds exist between uncharged
particles, e.g. quartz, and depend mainly on particle contacts, which become ineffective
when the contact is disturbed. Moon et al. (2015b) summarized recent research on sensitivity
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in weathered tephra from the Tauranga Harbour region and reported the coexistence of
spheroidal, tubular, and platy halloysite morphologies in soil samples from the Omokoroa
flow slide. The authors further suggested that, analogous to the post-glacial illitic clays from
the Northern Hemisphere, platy halloysite may play a role in the sensitivity development in
rhyolitic tephra.

So far, the occurrence of halloysite and the effect of different morphologies on the
sensitivity development of weathered tephra have only been studied on single outcrop
samples. In order to gain a comprehensible understanding of sensitivity development in
weathered tephra, a systematic correlation between halloysite and sensitivity has to be
conducted over a complete depositional sequence.

1.5 Motivation and research hypotheses

Three major knowledge gaps about the pre- and post-failure behavior of sensitive soil have
been identified, which form the basis motivation for this doctoral thesis: In the pre-failure
stage, (1) the in situ cyclic softening behavior of sensitive post-glacial sediments and (2) the
cyclic shear strength of weathered sensitive tephra are unknown. In the post-failure stage,
(2) the development of high sensitivity in weathered tephra has only been studied on single
outcrop samples and no systematic correlation between halloysite and sensitivity has been
conducted over a complete depositional sequence.

Based on the knowledge gaps, the following three research hypotheses are formulated.
They are studied in chapters 3 - 5 and addressed in the concluding chapter 6 of this doctoral
thesis:

1. Cyclic loading affects the in situ shear strength of sensitive glacio-marine soil.

2. Cyclic shear strength of sensitive weathered tephra differs from post-glacial sensitive
clay.

3. High sensitivity in weathered tephra is caused by specific halloysite morphologies.

1.6 Study areas

The research hypotheses are investigated through two case studies: A coastal retrogressive
submarine landslide in glacio-marine fjord sediments, Norway (Fig. 1.7A); and a coastal
subaerial flow slide in weathered tephra, New Zealand (Fig. 1.7B). These landslides were
selected for the following reasons:
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(i) They occurred in the coastal zone and affected society, economy, and the natural
environment on land as well as under water.

(ii) They occurred in sensitive post-glacial sediments and sensitive weathered tephra,
respectively.

(iii) Some aspects of their failure mechanism and post-failure mobilization processes are
not well understood.

Case study 1: 
submarine landslide

Harbour

Fjord delta

Residential
settlements

Residential
settlements

Highly sensitive
weathered tephra

Case study 2:
subaerial flow slide

Weathered
tephra

A B500 m 50 m

Sensitive
silt layers

Clayey slide-
prone layer

Fig. 1.7 Schematic view of the two case studies investigated in this doctoral thesis. Note
that vertical dimensions are not to scale. A: Submarine Orkdalsfjord landslide in post-
glacial sensitive silts, Norways. B: Subaerial Omokoroa flow slide in altered sensitive tephra
deposits, New Zealand.

1.6.1 Submarine Orkdalsfjord landslide, Norway

The first case study is the submarine Orkdalsfjord landslide, which failed in 1930 in sensitive
glacio-marine fjord sediments near the city Orkanger, mid Norway (Fig. 1.8). A volume of
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18.5 ·106 m3 was evacuated downslope initiating an up to 15-m high tsunami (L’Heureux
et al., 2014b). During this event, one person was killed, port facilities were damaged,
and submarine cables at a distance of up to 18 kilometers from the landslide were broken
(L’Heureux et al., 2014b). The first failure happened near the harbor and was most likely
initiated in stratified clayey to sandy fjord sediments with moderately high sensitivity (Norsk
Geoteknisk Forening, 1974; Stegmann et al., 2017). After failure occurred, the sensitive
sediments became mobilized and progressed along an underlying clay layer, which acted as
sliding surface (L’Heureux et al., 2014b). It was assumed that the submarine landslide was
the result of a combination of human activity along the shoreline, unfavorable groundwater
conditions, and steep shoreline slopes (L’Heureux et al., 2014b).

Fig. 1.8 Swath bathymetry over the Orkdalsfjord landslide, Norway (after L’Heureux et al.,
2014b). The white X marks the location of the initial failure. Data courtesy of NGU. UTM
coordinates in m.

Cyclic loading, manifested by earthquakes in this region (Fjeldskaar et al., 2000), blasts,
or machine vibrations, may also have contributed to the initiation of the Orkdalsfjord landslide.
Understanding the role of cyclic loading in landslide initiation, requires the precise knowledge
of the soil response under cyclic loading. Geotechnical in situ tests are the preferred option



1.6 Study areas 15

for such soil response analyses, because sampling causes the sediment to become disturbed
during coring, transport, and sample preparation. However, the in situ soil response to
cyclic loading has only been investigated for sand or weathered tephra (Sasaki et al., 1984;
Tokimatsu, 1988; Jorat et al., 2015; Moon et al., 2015b). The in situ behavior of sensitive clays
and silts under cyclic loading has not been tested. Therefore, the submarine Orkdalsfjord
landslide is chosen in order to address the research hypothesis:

(1) Cyclic loading affects the in situ shear strength of sensitive glacio-marine
soil.

The effect of cyclic loading on the in situ shear strength of fine-grained glacio-marine
fjord sediments was investigated during the expedition POS472 in 2014 (Stegmann et al.,
2017), by comparing a static and a vibratory CPTU depth profile, both obtained from the
intact slope close to the Orkdalsfjord landslide headwall. The results are validated by
laboratory cyclic triaxial tests on gravity core samples from the upper 4.6 m of the intact
fjord sediments.

North Island,
New Zealand

Bay of 
Plenty

Fig. 1.9 Distribution of earthquakes with a moment magnitude larger than 4 that occurred in
the Bay of Plenty region between 1838 and 2016. The blue star marks the position of the
Omokoroa flow slide. Earthquake data: www.geonet.org.nz.
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1.6.2 Subaerial Omokoroa flow slide, New Zealand

The second case study is the subaerial coastal flow slide at Omokoroa, Bay of Plenty, North
Island of New Zealand, where ∼ 10,000 m2 of sensitive weathered tephra was transported
downslope over a distance of 150 m into a lagoon in 1979 (Gulliver et al., 1980), as well as
during two minor reactivations in 2011 and 2012 (Moon et al., 2015b). The term flow slide
refers to a flow-like behavior of the failed soil mass as defined by (Varnes, 1978). The flow
slide occurred after a period of prolonged heavy rainfall in an adjacent residential district and
caused five houses to be relocated (Gulliver et al., 1980). The weathered tephra succession at
the Omokoroa flow slide is rich in halloysite, having morphologies that vary between tubes,
spheroids, polyhedrons, plates, and books (Moon et al., 2015b; Cunningham et al., 2016).
The 1979 event was likely initiated in a white, highly sensitive layer with high spheroidal
halloysite concentration (Smalley et al., 1980).

Earthquake shaking is a frequent cause of cyclic loading on the North Island of New
Zealand (Fig. 1.9). However, thus far the cyclic loading behavior of weathered sensitive
tephra has not been studied. Therefore, the research hypothesis:

(2) Cyclic shear strength of sensitive weathered tephra differs from post-glacial
sensitive clay,

is addressed by a program of monotonic and cyclic triaxial tests on samples recovered
from an intact soil unit of the Omokoroa flow slide. The main objectives are to study: (a)
the static undrained shear strength and angle of internal friction, (b) the effect of cyclic
shear stress on shear strain development, and (c) the cyclic shear strength of the weathered
tephra using cyclic contour diagrams, initially developed to analyze the comprehensive cyclic
undrained behavior of Norwegian post-glacial marine clay (Andersen and Lauritzsen, 1988).

In addition, the role of halloysite and its various morphologies in the development of
sensitivity in weathered tephra, and thus in flow sliding with long runout distance, is poorly
understood. Therefore, the hypothesis:

(3) High sensitivity in weathered tephra is caused by specific halloysite mor-
phologies

is tested. The stratigraphic build up, secondary clay mineralogy, and geotechnical prop-
erties of the weathered tephra succession of the Omokoroa flow slide are analyzed along
a drill core, which was bored in 2013 in unfailed material near the headwall (Moon et al.,
2015b). This delivers precise information about changes in halloysite concentration, hal-
loysite morphology, and sensitivity with depth. Weak zones with high concentrations of
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spheroidal halloysite may be identified that coincide with high sensitivities, as observations
of the Omokoroa flow slide by Smalley et al. (1980) indicated. From Eq. 1.4, the sensitivity
is controlled by the ratio of undrained and remolded shear strengths of the soil. Therefore,
samples are taken from undisturbed sediment, and from the remolded failure surface, respec-
tively, to study the effect of remolding on the spheroidal halloysite particle arrangement at
nanoscale dimensions. This procedure may provide insight into the development of high
sensitivity in altered halloysite-rich tephra.

1.7 Organization of this thesis and contribution to scien-
tific journals

The ’Integrated Coastal Zone and Shelf-Sea Research’ Training Group (INTERCOAST) is
an interdisciplinary graduate program between Germany and New Zealand, which focuses
on environmental change, development impacts, and societal aspects of the coastal zone.
This doctoral thesis is part of the research theme ’Pulses of coastal sediment mobilization
- Causes, consequences and mitigation’ and aims to broaden our understanding of failure
mechanisms and post-failure softening processes of coastal landslides in sensitive soil.

This chapter gives an outline of this thesis and briefly summarizes the scientific publica-
tions which I produced in the scope of this PhD project. The three publications are reprinted
in fulltext as chapters 3 - 5 and focus on different aspects of cyclic loading behavior of
sensitive soil and the development of sensitivity in weathered tephra. My contribution and the
individual contributions of all co-authors are described in detail at the end of each publication.

Chapter 1 provides an overview of cyclic loading behavior of soil and the development
of sensitivity in post-glacial clay and weathered tephra. It then introduces the overall mo-
tivation and research hypotheses of this doctoral thesis that will be presented in the three
publications.

Chapter 2 provides a short overview of all methods that were used to collect data for
the three publications.

Chapter 3 presents in situ and laboratory cyclic loading experiments conducted on the
Orkdalsfjord submarine landslide, Mid Norway, in order to address how cyclic loading
affects the shear strength of sensitive glacio-marine soil (Hypothesis 1). This research was
published in 2016 in the peer-reviewed conference proceedings Submarine Mass Movements
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and their Consequences.

Chapter 4 presents monotonic and cyclic triaxial loading experiments on a weathered,
sensitive tephra from the Omokoroa flow slide, North Island of New Zealand to address how
shear strength of sensitive weathered tephra is affected by cyclic loading (Hypothesis 2). This
research was submitted to Géotechnique on March 31th, 2017 and is currently in revision.

Chapter 5 presents shear strength and mineralogical results along a vertical profile close to
the Omokoroa flow slide, in order to study the causes of high sensitivity development in
weathered tephra (Hypothesis 3). This research was published in 2017 in Geology.

Chapter 6 recapitulates the main conclusions of this doctoral thesis with respect to the
research hypotheses.

Appendixes A and B list conferences and abstracts from the last three years.

Appendix C presents a manuscript about geotechnical laboratory results and constitutive
modeling of a high-density sand from the North Sea, Germany. This research is in preparation
for submission to International Journal of Geomechanics.



Chapter 2

Methods

This chapter briefly summarizes the field and laboratory methods that were performed or
which provided data for this PhD project.

2.1 Field methods

2.1.1 Bathymetry and topography

Bathymetric data from Orkdalsfjord were collected in 2003 and 2009 by the Geological
Survey of Norway (NGU) using a 250 kHz interferometric sidescan sonar system (GeoA-
coustics), which was mounted onboard the R/V Seisma (L’Heureux et al., 2014b). The
bathymetric grids have 1 m by 1 m cell size and were used with courtesy of NGU to create
the map in Fig. 3.1.

Topography data from the Omokoroa flow slide were measured in 2012 by V. G. Moon,
W. de Lange, and colleagues, using a Trimble VX LIDAR scanner (Moon et al., 2015a).
Multiple scans of the headwall and remnant landslide deposits were combined into a single
topographic grid, which was used to create the perspective map and the cross-profile of the
Omokoroa flow slide in Fig. 5.1.

2.1.2 Static and vibratory cone penetration testing

The static (SCPTU) and vibratory cone penetration tests (VCPTU) were conducted at study
site GeoB18623 during R/V Poseidon expedition POS472 in 2014 by W. Schunn, M. Lange,
S. Kreiter, and myself, using the Geotechnical Offshore Seabed Tool (GOST) (Jorat et al.,
2014b). The system uses a 5 cm2 high resolution piezovibrocone, which measures cone
resistance qc, sleeve friction fs, and pore water pressure u2, along a continuous vertical profile
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while pushed at constant speed into the seafloor. The VCPTU imposes additional cyclic
loading with an amplitude of 0.38 mm at a frequency of 4.9 Hz. The static and vibratory
cone resistance and induced pore water pressure profiles were used in the first publication
(Chapter 3).

2.1.3 Coring and sampling

Two gravity cores, GeoB18623-1 and GeoB18623-2, were retrieved during R/V Poseidon
expedition POS472 in 2014. The sediment description and sampling for subsequent analyses
were performed on core GeoB-18623-1 by, N. Baeten, A. Rösner, R. Roskoden, W. Li, and
myself and formed the basis for the sedimentological and geotechnical analyses presented in
the first publication (Chapter 3).

18 thin-walled push tube samples were recovered from the Pahoia Tephra of the Omoko-
roa flow slide headwall, forming the basis for the triaxial testing program presented in the
second publication (Chapter 4). The sampling campaign was performed by T. Goetz, T.
Manderson, C. Morcom, J. Rau, B. Stewart, P. Mills, and myself.

A 40-m-long core, Omok-1, was bored via rotary flush drilling in unfailed material
near the headwall of the Omokoroa flow slide in 2013. The drilling was performed by the
companies Perry Geotech and Brown Bros under supervision of E. Jorat, T. Mörz, S. Kreiter,
V. G. Moon, and W. de Lange. The sediment description was performed by E. Jorat and
myself and forms the basis for the stratigraphic profiles in Figs. 4.1, 5.1, and 5.2. The drill
core is the basis for subsequent mineralogical analyses and geotechnical testing presented in
the third publication (Chapter 5).

2.1.4 Bore hole logging

In a second borehole, Omok-2, drilled in 2013 close to Omok-1, the bulk density and borehole
diameter were measured using a 9239 Series Compensated Density Tool from the RDCL
company, which included a LS gamma density and a caliper log. In the Omok-1 borehole,
three pore pressure sensors from GLÖTZL Baumesstechnik were installed in 2013 in order
to measure the piezometric pressure at 12, 21, and 27.5 m depth. The bulk density, borehole
diameter, and piezometric pressure are presented in Fig. 4.1 and were used to calculate the
consolidation stress for triaxial testing in the second publication (Chapter 4).
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2.2 Laboratory methods

2.2.1 Physical properties

Grain size distribution was determined on core GeoB-18623-1 and on Pahoia Tephra sam-
ples used in the first and second publication, respectively, using a Beckman Coulter Laser
diffraction particle size analyzer LS 13320 (McGregor et al., 2009). Water content, Atterberg
limits, and activity were obtained following NZS 4402.4.1.1:1986 (1986); ASTM D 4318-10
(2010).

2.2.2 Mineralogy

The mineralogy of core Omok-1 was measured by X-ray diffraction using a Philips PW
analytical diffractometer, and quantification was performed using QUAX software (Vogt
et al., 2002). The halloysite clay morphologies were further analyzed via scanning electron
microscopy using a Zeiss Supra40 microscope (Reed, 2005). The relative abundance of
halloysite particles having distinct morphologies were quantified by D. Seibel using a point-
counting approach (Frolov and Maling, 1969; Seibel, 2015). These data were used in
publications 2 and 3 (Chapter 4 and 5).

2.2.3 Shear strength

Undrained and remolded shear strength was measured via vane shear tests along cores
GeoB18623-1 and Omok-1 (DIN 4094-4:2002-01, 2002). Monotonic and cyclic triaxial tests
were performed following DIN 18137-2:2011-04 (2011) using the Dynamic Triaxial Testing
Device Kreiter et al. (2010b).
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Abstract

Earthquake induced cyclic loading has the potential to destabilize submarine slopes either
by liquefaction in coarse-grained deposits or by cyclic softening in cohesive sediments.
Vibratory cone penetration tests (VCPTU) represent a new approach for the evaluation of
cyclic softening in fine grained sediments. In the past, VPCTU were utilized to evaluate
liquefaction potential of sands, but cyclic softening of fine-grained marine sediments has not
yet been tested with VCPTU in situ. At the study site in Orkdalsfjord, mid Norway marine
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clayey silt deposits are interbedded with coarse silt and clay layers. Static and vibratory
CPTU were performed down to 19 m penetration depth using the Geotechnical Offshore
Seabed Tool (GOST) and in addition, two gravity cores were taken for cyclic triaxial testing
and geotechnical index tests. From static and vibratory CPTU a number of coarse silt layers
with a distinct drop in cyclic cone resistance were identified. Compared to surrounding finer
sediments the coarse silt layers exhibited a higher potential for cyclic softening. This assump-
tion is supported by cyclic triaxial tests on very coarse and surrounding medium-coarse silts,
respectively, revealing a strong loss of cyclic shear strength in a controlled and documented
stress-strain regime. This study highlights the potential for VCPTU as a promising tool to
qualitatively evaluate the vulnerability of marine silts to cyclic softening. In combination with
advanced laboratory tests these results are envisioned to help better identifying submarine
slopes subjected to failure during earthquakes.

Keywords Cyclic softening · Vibratory CPTU · Marine silt · In situ

3.1 Introduction

Submarine and near-shore slope failures often result from earthquakes or other forms of cyclic
loading such as waves, tides or from human activities like blasting or machine vibrations.
In order to assess the liquefaction potential in sands (Ishihara, 1985; Youd et al., 2001) or
the cyclic softening behaviour in cohesive soils (Boulanger and Idriss, 2006, 2007), cone
penetrometer (CPTU) data and empirical methods are commonly used in practice (Seed
et al., 1983; Robertson and Wride, 1998). Alternatively, vibratory cone penetration tests
(VCPTU) may have potential to directly determine the cyclic behaviour of in situ soils as they
mechanically induce cyclic loads into the sediment (Sasaki et al., 1984; Tokimatsu, 1988;
Wise et al., 1999; Jorat et al., 2014a). When pushing a vibratory CPTU tip in a liquefiable
soil, the cone resistance (qcv) is substantially reduced compared to that from a static test (qcs).
In order to relate qcs and qcv, Sasaki et al. (1984) proposed the reduction ratio (RR):

RR = 1−qcv/qcs (3.1)

Following Tokimatsu (1988), sediments with RR values of more than 0.8 exhibit high
liquefaction potential. In addition to high RR values, liquefiable sediment layers often
show an increase in the induced pore pressure (e.g. Mitchell, 1988; Bonita, 2000). To our
knowledge, most VCPTU studies found in the literature have evaluated the liquefaction
potential of terrestrial and marine sands only. Here we evaluate the cyclic behaviour of
fine-grained marine soils from Orkdalsfjord, mid Norway, based on both CPTU and VCPTU
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profiles obtained with the Geotechnical Offshore Seabed Tool (GOST). The in situ data set is
combined with soil index properties and compared to the results of cyclic undrained triaxial
tests.

3.2 Geological setting

Orkdalsfjord is a 25–30 km long branch of the Trondheimsfjord located 25 km southwest
of Trondheim, mid Norway. The sediment strata consists of layered loose fine sand, silt
and silty clay deposits originating from the Orkla river (Bjerrum, 1971). In May 1930 a
submarine retrogressive landslide occurred along the fjord initiating a 15 m high tsunami
wave that caused damage to harbour installations and killed one person (L’Heureux et al.,
2014b). The volume of sediment that evacuated downslope of the 8–12 m high and 3 km
long headwall is estimated to 18.5 ·106 m3 (Fig. 3.1, L’Heureux et al. (2014b)).

Fig. 3.1 Orkdalsfjord study area (Bathymetry from L’Heureux et al. (2014b) used with
courtesy from the Geological survey of Norway, NGU).

3.3 Materials and Methods

The study site GeoB18623 is located in 38 m water depth at the intact seafloor above the
headwall scar of the 1930 landslide (Fig. 3.1). A static and a vibratory CPTU profile as
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well as two up to 4.6 m long gravity cores were retrieved during R/V Poseidon expedition
POS472 in 2014. For better comparability the VCPTU depth was correlated with the CPTU
profile resulting in maximal vertical offsets of 20 cm. The core GeoB18623-1 was split
for sediment description and geotechnical index tests, while GeoB18623-2 was kept closed
for subsequent triaxial testing. Undrained shear strength su was determined directly after
splitting using vane shear and fall cone test DIN 4094-4:2002-01 (2002). Atterberg limits
were measured in every lithology following ASTM D 4318-10 (2010). Grain size distribution
was determined every 20 cm with a Beckman Coulter laser diffraction particle size analyser
(LS 13320) adopting Udden (1914) and Wentworth (1922) classification.

3.3.1 CPTU

The static and vibratory CPTU were conducted using the GOST system (Moon et al.,
2013; Steiner et al., 2013; Jorat et al., 2014a). The system uses a 5 cm2 high-resolution
piezovibrocone, which measures cone resistance qc, sleeve friction fs and pore pressure
u2, which, in static mode, is pushed at a rate of 2 cm/s down to maximal 40 mbs f . As
originally developed for static deep sea operations, GOST has a limited hydraulic energy
supply restricting penetration speed of vibratory mode to 1.35 cm/s. The CPTU results
from cohesive sediments are generally strain-rate dependent and correction procedures for
different penetration speeds exist that are also validated for Norwegian fjord sediments
(Steiner et al., 2013). The resulting correction for the used setup in qc is approximately
3% and was therefore neglected. Vertical laser displacement measurements of the vibratory
mode show a steady sinus-shaped cyclic amplitude of 0.38 mm at 4.9 Hz during penetration
(Fig. 3.2). Note that the movement of the rod is hydraulically driven from the seafloor and
regulated by external displacement sensors. Therefore the actual cyclic movement of the
cone may vary with depth.

3.3.2 Triaxial Laboratory Testing

Cyclic laboratory experiments were conducted using the MARUM dynamic triaxial testing
device (DTTD) (Kreiter et al., 2010b,a). The axial stress is measured inside the cell directly
below the soil specimen, whereas the stress control is using an external force sensor. The
test specimens have an area of 10 cm2 and a length of 7 cm, following the test procedure
of DIN 18137-2:2011-04 (2011). Bulk specimens are tested with undrained isotropically
consolidated cyclic single-stress level experiments (e.g. Ishihara, 1985; Singh, 1996). The
applied confining pressure of σc = 100 kPa was higher than the in situ stress conditions to
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Fig. 3.2 Cyclic signal of VCPTU using GOST.

overcome friction loss at low stress cycles with the external force control. A medium cyclic
stress ratio of CSR = (σ ′

1 −σ ′
3)/2σ ′

c = 0.1 at a frequency f = 0.5 Hz was applied.

3.4 Results

3.4.1 Geotechnical Characterization of Silt Layers

The sediments of gravity core GeoB18623-1 are layered fine to very coarse silt deposits with
water contents near the liquid limit wL (Fig. 3.3). The sediments have plasticity indices
between 12 and 16% and are therefore expected to show clay-like behaviour upon cyclic
loading (Boulanger and Idriss, 2006, 2007). Gas escape fractures are common throughout
the core indicating a considerable amount of free gas in the in situ fjord sediments. The
undrained shear strength from lab vane and fall cone is more or less constant and varies
between 15 ≤ su ≤ 25 kPa.

Two layers, I1 and I3, consisting of very coarse and coarse silt (25 ≤ d50 ≤ 36 µm, Fig.
3.4) with high static cone resistances and distinctly lower cyclic cone resistance are detected at
depths of 0.55 and 5.5 m, respectively (Fig. 3.3). The decrease in cone resistances is 540 and
340 kPa for layers I1 and I3, respectively. Both silt layers have RR-values (Eq. 3.1) between
0.5 and 0.7 and are therefore classified to exhibit medium liquefaction potential (Tokimatsu,
1988). This corresponds to cone resistance reductions of 68% and 45%, respectively, which
is quite dramatic. In the pore pressure profile intervals with negative u-values are identified.
This extreme pore pressure drop is especially well pronounced in the (very) coarse silt layers
I1 and I3 during static CPTU, while the pore pressure drop is less for vibratory CPTU.
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Fig. 3.3 Sediment properties and in situ CPTU at study site GeoB18623. Lithology includes
core photos and qualitative grain size description. C: Clay, sC: Clayey silt, S: Silt, v f : very
fine sand, f : fine sand, m: medium sand. I1–I3: samples for cyclic triaxial tests, Blue: (Very)
coarse silt intervals, Pink: medium-coarse silt interval.

To differentiate the cyclic softening behaviour of the very coarse silt layers with surround-
ing finer sediments a reference interval I2 was selected consisting of medium-coarse silt with
d50 = 16 µm (Fig. 3.4). In contrast to I1 and I3 the reference interval is characterized by low
static cone resistance and low RR-values.

Fig. 3.4 Grain size distribution of samples I1, I2 and I3 tested in DTTD.
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3.4.2 Cyclic Triaxial Response of Silt Layers

In order to evaluate the in situ VCPTU observations, cyclic triaxial tests were conducted
on silt layers I1 and I2 as their difference in grain size is higher compared to I3 (Fig. 3.5).
The cyclic softening is derived from axial strain ε1 and normalized excess pore pressure
un = u/σ ′

c at the same number of cycles (Fig. 3.5a, b). The very coarse silt I1 softens five
times faster than the medium coarse silt I2. The effective mean pressure p′ is decreasing
in both samples with each cycle due to excess pore pressure build-up, however, the initial
incremental loss in p′ is larger in I1 (Fig. 3.5c). In total: The very coarse silt appears to be
more vulnerable to cyclic softening than the medium-coarse silt.

3.5 Discussion and Conclusion

In this pilot study cyclic geotechnical tests were conducted in situ and under laboratory
conditions allowing insight into the cyclic softening behaviour of marine silts from Orkdals-
fjord. The very coarse silt layers lose up to 68% cone resistance during VCPTU and exhibit
moderate RR-values of maximal 0.7 making it more vulnerable against cyclic softening com-
pared to surrounding finer silts with RR-values around zero. This assumption is supported by
DTTD tests stating that cyclic softening potential of very coarse silt is significantly higher
than the softening potential of the medium coarse silt. The in situ silts generate negative
excess pore pressures during CPTU. However, this phenomenon was also observed near
Finneidfjord with GOST (Steiner et al., 2013), in the Norwegian Sea and offshore Africa
(Lunne, 2012) and in the North Sea (Bayne and Tjelta, 1987) with different CPTU tools.
Negative excess pore pressure seems to be characteristic for some cohesive materials with
thin interbedded coarser layers. During VCPTU the very coarse silt seems to be less dilative
as a response to the cyclically-induced pore water pressures, however the effect may partly
be influenced by the difference in penetration speed.

The comparison of VCPTU results with DTTD data is considered with caution as both
analyses differ in terms of stress state. VCPTU was conducted in unconsolidated silts
subjected to natural anisotropic stress conditions. In DTTD experiments a higher isotropic
stress of 100 kPa was used in order to overcome friction loss at low stress cycles. In addition,
material properties such as relative density, stress strain history, cementation and the fabric of
the soil directly affect the cyclic softening potential (Kramer, 1996). The latter likely varies
between the in situ and lab as the lab specimens may have been disturbed through coring,
gas escape, transport and preparation. Therefore only a qualitative comparison is possible. A
general problem comparing static and vibratory CPTU is the mandatory perfect correlation
of the two test sites, in this case the lateral offset is around 3−5 m. Imperfect correlation or
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Fig. 3.5 Undrained cyclic triaxial tests on samples I1 and I2 with limits for cyclic softening
after Kramer (1996) and Boulanger and Idriss (2006). Test conditions: σ ′

c = 100 kPa,
CSR = 0.1, 0.98 ≤ B ≤ 0.99.
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lateral variations of the sediment would cause artifacts in the difference of cone resistances
and the reduction ratio RR, however the correlation at GeoB18623 is convincing.

The failure mechanism leading to the 1930 submarine landslide in Orkdalsfjord was
comprehensively investigated by L’Heureux et al. (2014b). The authors showed that the
slide plane most likely involved a clay-rich layer at 8− 10 m below the original seabed.
Results presented in the actual study show that the silt deposits overlying the slide prone
layer are vulnerable against cyclic softening and that only small vibrations are necessary to
considerably reduce their shear strength. This softening process might have been important
in the retrogressive landslide process in order for the landslide debris to completely evacuate
the landslide scar.

The present study showed that cyclic softening is a considerable phenomenon in marine
silts from Orkdalsfjord and that it might be under certain circumstances an important factor
facilitating failure of submarine landslides. We further showed that VCPTU may be a helpful
tool to qualitatively characterize in situ cyclic softening potential of marine silts. However, to
comprehensively understand the effect of cyclic loading on the soil strength cyclic laboratory
tests are indispensable.
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Abstract

Altered tephra are volcanic airfall materials that have been subjected to various soil processes
and are prevalent across volcanic islands like the North Island of New Zealand. Under-
standing their undrained response to cyclic loading is essential for geotechnical engineering
applications in these regions because of frequently occurring local earthquakes. We describe
for the first time the cyclic undrained behaviour of an altered, clay-rich and highly sensitive
tephra through triaxial tests. The altered tephra experiences brittle failure and has higher
friction coefficients than normally consolidated clay, being comparable to sand or unaltered
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tephra. Comparison of cyclic contour diagrams covering the whole compressional and exten-
sional range of testing conditions with those previously developed for marine clays shows
that for altered tephras: (1) the number of loading cycles to failure depends more strongly
on the average shear stress; (2) the material is more resistant to small cyclic loading but
fails within a narrower range of shear stresses; and (3) cyclic shear strength peaks at zero
average shear stress, in contrast to marine clays where cyclic shear strength peaks at small
compressive average stress.

Keywords Shear strength · Clays · Residual soil · Laboratory tests · Deformation · Earth-
quakes · Friction

4.1 Introduction

Subsoils along the coast are often exposed to cyclic loading from earthquakes, wind, waves
and traffic, affecting serviceability and ultimate capacity of engineering structures. During
cyclic loading, soils may experience a variety of stress conditions, which can lead to shear
deformation, pore fluid pressure increase, and eventually shear failure. The effects of cyclic
loading are strongest in undrained conditions. Therefore, geotechnical design relies on
precise knowledge of the soil’s undrained response to different average and cyclic shear
stresses. Most previous studies on cyclic undrained behaviour of soils have focussed on
sand (Mohamad and Dobry, 1986; Alarcon-Guzman et al., 1988; Hyodo et al., 1994a), clay
(Sangrey et al., 1969; Ansal and Erken, 1989; Yasuhara et al., 1992), or silt-clay mixtures
(Hyde and Brown, 1976; Guo and Prakash, 1999), while knowledge of the cyclic shear
strength of volcanic soils is limited to crushable unaltered tephra (Miura et al., 2003; Orense
and Pender, 2015; Wiemer and Kopf, 2016).

Tephra is unlithified volcanic airfall material of any grain size and composition (Lowe,
2011) and is widely deposited in tectonically active areas such as New Zealand and Japan
(Briggs et al., 2005; Chigira, 2014), where it is a relevant subsoil for geotechnical design.
Volcanic glass is a major constituent of tephra, which alters to secondary clay minerals within
several thousands of years (Lowe, 1986). This alteration changes the shear strength and
deformation characteristics of the tephra. Although the alteration process will most likely
affect the bearing capacity of foundations and the stability of natural slopes under cyclic
loading, no attention has yet been paid to the cyclic loading behaviour of altered tephra.
Granular soil is known to liquefy as a consequence of excess pore water pressure, while
clays commonly exhibit cyclic softening (Boulanger and Idriss, 2006; Idriss and Boulanger,
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2008). It remains unknown whether altered tephra exhibits undrained cyclic shear strength
properties similar to granular soil such as sand and unaltered tephra or clay.

This paper describes the cyclic undrained behaviour of the Pahoia Tephra, widely de-
posited during the Quaternary on the North Island of New Zealand (Briggs et al., 2005), and
which has since been subsequently altered to secondary clay minerals (Moon et al., 2015b;
Kluger et al., 2017). Thin-walled push tube samples were recovered from a highly sensitive
Pahoia Tephra interval above the assumed failure surface of the well-studied Omokoroa flow
slide (Smalley et al., 1980; Kluger et al., 2017). The samples were analysed in a program of
monotonic and cyclic triaxial tests to quantify the effect of cyclic and average shear stresses
on shear strain development and cyclic shear strength. Using our data, we constructed
contour diagrams of cyclic loading failure, initially developed to analyse the cyclic undrained
behaviour of marine Norwegian clay, for altered tephra (Andersen and Lauritzsen, 1988;
Wichtmann et al., 2013; Andersen, 2015).

4.2 Sample material and testing procedure

4.2.1 Pahoia Tephra

Sampling

The Omokoroa flow slide is located in the Tauranga Harbour, at the eastern coast of the North
Island of New Zealand (37.63◦S, 176.05◦E). The subsoil in this region between around 10 m
and 25 m depth is the Pahoia Tephra, which is therefore of engineering significance. The
main failure surface of the Omokoroa flow slide is assumed to be located at approximately
23 m depth within this unit (Kluger et al., 2017).

In the present study, 18 thin-walled push tube samples with 36 mm internal diameter were
recovered from a horizontal trench that we have dug into the Omokoroa flow slide headwall
19 m below the pre-slide ground level. This sampling location was chosen because it was
possible to correlate this unit using a distinctive iron-manganese layer, 0.5 m above the trench,
with a nearby drill core, Omok-1 (Fig. 4.1(a)). The trench was dug approximately 1.5 m
behind the currently exposed face to avoid seasonal drying effects. The sampled material is
an altered tephra with intact texture and no macroscopic cracks visible. The sampling tubes
were subsequently pushed vertically into the trench at a horizontal spacing of at least 10 cm.
After sampling, the push tube samples were sealed in air tight containers, wrapped in foam,
and shipped for triaxial testing.
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Fig. 4.1 (a-b) Sediment description and cumulative clay mineral content of core Omok-
1 (Kluger et al., 2017); (c-d) Results from bore hole logging of Omok-1; (e) Grain size
distribution of Pahoia Tephra, sampling depth 19 m.

Table 4.1 Physical and mechanical properties of the Pahoia
Tephra.

Clay mineral content 46 wt.%
- Halloysite ∗ 34 wt.%
- Kaolinite 7 wt.%
- Illite, Mica 3 wt.%
- Montmorillonite 2 wt.%
Amorphous constituents 28 wt.%

Mean grain size 11 µm
Fines content (< 63 µm) 92 wt.%

Natural water content, w 81%±3%
Liquid limit, wL 66%
Plasticity index, IP 25
Activity 0.4

Sensitivity (field vane) 11
Sensitivity (laboratory vane) ∗ 10
Coefficient of earth pressure at rest, K0

∗1 0.57
Effective overburden pressure, σ ′

ac 257 kPa
∗ Kluger et al. (2017)
∗1 Brooker and Ireland (1965)
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Sample properties

The Pahoia Tephra sequence has a clay mineral concentration of 30 % to 60 % (Fig. 4.1(b)),
based on X-ray diffraction measurements of bulk samples along core Omok-1 following
procedures outlined in Kluger et al. (2017). The Pahoia Tephra sample at 19 m depth
(Tab. 4.1) has a clay mineral content of 46 %, with halloysite being the dominant mineral
(Kluger et al., 2017). Minor phyllosilicate mineral phases include kaolinite, illite, mica,
and montmorillonite. The high amount of amorphous constituents, mostly volcanic glass,
indicates that parts of the primary constituents have not yet been altered and are still present
in the residual soil.

Grain size distribution was determined with a Beckman Coulter Laser diffraction particle
size analyser LS 13320 following McGregor et al. (2009). The Pahoia Tephra has a high fines
content of 92 %, and is classified as a bimodal, very poorly sorted medium silt according
to Folk and Ward (1957) (Tab. 4.1, Fig. 4.1(e)). Moisture content and Atterberg limits
were obtained following NZS 4402.4.1.1:1986 (1986). The Pahoia Tephra sample plots well
below the A-line of the Casagrande plasticity chart and is therefore classified as inactive,
medium plastic, inorganic silt of high compressibility (Casagrande, 1932; Skempton, 1953).
The Pahoia Tephra is highly sensitive based on field and laboratory vane shear experiments
(NZGS, 2001; DIN 4094-4:2002-01, 2002; Norsk Geoteknisk Forening, 1974).

4.2.2 Triaxial testing

The cyclic undrained behaviour of the Pahoia Tephra was analysed through two monotonic
and 16 cyclic undrained shear tests controlled with an internal stress sensor, using the
MARUM Dynamic Triaxial Testing Device (DTTD) (Kreiter et al., 2010b). Our samples
were 36 mm in diameter and approximately 80 mm in height, which were carefully extracted
from the push tubes, mounted into the triaxial apparatus, and vacuum saturated with deionized
and deaerated water.

Consolidation

For constructing cyclic contour plots, Andersen and Lauritzsen (1988) recommend to consol-
idate the sample to in situ stress and to use a stress path that avoids swelling of the sample as
discussed by Hight et al. (1992). The in situ effective vertical stress before failure at 19 m
depth was derived from in situ LS gamma density logging and piezometric measurements
in borehole Omok-1 (Fig. 4.1(c-d)). The earth pressure at rest K0 was estimated using
the plasticity index correlation of Brooker and Ireland (1965), which is commonly used
for cohesive soils (Wichtmann et al., 2013). This yields an axial consolidation stress of
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σ ′
ac = 267 kPa, a K0 = 0.57 and an effective radial stress of σ ′

r = 152 kPa as initial condition
for all tests.

The sample was first isotropically re-consolidated to the radial stress and rested for 2 h.
Afterwards the axial stress was increased until the in situ axial consolidation stress was
established. The maximum consolidation shear stress at a 45◦ plane is τc = (σ ′

ac −σ ′
r)/2 =

57.5 kPa. A saturation pressure of ∆u = 400 kPa was sufficient to attain a Skempton’ B-value
of ≥ 0.95. All samples were held under constant anisotropic consolidation stresses for at
least 12 h. The disturbance of the samples was quantified by the change in void ratio ∆e/e0

during consolidation, where e0 is the initial void ratio before consolidation and ∆e is the
difference in void ratios measured before and after consolidation. All samples exhibited
changes in void ratios of ∆e/e0 ≤ 0.04 (Tabs. 4.2 and 4.3), which corresponds to a sample
quality of "very good to excellent" for normally consolidated clays (Lunne et al., 2006).

Triaxial testing procedure

Two monotonic undrained tests were performed in accordance with DIN 18137-2:2011-04
(2011) to derive the compressional sC

u and extensional sE
u undrained shear strengths of the

Pahoia Tephra (Tab. 4.2). Both parameters are needed to construct the cyclic contour diagram
(Andersen and Lauritzsen, 1988), in which the average τav and cyclic τcy shear stresses
are normalized by the compressional undrained shear strength. τav is defined here as the
average undrained shear stress acting on the soil during cyclic loading, while τcy is the
single-amplitude shear stress caused by cyclic loads (Fig. 4.2). Note that compressional
stress and strain are considered positive and extensional stress and strain are considered
negative.

Six series of undrained cyclic tests were performed; in each series the cyclic shear
stress ratio was varied at a constant average shear stress (Tab. 4.3). The test series vary in
average shear stress ratio, spanning the whole stress range from extensional to compressional
undrained shear strength. For each test series, the average and cyclic shear stresses were
chosen with the aim to reach failure between 1 and 1000 loading cycles, using the published
data from marine clays (Andersen, 2015). The change in average shear stress from the
consolidation shear stress was applied undrained by changing the axial total stress σa at
a constant rate of 0.1 kPa/s. After the average shear stress was applied, the sample was
allowed to rest undrained for approximately 2 h. The initial shear strain γi that develops
due to this initial loading is depicted in Fig. 4.2. Shear strain γ has been taken as 1.5 times
the axial strain εa assuming that γ/2 = (εa − εr)/2 and εr = −εa/2, where εr is the radial
strain (Terzaghi et al., 1996). Cyclic sinusoidal loading was applied in stress control with a
frequency of f = 0.1 Hz.



4.2 Sample material and testing procedure 39

Table 4.2 Specifications of monotonic triaxial tests.

Test No. Movement w ∆ec/e0 ṡ σ ′
ac σ ′

rc τc su c′ φ ′

% mm/min kPa kPa kPa kPa kPa ◦

1 CIU-1 Compr. 72 ∗ n. d. 0.5 205 205 0 133 11 ∗ 35 ∗
1 CIU-2 Compr. 72 ∗ n. d. 0.5 275 275 0 162 11 ∗ 35 ∗
1 CIU-3 Compr. 72 ∗ n. d. 0.5 355 355 0 192 11 ∗ 35 ∗
2 CAU-1 Compr. 80 0.02 0.05 267 152 57.5 120
2 CAU-2 Ext. 79 0.04 0.05 267 152 57.5 -80

1 Isotropically consolidated undrained tests performed by Mills and Moon (2016)
2 Anisotropically consolidated undrained tests performed in the present study
∗ Average values
Compr., compression
Ext., extension
n. d., not determined

Table 4.3 Specifications of cyclic triaxial tests.

Test series Test No. w ∆ec/e0 f τav τav/sC
u τcy τcy/sC

u N
% Hz kPa kPa

1 CY-15 81 0.02 0.1 -30 -0.25 48 0.4 238
CY-16 79 0.02 0.1 -30 -0.25 60 0.5 80
CY-21 80 0.03 0.1 -30 -0.25 72 0.6 3

2 CY-13 83 0.03 0.1 0 0 72 0.6 214
CY-14 80 0.02 0.1 0 0 84 0.7 59
CY-17 80 0.03 0.1 0 0 96 0.8 2

3 CY-24 83 0.02 0.1 15 0.125 72 0.6 68

4 CY-19 81 0.02 0.1 30 0.25 48 0.4 > 9743 ∗

CY-22 84 0.02 0.1 30 0.25 60 0.5 54
CY-12 87 0.03 0.1 30 0.25 72 0.6 31
CY-20 80 0.03 0.1 30 0.25 84 0.7 7

5 CY-8 88 0.02 0.1 57.5 0.48 36 0.3 > 7094 ∗

CY-9 82 0.02 0.1 57.5 0.48 48 0.4 1896
CY-6 75 0.03 0.1 57.5 0.48 60 0.5 7

6 CY-10 80 0.02 0.1 90 0.75 24 0.2 373
CY-11 82 0.03 0.1 90 0.75 36 0.3 15

Negative shear stress indicates triaxial extension direction
∗ No failure achieved
All tests: h/d = 2.5±0.1; B-value = 95%; σ ′

ac = 267 kPa; σ ′
rc = 152 kPa
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The pore water pressure development in cohesive soils measured in the triaxial apparatus
is strongly strain rate dependent and the relatively high frequency used in the present study
may result in uneven distribution of pore water pressure within the sample (Zergoun and Vaid,
1994). Therefore, pore water pressure is not an appropriate failure criterion. Alternatively,
shear strain has been used as parameter to quantify the undrained shear failure in clay
(Andersen, 2015). In cyclic tests presented in this study failure is defined as the attainment
of either 15 % average shear strain γav or 15 % cyclic shear strain γcy (Fig. 4.2).

In all triaxial tests, the axial total stress was corrected for the increase of the sample cross
section and the stress supported by the rubber membrane according to ASTM D 4767-04
(2004) and DIN 18137-2:2011-04 (2011).

Cycle 1 Cycle Nt

tav

gav

gitcy

gcygcy

g

Fig. 4.2 Definition of shear stress, shear strain, and shear modulus (Modified from Andersen,
2009).

4.3 Static undrained shear strength of altered tephra

The monotonic undrained shear behaviour of the Pahoia Tephra was analysed using a
compilation of the two anisotropically consolidated tests from the present study and three
isotropically consolidated tests performed by Mills and Moon (2016). The isotropically
consolidated triaxial tests were performed on thin-walled tube samples obtained from the
same depth as in the present study, but tested with both larger sample size and higher shear
rate (Tab. 4.2).
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All samples tested under undrained compression failed at axial strains of εa ≈ 3% and
exhibited strain softening after failure (Fig. 4.3(a)), which is typical for brittle failure in
sensitive post-glacial clay (Gylland, 2014). The anisotropically consolidated sample CAU-1
was tested under considerably higher consolidation stress than the isotropically consolidated
sample CIU-1. However, both samples exhibit similar undrained shear strengths. The
comparatively higher undrained shear strength observed under isotropic consolidation is
possibly a result of the higher shear rate that was applied in the isotropic consolidated
compression tests. This finding is similar to the behaviour of normally consolidated clays
(Lefebvre and Leboeuf, 1987; Zergoun and Vaid, 1994), where a lowering of undrained shear
strength was attributed to a larger pore water pressure increase at higher shear rates.

The effective stress paths in isotropically and anisotropically consolidated compression
tests exhibit contractive behaviour and define approximately the same failure envelope (Fig.
4.3(b)). The mean effective stress is defined as s′ = (σ ′

a +σ ′
r)/2. Isotropically consolidated

tests commonly exceeded the failure envelope when reaching their undrained shear strength,
likely as a result of the higher shear rate applied. After this, all stress paths of the compression
tests follow the same failure envelope. In contrast to the undrained shear strength, the failure
envelope of the Pahoia Tephra is largely shear rate independent, which is in agreement with
undrained failure envelopes observed in sensitive normally consolidated clays (Lefebvre and
Leboeuf, 1987). This suggests that the pore water pressure during strain softening is not
affected by the shear rate.
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Fig. 4.3 (a) Shear stress – shear strain and (b) shear stress – mean effective stress relationships
for the Pahoia Tephra, compiled from monotonic undrained compression and extension tests
from the present study and from Mills and Moon (2016).

The effective stress path of the monotonic extension test CAU-2 did not follow the
failure envelope after reaching the extensional undrained shear strength (Fig. 4.3(b)). This
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observation indicates that the Pahoia Tephra exhibits a less contractive undrained behaviour
during extension than during monotonic compression, which is explained by a smaller
increase in pore pressure, hence a smaller reduction in mean effective stress in the strain
softening regime. No comparable material behaviours for other soils have been described in
the literature.

From the undrained compression tests, an effective cohesion of c′ = 11 kPa and a critical
friction angle of φ ′

crit = 35◦ were derived (Tab. 4.2 and Fig. 4.3(b)). The critical friction
angle of the Pahoia Tephra is comparable to that of sand but significantly larger than that of
normally consolidated clay. The critical friction angle obtained for 20 different quartz sands
is φ ′

crit = 33◦± 2◦ (Mohamad and Dobry, 1986; Wiemer and Kopf, 2016; Bolton, 1986),
while for a large number of normally consolidated clays the average value was found to be
φ ′

crit = 28◦±6◦ (Diaz-Rodriguez et al., 1992). Because volcanic soils have highly variable
mineral composition, the critical friction angle for unaltered tephra is more diverse than those
measured on normally consolidated clays. Wiemer and Kopf (2016) studied the direct shear
behaviour of different marine and terrestrial unaltered tephras and observed φ ′

crit ranging
from 33◦ to 36◦, while Orense and Pender (2015) found even higher values of 42◦ to 44◦ for
different pumice sands. Our results show that the altered Pahoia Tephra exhibits frictional
behaviour comparable to unaltered volcanic soils.

4.4 Cyclic undrained shear behaviour of altered tephra

During cyclic loading, the soil may be subjected to different average shear stresses, which can
vary within the range of compressional and extensional undrained shear strength. Therefore,
the influence of average shear stress on the shear strain behaviour of the Pahoia Tephra
was studied by comparing scenarios, ranging from extensional stress conditions of τav/sC

u =

−0.25 to high compressional stress conditions of τav/sC
u = 0.75 (Figs. 4.4 and 4.5).

The average shear stress controls the shear strain failure mode of the Pahoia Tephra (Fig.
4.4). For all average shear stress ratios applied, an increase in both γav and γcy were observed
during each test, eventually leading to failure once a given number of loading cycles was
reached. In the cases where failure occurred, samples commonly developed a distinctive
shear band during a single loading cycle, which was accompanied by a rapid increase in shear
strain. This abrupt reduction in strength upon cyclic loading is in accordance with the strain
softening and brittle failure observed for the Pahoia Tephra during monotonic compression
tests.

Samples tested in the triaxial extensional regime (Test series No. 1 and 2) exhibited
a negative average shear strain development until an extensional failure occurred at γav =
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Fig. 4.4 Shear strain response of Pahoia Tephra to undrained loading cycles. Average and
cyclic shear strain components are represented by lines and grey shaded areas, respectively.
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Fig. 4.5 Shear stress – shear strain relationship for the Pahoia Tephra under different average
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−15%. At negative average shear stress ratios of τav/sC
u =−0.25 (Figs. 4.4(a) and 4.5(a)),

the samples developed non-recoverable negative shear strains, being the result of pronounced
increases in negative average shear strain. At isotropic stress conditions of τav/sC

u = 0 (Figs.
4.4(b) and 4.5(b)), the cyclic shear strain was larger and a small proportion of negative
shear strain was recovered during each loading cycle. At low numbers of loading cycles,
this led to symmetrical shear stress - shear strain hysteresis loops. During the last loading
cycles, however, the hysteresis loops became asymmetrical with a larger proportion in the
extensional regime. This asymmetric shear strain response to symmetric cyclic loading
observed for the Pahoia Tephra is similar to the cyclic undrained behaviour of clays, where
asymmetric shear strain response is associated with stress reversal (Hyodo et al., 1994b).

In test CY-24 with a low average shear stress ratio of τav/sC
u = 0.125 (Figs. 4.4(c)

and 4.5(c)), the sample developed nearly symmetrical shear stress - shear strain hysteresis
loops with only minor accumulation of average shear strain. All other samples tested in the
triaxial compressional regime (Test series No. 4 - 6) with average shear stress ratio between
0.25 ≤ τav/sC

u ≤ 0.75, developed positive non-recoverable shear strain until a compressional
failure was reached at γav = 15%. At moderate average shear stress of τav/sC

u = 0.25 (Figs.
4.4(d) and 4.5(d)), samples still experienced stress reversal, and partly symmetrical shear
stress - shear strain hysteresis loops developed. The samples CY-6 and CY-11, tested at
average shear stress ratios τav/sC

u of 0.48 and 0.75, respectively (Figs. 4.4(e, f) and 4.5(e,
f)), did not experience stress reversal and developed non-recoverable strain and increasingly
asymmetrical hysteresis loops.

The number of loading cycles to failure as a function of average and cyclic shear stress
ratios was approximated with a power law (Seed and Idriss, 1971) as:

τav/sC
u = a ·N−b (4.1)

where the parameters a and b are determined by numerical fits to the experimental data
(Fig. 4.6). Note that for test series 3, which is based on only one test, the power law function
was fitted by manually changing the parameters a and b obtained for test series 4, until a
parallel fit to the other data was reached. The average shear stress strongly affects the number
of cycles to failure. Samples tested at the same cyclic shear stress but with higher average
shear stress ratios exhibit significantly lower number of cycles to failure. For example,
samples CY-8 and CY-11 were tested at the same cyclic shear stress, but with average shear
stress ratios τav/sC

u of 0.48 and 0.75, respectively, illustrated by grey arrow in Fig. 4.6. While
the sample CY-8, tested at lower average shear stress, did not achieve failure after more than
7,000 loading cycles, at higher average shear stress, sample CY-11 failed after 15 loading
cycles. Wichtmann et al. (2013) also observed a decrease in the number of loading cycles
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to failure as a function of increasing average shear stress during cyclic triaxial testing of
normally consolidated Onsøy Clay. However, this decrease in number of loading cycles to
failure was less pronounced than our observations of the Pahoia Tephra, which is therefore
more vulnerable to the average shear stress than Onsøy Clay.

The influence of cyclic shear stress on the undrained behaviour of the Pahoia Tephra is
illustrated by the slope of the lines fitted to the test series with constant average shear stress
(Fig. 4.6). As expected, the number of cycles to failure increases with decreasing cyclic
shear stress ratio for all average shear stress ratios considered. Most power law functions in
Fig. 4.6 exhibit similar curvature, which indicates that the vulnerability to cyclic shear stress
ratio is not dependent on the average shear stress. The only exception is test series 5 at in situ
average shear stress. Compared to the other test series, the power law function fit to the test
series 5 data exhibits a significantly lower curvature. Accordingly, for in situ average shear
stress, the Pahoia Tephra is more vulnerable to an increase in cyclic shear stress compared to
other average shear stress ratios.
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Fig. 4.6 Cyclic shear stress ratios to reach failure in a specific number of loading cycles for
different average shear stress ratios.

4.5 Cyclic shear strength of altered tephra

We utilized the concept of cyclic shear strength contour diagrams, as proposed by Andersen
and Lauritzsen (1988), to comprehensively analyse the cyclic undrained behaviour of the
Pahoia Tephra. All test results for different combinations of average and cyclic shear stress
ratios are displayed in the average shear stress ratio vs. cyclic shear stress ratio plane of
Fig. 4.7(a). Solid contour lines represent average and cyclic shear stress ratios required
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for failure after N f = 1, 10, 100, and 1000 loading cycles, in the following also described
as cyclic shear strength, and were derived from Eq. 4.1. All N f – contour lines intersect
with the horizontal axis at two points, at which the contribution of cyclic shear stress is zero.
These points represent the undrained shear strength of the soil, obtained from the monotonic
compression and extension tests.
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Fig. 4.7 (a) Cyclic shear stress contours for different number of cycles to failure (calculated
using Eq. 1 and Fig. 6) as a function of average shear stress. (b) Maximal cyclic shear
strength as a function of average shear stress. (c – d) Cyclic shear stress contours compared
to Norwegian clays with different plasticity indices and sensitivity. I – Wichtmann et al.
(2013), II – Lunne et al. (2003), III – Andersen (2009), IV – Lunne and Lacasse (1999).

Isolines of the shear strain proportions at failure γav/γcy were added to Fig. 4.7(a) as
dashed blue lines. They define the shear stress conditions at which shear failure occurs
due to an excessive accumulation of either average shear strain (blue shaded area) or cyclic
shear strain (purple shaded area). The calculation of average and cyclic shear strain requires
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both the minimum and maximum shear strain of the respective loading cycle (Fig. 4.2). A
reliable separation into average and cyclic shear strain was possible in tests where failure
was achieved by progressive increase in shear strain, e.g. sample CY-9 in Fig. 4.8. However,
some tests failed abruptly during the course of a single loading cycle, e.g. sample CY-22 in
Fig. 4.8, hampering the precise separation of the shear strain proportions at failure. Samples
with abrupt failure are marked with an asterisk in Fig. 4.7(a) and were weighted less when
defining the isolines of shear strains at failure.
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Fig. 4.8 Progressive and abrupt shear strain development during the last loading cycles of
test CY-9 and CY-22, respectively.

The maximal cyclic shear strength τ f ,cy is defined as the sum of the average and cyclic
shear stresses at failure, which can be temporarily mobilized during cyclic undrained loading
(Fig. 4.7(b)). It may be used to calculate the bearing capacity under cyclic loading (Andersen
and Lauritzsen, 1988). The calculation of the maximal cyclic shear strength differs for triaxial
compression and extension, being τ f ,cy = τav + τcy for γav ≥ 0% and τ f ,cy = |τav − τcy| for
γav ≤ 0%. At the transition between compressional and extensional shear strain failure, i.e.
γav = 0% and γcy = 15%, the shear strength contour lines overlap (Andersen, 2015). In
the compressional failure region of Fig. 4.7(b), the contour lines for N = 1 and 10 loading
cycles are well above the compressional undrained shear strength for large average shear
stress ratios. At larger numbers of loading cycles, the contour lines for N = 100 and 1000
are always below the compressional undrained shear strength. This indicates that for a short
period of undrained cyclic loading, the Pahoia Tephra can bear more shear stress than under
monotonic loading. This might be relevant for the design against strong earthquakes, blasts
or storm waves.

Research on cyclic undrained shear strength that used the concept of contour diagrams in
the past mainly focused on marine clays. Therefore, we compared the cyclic shear strength
of Pahoia Tephra with marine clays only. Lunne et al. (2006) and Lunne and Andersen
(2007) showed that sample disturbance reduces the static triaxial compression more than the
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static triaxial extensional strength, causing the anisotropy ratio to increase with increasing
sample disturbance. In Fig. 4.7(c) the cyclic shear strength contour of the Pahoia Tephra
for N f = 10 loading cycles is compared to that for different marine clays (Andersen, 2004,
2009; Wichtmann et al., 2013). The Pahoia Tephra exhibits an anisotropy ratio sE

u /sC
u of 0.68,

which is comparable to tests on tube samples collected from naturally deposited offshore
clays. High quality Onsøy Clay block samples (Wichtmann et al., 2013) and Drammen Clay
thin-walled tube samples (Andersen, 2009), both reconsolidated in the laboratory, have a
lower anisotropy ratio than the Pahoia Tephra.

The cyclic shear strength of the Pahoia Tephra is largest at isotropic stress conditions
(Fig. 4.7(a)). Both negative and positive average shear stress, applied in addition to the
cyclic shear stress, always decrease the cyclic shear strength. This observation is unique
compared to previously published cyclic shear strength contour diagrams for marine clays
(Andersen, 2015). Although the general shapes of the cyclic shear strength contours of the
marine clays are similar to the cyclic shear strength contours of the Pahoia Tephra, for marine
clays the point of maximum cyclic shear stress ratio is shifted to positive average shear stress
ratios (Fig. 4.7(c)). This indicates that a small amount of average shear stress strengthens
the undrained behaviour in marine clay, but weakens the undrained behaviour of the Pahoia
Tephra. This observation is likely related to differences in soil fabric, particle shape, and
clay mineralogy between the marine postglacial clays and altered tephra from New Zealand
(Bentley et al., 1980; Cunningham et al., 2016; Kluger et al., 2017).

The peak cyclic shear stress ratio of the Pahoia Tephra we observed is consistent with
the general relationship that plasticity index increases the cyclic shear strength of soil (Fig.
4.7(c)), which was initially defined for marine clays only (Andersen, 2009; Wichtmann et al.,
2013). The Pahoia Tephra exhibits similar peak values of cyclic shear stress ratio to failure
after N f = 10 loading to Onsøy Clay which has a slightly higher plasticity index (Fig. 4.7(c)).
Offshore Africa clay with a plasticity index IP between 80 and 100 exhibits considerably
higher cyclic shear stress ratio than the Pahoia Tephra. In addition, the different shape of the
Pahoia Tephra failure contours leads to a significantly higher cyclic shear strength at negative
average shear stress, which is similar to the behaviour of highly plastic marine clays (Fig.
4.7(c)).

However, the most significant difference in cyclic shear strength behaviour between the
Pahoia Tephra and marine Drammen and Onsøy Clays becomes apparent when comparing
the cyclic shear strength contours for different numbers of loading cycles to failure (Fig.
4.7(d)). The Pahoia Tephra does not reach failure after 1000 loading cycles over a much
wider range of average and cyclic shear stress ratios compared to marine clay. Additionally,
the failure contours are much closer together. For instance, at in situ average shear stress
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conditions, the cyclic shear stress ratio of the Pahoia Tephra increases by less than 0.3 when
the number of loading cycles N f to failure is changed from 1000 to 1. This is only 55%
of the increase in cyclic shear strength that is observed for Drammen Clay and 35% of the
increase for Onsøy Clay when considering in situ average shear stress ratios (Fig 4.7(d)).
This shows that the Pahoia Tephra is more resistant to small cyclic undrained loading than
marine clays, but at a certain shear stress level, the failure occurs over a narrow range of
cyclic shear stress ratios. This observation is consistent with the brittle failure observed in
our monotonic triaxial tests and in other volcanic-derived soils from New Zealand (Jacquet,
1990). The abrupt failure may be further affected by the higher sensitivity measured for the
Pahoia Tephra compared to the marine clays considered (Fig. 4.7(d)).

4.6 Conclusions

Sediment covers on volcanic islands are commonly underlain by altered tephra. Understand-
ing their undrained response to cyclic loading is essential to design geotechnical structures
against cyclic loading induced by earthquakes, waves and traffic loads. We comprehensively
studied the undrained cyclic shear behaviour of an altered, clay-rich tephra from the North
Island of New Zealand for the first time through cyclic triaxial tests. We find that:

• The Pahoia Tephra has high sensitivity and contracts during monotonic undrained
triaxial tests. Upon failure the tephra experiences considerable strain softening within
the range of confining pressures applied in this study, which is similar to brittle failure
typically observed in normally consolidated clay. Altered tephra has significantly
higher critical friction angles compared with clay, being more similar to sand and
unaltered tephra.

• In cyclic undrained triaxial testing, the shear strain development and number of cycles
to reach failure of the Pahoia Tephra depends more strongly on average shear stress
compared to Norwegian marine clay.

• Cyclic shear strength contour diagrams showed that the Pahoia Tephra exhibits its
highest cyclic shear strength at zero average shear stress, which is not observed in
marine clay. Average shear stress lowers the cyclic shear strength of the Pahoia Tephra,
whereas a small addition of compressive average stress commonly strengthens the
undrained response of marine clays.
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• The Pahoia Tephra is more resistant to small cyclic undrained loading than marine
clays, but above a threshold shear stress, the failure occurs over a narrow range of
cyclic shear stress.

The present study highlights that altered tephra exhibits different monotonic and cyclic
undrained behaviour than other soil types, which therefore needs to be considered in civil
engineering projects. The results here may be used to improve feasibility assessments and
preliminary design calculations in subsoils comprised of altered tephra and is a step towards
better risk mitigation of geotechnical problems including slope failure.
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Abstract

Altered pyroclastic (tephra) deposits are highly susceptible to landsliding, leading to fatalities
and property damage every year. Halloysite, a low-activity clay mineral, is commonly associ-
ated with landslide-prone layers within altered tephra successions, especially in deposits with
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high sensitivity, which describes the post-failure strength loss. However, the precise role of
halloysite in the development of sensitivity, and thus in sudden and unpredictable landsliding,
is unknown. Here we show that an abundance of mushroom cap–shaped (MCS) spheroidal
halloysite governs the development of sensitivity, and hence proneness to landsliding, in
altered rhyolitic tephras, North Island, New Zealand. We found that a highly sensitive layer,
which was involved in a flow slide, has a remarkably high content of aggregated MCS
spheroids with substantial openings on one side. We suggest that short-range electrostatic
and van der Waals interactions enabled the MCS spheroids to form interconnected aggregates
by attraction between the edges of numerous paired silanol and aluminol sheets that are
exposed in the openings and the convex silanol faces on the exterior surfaces of adjacent
MCS spheroids. If these weak attractions are overcome during slope failure, multiple, weakly
attracted MCS spheroids can be separated from one another, and the prevailing repulsion
between exterior MCS surfaces results in a low remolded shear strength, a high sensitivity,
and a high propensity for flow sliding. The evidence indicates that the attraction-detachment
model explains the high sensitivity and contributes to an improved understanding of the
mechanisms of flow sliding in sensitive, altered tephras rich in spheroidal halloysite.

Keywords Landslide · halloysite morphology · halloysite spheroids · sensitivity · tephra ·
structural breakdown · electrostatic interactions · variable charge · coulombic forces · van der
Waals’ forces · Quaternary

5.1 Introduction

Most East Asian and western Pacific countries are located in tectonically active, high-rainfall
areas where landslides are a major natural hazard. These landslides are typically triggered by
rainstorms or earthquakes and are responsible for fatalities and enormous property damage
every year. Many destructive landslides have occurred in pyroclastic deposits in Japan,
Indonesia, Hong Kong, and New Zealand (Chau et al., 2004; Chigira, 2014; Moon, 2016),
such deposits commonly containing layers rich in clay minerals formed mainly by chemical
weathering during either pedogenesis or diagenesis. In regions with predominantly rhyolitic
volcanism, halloysite is a common clay mineral (Churchman and Lowe, 2012) and is therefore
potentially a key geological factor increasing the risk of landslides (Kirk et al., 1997; Chigira,
2014). Halloysite is a 1:1 Si:Al layered aluminosilicate member of the kaolin subgroup that
exhibits various structural morphologies including tubes, spheroids, polyhedrons, plates, and
books (Joussein et al., 2005; Cunningham et al., 2016).
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Spheroidal halloysite, in particular, has been recognized in landslide-prone layers of
pyroclastic material in Japan (Tanaka, 1992) and New Zealand (Smalley et al., 1980). Smalley
et al. (1980) linked a high content of spheroidal halloysite to high sensitivity. Sensitivity
refers to the post-failure strength loss in the failure zone during landsliding, and is quantified
in the laboratory as the ratio of the undisturbed to remolded undrained shear strength at the
same water content (Terzaghi, 1944). High sensitivities were first described for post-glacial,
brackish and marine clayey sediments in the Northern Hemisphere (Skempton and Northey,
1952) that are subject to landslides with dimensions and long runout distances that are
difficult to predict. In this study, we investigate processes that have led to high sensitivity in
halloysite-rich pyroclastic materials in order to improve landslide-hazard evaluation.
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5.2 Geological setting

Much of the central part of New Zealand’s North Island is covered by thick rhyolitic tephras
(Lowe, 2011) derived from eruptions in the Taupo Volcanic Zone (Briggs et al., 2005), which
are commonly altered into halloysite-rich successions. We focus here on a coastal flow slide
at Omokoroa, Bay of Plenty (Fig. 5.1A), where ∼ 10,000 m3 of material was transported
downslope over long distance into a lagoon in 1979 CE (Moon et al., 2015b) as well as
during two minor reactivations in 2011 and 2012. The 1979 event was likely initiated in a
white, highly sensitive layer with high spheroidal halloysite concentration (Smalley et al.,
1980) (and lacking any detectable allophane; Cunningham et al. (2016)).

We have analyzed a 40-m-long sediment core, Omok-1, which we bored via rotary flush
drilling in unfailed material near the headwall (Fig. 5.1B). The lithology of Omok-1 was
determined by correlation with units of a previously studied adjacent headwall face (Moon
et al., 2015b) comprising a succession mainly of Quaternary rhyolitic tephras: underlain by
lignite at the base of the core, the Pahoia Tephra sequence includes the Te Puna Ignimbrite
(ca. 0.93 Ma) and a series of altered tephras which are informally divided into lower and
upper Pahoia Tephra units based on two distinct paleosols (P1 and P3). All of these deposits
and paleosols are overlain by successions of younger altered tephras called Hamilton Ash
beds (ca. 0.35 to ca. 0.05 Ma) and late Quaternary tephras (< ca. 0.05 Ma) (Figs. 5.1C and
5.2A). The lower Pahoia Tephras include the 0.3-m-thick, white, highly sensitive clay-rich
layer that failed in 1979 (Fig. 5.1C), having high porosity and high natural water content
(Smalley et al., 1980).

5.3 Methods

We performed laboratory vane shear tests on samples from the Pahoia Tephra sequence and
Hamilton Ash beds to measure the sensitivity S (Equ. 5.1):

S = su/sr, (5.1)

where the undisturbed strength (su) was measured on the intact surface of the split core,
and the remolded strength (sr) was measured on core samples with the same water content
but that had been kneaded by hand for 10 min (Jacquet, 1990). Halloysite concentration
in bulk samples was measured by X-ray diffraction (XRD) using a Philips PW analytical
defractometer, and quantification was performed using QUAX software (Vogt et al., 2002).
Scanning electron microscopy (SEM) was undertaken with a Zeiss Supra40 microscope on
24 shock-frozen, freeze-dried, and gold-coated bulk core samples (Reed, 2005). The relative
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abundances of halloysite particles having distinct morphologies were quantified using a point-
counting approach (Frolov and Maling, 1969). Six representative SEM images of planar
soil surfaces were chosen for each sample, and at least 600 particles were counted based
on rectangular grids. In the white, highly sensitive layer, the change of halloysite particle
arrangement upon remolding was quantified by comparing 20 SEM images of undisturbed
and remolded material, providing >1000 counts respectively. The spheroid diameters were
measured from six representative particles per SEM image.

5.4 Highly sensitive slide-prone layer dominated by sphe-
roidal halloysite

The sensitivity is low in the upper Pahoia Tephras, especially in the paleosols P2 and P3
(Figs. 5.2A and 5.2B). However, the sensitivity tends to increase with depth, reaching values
of 15-20 in the lower Pahoia Tephras. The highest sensitivity (Rosenqvist, 1953) of S = 55,
and the lowest remolded shear strength within the profile of sr = 1.4 kPa, were measured in
the white, highly sensitive layer at 23 m depth.

The upper Pahoia Tephras have a halloysite content of 10−20 wt % comprising almost
entirely tubular halloysite (Figs. 5.2C and 5.2D). The lower Pahoia Tephras have 40−50 wt %
halloysite comprising mostly spheroidal particles. In the highly sensitive layer, 76% of the
halloysite is spheroidal and the spheroid sizes are greater than those in the surrounding layers
(Figs. 5.2D and 5.2E). A three-dimensional line plot reveals a clear correlation between
high sensitivities and high halloysite bulk concentration, and a high content of spheroids
with large diameters (Fig. 5.2F). The high sensitivity is associated with low remolded shear
strength rather than with high undisturbed shear strength (Fig. 5.2G).

We found that deposits with high tubular halloysite content hamper sensitivity develop-
ment, whereas halloysite spheroids facilitate sensitivity and dominate the highly sensitive
layer at 23 m depth within the lower Pahoia Tephras. The highly sensitive layer has low
remolded shear strength after failure, which, together with its high water content (Smalley
et al., 1980), partly contributed to the long runout distance of the flow slide at Omokoroa.
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5.5 New Halloysite morphology

We present here the first observations of a previously unreported halloysite particle morphol-
ogy, which is visible in the SEM images of the remolded halloysite fabrics of the highly
sensitive layer. In the undisturbed state, the spheroidal halloysites are distinctly aggregated
into networks of well-connected particles (Figs. 5.3E and 5.3F). After remolding, however,
most of the aggregates have broken apart into small, loose clusters or individual halloysite
particles that are typically ∼ 250−400 nm in diameter (Figs. 5.3G and 5.3H). Individual
spheroids have distinctive "deformities" in the form of openings ∼ 80−160 nm in diameter
on one side. These openings were previously hidden by contact with other spheroids. The
deformities give the particles an ovate "mushroom cap" appearance. Pointcounting individ-
ual mushroom-cap shapes in both undisturbed (aggregated) and remolded (disaggregated)
samples showed that the observable mushroom-cap shapes were much more abundant in the
remolded samples, increasing from 4.4%±3.2% to 44.9%±11.6%.

5.6 Attraction-detachment model for flow sliding in altered
tephras

The open-sided, mushroom cap–shaped halloysite morphology has not been reported previ-
ously. Because this particular morphology overwhelmingly occurs in the highly sensitive
slide-prone layer, we hypothesize that this unique particle shape controls the mechanical
behavior of halloysite clays.

Halloysite is composed of an Al-octahedral (aluminol) sheet with a net positive charge
and a Si-tetrahedral (silanol) sheet with a net negative charge at pH values between 2 and
8 (Fig. 5.3I) (Churchman et al., 2016). The two sheets have slightly different dimensions,
with the silanol sheet being larger. This misfit in the sheet sizes causes the halloysite
layer to be curved (Churchman and Lowe, 2012), with the larger negatively charged silanol
sheet on the outside of the curvature and the positively charged smaller aluminol sheet on
the inside. The halloysite spheroids observed in our study are most likely composed of
concentrically stacked 1:1 layers, i.e., with an onion-like structure, as shown in numerous
studies including those on spheroidal halloysite derived from altered tephras in New Zealand,
Japan, and Argentina (Wada et al., 1977; Kirkman, 1981; Cravero et al., 2012; Berthonneau
et al., 2015). For a perfect halloysite spheroid, the outermost silanol surface carries a
net negative charge, and hence the electrostatic interactions between individual spheroids
would be repulsive (Fig. 5.3I). Our study shows, however, a halloysite structure where
both silanol and aluminol layers are exposed at spheroid openings, and therefore charges
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Fig. 5.3 A–D: Scanning electron microscopy (SEM) images of spheroids (A), polyhedrons (B),
tubes (C), and plates (D) representing the main halloysite morphologies in Pahoia Tephra sequence
(New Zealand). E–H: SEM images from the highly sensitive layer of undisturbed and multiply-
connected halloysite spheroids (E,F) and remolded spheroids (G,H) showing smaller clusters or
detached spheroids within much looser particle network. 1-exposed layers in spheroid openings;
2-partially separated halloysite spheroids; 3-detached mushroom cap–shaped halloysite spheroid. I:
Electrostatic field proximal to halloysite nanotubes with colored equipotential surfaces (ES), modified
with permission from Guimarães et al. (2010), copyright 2010 American Chemical Society. J:
Conceptual mushroom cap–shaped spheroid cross-section and weak electrostatic and/or van der Waals
attractions arising between exposed silanol-aluminol sheets in spheroid openings and negatively
charged convex exterior surfaces; enlargement is adapted from Berthonneau et al. (2015). Circles with
+ and – relate to positive and negative electrostatic field proximal to spheroid’s exterior surface. K,L:
Mushroom cap–shaped spheroids connect with one another between concave openings and convex
outer spheroid surfaces, forming aggregates (K) which are partly detached because of remolding (L).
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within the openings would correspondingly be weakly positive or neutral overall (Fig. 5.3J),
as indicated from charge density-functional tight-binding modeling applied to halloysite
nanotubes (Guimarães et al., 2010). If sufficient numbers of positively charged openings are
exposed, the electrostatic interactions between them and the negative exterior silanol surfaces
would allow the mushroom cap–shaped spheroids to form stacked aggregates (Fig. 5.3K). If
the paired silanol and aluminol sheets exposed in the openings are neutral overall, then a net
increase in particle attraction will still occur because electrostatic repulsion is reduced and
the larger contact areas lead to higher van der Waals forces (Israelachvili, 2011).

During diagenesis via hydrolysis of volcanic glass (Cunningham et al., 2016), the hal-
loysite spheroids may form consecutively on top of one another in pore spaces, generating
the distinct openings during synthesis. The attractive forces between the openings and
the convex exterior surfaces are demonstrably strong enough to allow for the formation of
aggregates, but also permit easy disaggregation by mechanical detachment during shear (Fig.
5.3L). New random contacts between convex silanol surfaces probably lead to a decrease in
average attraction between particles. We posit that the detachment of attractive spheroidal
particle contacts, in the presence of abundant water having negligible interaction with ions
in soil solution because of the inactive nature of halloysite (Smalley et al., 1980), leads to
the very low post-failure shear strength, facilitating a flow slide with long runout distance.
The interparticle attraction-detachment model appears to successfully explain (at nanoscale
dimensions) the post-failure behavior of the highly sensitive tephra layer at Omokoroa, which
is dominated by the imperfect halloysite spheroids. The question therefore arises whether
similar altered tephras elsewhere have high contents of spheroidal halloysite with potentially
hidden mushroom-cap forms, and whether such forms helped mobilize other landslides in
the past.

5.7 Conclusions

We investigated a sequence of altered, rhyolitic Quaternary tephras in New Zealand and
the reasons why a landslide-prone layer dominated by spheroidal halloysite was highly
sensitive. We explain this high sensitivity with an electrostatic attraction-detachment model.
Weakly positive or neutral charges on silanol and aluminol sheet edges exposed in the
concave openings of spheroidal halloysite particles were attracted to the negatively charged
convex silanol surfaces of adjacent spheroids. Such short-range attractions between spheroid
openings and the exterior surfaces of adjacent spheroids stabilize an aggregated halloysite
framework. If the aggregates are detached by remolding, the loose arrangement of the
spheroids exhibits low remolded shear strength. We suggest that the attraction-detachment
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model, based on the identification of mushroom-cap halloysite morphologies, provides a
potential key for the identification of sensitive altered tephras that are predisposed to sudden
failure that triggers landsliding.
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Chapter 6

Conclusions

This doctoral thesis contributed to broaden the understanding of pre- and post-failure mecha-
nisms of landslides in sensitive soil at the interface between land and water. Two landslides
were investigated that occurred in sensitive soil and affected society, economy, and natural en-
vironment in coastal regions: (1) The coastal submarine Orkdalsfjord landslide in post-glacial
sediments, Norway, and (2) the coastal subaerial Omokoroa flow slide in weathered tephra,
New Zealand. The following section summaries the most important findings in response to
the research hypotheses (Chapter 1.5).

Cyclic loading affects the in situ shear strength of sensitive glacio-marine soil: The
in situ weakening of the Orkdalsfjord landslide during cyclic loading was investigated
using static and vibratory cone penetration testing (CPTU) and two gravity cores obtained
during expedition POS472 from the Orkdalsfjord landslide headwall. Small scale grain size
variabilities within the stratified clayey to sandy fjord sediments were detected. Interbedded
very coarse silt layers lose up to 68 % cone resistance during vibratory CPTU and are
therefore considered as more vulnerable to cyclic loading compared to surrounding finer silts
in which no decrease in cone resistance was detected. This shows that only relatively small
vibrations are necessary to considerably reduce the shear strength of very coarse silt layers.
This observation is supported by cyclic triaxial testing, in which very coarse silt fails after
five times fewer number of loading cycles compared to medium-coarse silt. Accordingly, the
very coarse silt layers may have contributed to the weakening of the Orkdalsfjord landslide
in case cyclic loading occurred during landsliding.

Cyclic shear strength of sensitive weathered tephra differs from post-glacial sensi-
tive clay: The cyclic loading behavior of the halloysite-rich Pahoia Tephra from an interval
above the failure surface of the Omokoroa flow slide was analyzed by monotonic and cyclic
triaxial testing. The Pahoia Tephra contracts during monotonic undrained triaxial tests. Upon
failure, the weathered tephra experiences considerable strain softening, which is similar
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to brittle failure observed in sensitive post-glacial clay. Weathered tephra has significantly
higher critical friction angle than clay, being comparable to sand or unaltered tephra. Based
on cyclic undrained triaxial testing, the shear strain development and number of cycles to
reach failure of the Pahoia Tephra depends more strongly on average and cyclic shear stress
compared with sensitive post-glacial clay. The Pahoia Tephra exhibits its highest cyclic shear
strength at isotropic stress conditions, which is different to the sensitive post-glacial clays
considered. Average shear stress lowers the cyclic shear strength of the Pahoia Tephra, while
a limited addition of average shear stress commonly strengthens the undrained response
of marine clays. The Pahoia Tephra is more stable against small cyclic undrained loading
than marine clays, but above a threshold shear stress, the failure occurs rather suddenly
over a narrow range of cyclic shear stress. The results may be used to improve feasibility
assessments and preliminary design calculations in subsoils comprised of sensitive weathered
tephra and is a first step towards better risk mitigation of slope failure.

High sensitivity in weathered tephra is caused by specific halloysite morphologies:
The role of secondary clay minerals on the development of high sensitivities, thus in the
post-failure softening during the Omokoroa flow slide was analyzed along a drill core using
scanning electron microscopy and laboratory vane shear tests. Halloysite dominates the
Pahoia Tephra, a sequence that was involved in the Omokoroa flow slide. The halloysite
particle morphologies are highly variable with depth. While tubular morphologies are
prevalent in the upper tephra successions, the lower Pahoia Tephra sequence is dominated by
spheroidal halloysite. This change in halloysite morphology coincides with an increase in
sensitivity with depth. Therefore, spheroidal halloysite is likely the key in the development
of sensitivity in weathered tephra from New Zealand and potentially elsewhere in regions of
similar volcanic origin. In the failure surface of the Omokoroa flow slide, a new open-sided
spheroidal halloysite particle shape in the form of ’mushroom caps’ is recognized for the first
time that governs the development of high mobility in the failure surface during landsliding.
Based on a new ‘attraction-detachment’ model, it is suggested that the rearrangement in the
halloysite texture during the failure process reduces the attractions between the particles at
nanoscale dimensions and thus predisposes flow sliding.

Various aspects of the cyclic loading behavior of sensitive post-glacial silts and weathered
tephra were studied, contributing to a better understanding of landslide initiation during cyclic
loading scenarios such as earthquakes. Both soil types are vulnerable to cyclic loading, which
therefore needs to be considered when planning civil engineering projects on or close to
slopes comprised of post-glacial silt or weathered tephra. A new conceptual model explains
the high sensitivities in halloysite-rich tephra and therefore the post-failure softening during
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landsliding, which provides a potential key for the identification of sensitive weathered tephra
that are predisposed to flow sliding.
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landsliding in clay-rich tephras
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Abstract

Altered tephras are highly susceptible to landsliding and account for fatalities and property
damage every year. The clay mineral halloysite is often associated with landslide-prone
layers within weathered tephra successions, especially in deposits with high sensitivity, which
describes the post-failure strength loss. However, the precise role of halloysite on the develop-
ment of sensitivity and thus sudden and unpredictable landsliding is unknown. Here we show
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that an abundance of halloysite, dominated by a distinctive ovate mushroom-cap-shaped
(MCS) spherical morphology, governs the development of sensitivity, and hence proneness to
landsliding, in weathered rhyolitic tephras in eastern North Island, New Zealand. We found
that a highly sensitive layer, which was involved in a retrogressive landslide, has an extraor-
dinarily high content of aggregated MCS spheres with imperfectly-closed exterior surfaces,
i.e., the MCS spheres have substantial openings on one side. We suggest that short-range
electrostatic and van der Waals’ interactions enabled the MCS spheres to form interconnected
aggregates by attraction between numerous paired silanol and aluminol layers with a weakly
positive, or neutral, charge exposed in the openings and the negatively-charged convex silanol
faces on the curved exterior surfaces of the spheres. However, if these weak attractions
are overcome during slope failure, the prevailing repulsion between two exterior surfaces
result in a low remolded shear strength, i.e., a high sensitivity, and thus a high propensity for
flow-like landsliding. Our results indicate that this novel electrostatic attraction-disseverance
model explains the high sensitivity and therefore contributes to a general understanding of
the mechanisms of landsliding in sensitive altered tephras rich in spherical halloysite.
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Abstract

Altered tephra deposits are highly susceptible to landsliding. Halloysite, a low-activity,
1:1 aluminosilicate clay mineral, is often associated with landslide-prone layers within
weathered-tephra successions, especially in deposits with high sensitivity, which describes
post-failure strength loss. However, the precise role that halloysite plays in the development
of sensitivity and thus in sudden and unpredictable landsliding, is unknown. We show that an
abundance of halloysite, dominated by a distinctive mushroom-cap-shaped (MCS) spheroidal
morphology, governs the development of sensitivity, and hence proneness to landsliding,
in weathered rhyolitic tephras <0.93 Ma in the Tauranga region, eastern North Island, New
Zealand. We found that a highly sensitive tephra layer, which was involved in a landslide,
has a high content of aggregated MCS spheroids with imperfectly-closed exterior surfaces,
i.e., the spheroids have substantial openings on one side. We suggest that short-range electro-
static and van der Waals’ interactions enabled the MCS spheroids to form interconnected
aggregates by attraction between the edges of numerous paired silanol and aluminol sheets
that are exposed in the openings and the convex silanol faces on the exterior surfaces of
adjacent MCS spheroids. If these weak attractions are overcome during slope failure, multi-
ple, weakly-attracted MCS spheroids can be separated from one another and the prevailing
repulsion between exterior MCS surfaces results in low remolded shear strength, high sensi-
tivity, and high propensity for flow-like landsliding. Our evidence indicates that the proposed
electrostatic attraction-detachment model explains the high sensitivity and helps understand-
ing of the mechanisms of landsliding in sensitive, altered tephras rich in spheroidal halloysite.
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Abstract

In many regions around the world, tephras from volcanic eruptions cover wide areas of
the landscape. With time, the primary constituents of tephras may alter to the low-activity
clay mineral halloysite, which has often been associated with layers that are susceptible
to damaging and unpredictable flow slides. However, the precise role of halloysite in the
development of the high mobility during landsliding is unknown. In this study (Kluger et al.,
2017), a succession of altered tephras was analysed, having been involved in a recent flow
slide in North Island, New Zealand. We found a new open-sided spheroidal halloysite particle
shape in the form of “mushroom caps” that apparently governed the development of high
mobility in the failure zone during landsliding. We suggest that the rearrangement in the
halloysite texture during the failure process reduced the attractions between the particles
at nanoscale dimensions and thus predisposed flow sliding. Our findings contribute to an
improved understanding of the mechanisms of flow sliding in altered tephras rich in halloysite.
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Abstract

Granular soils which exhibit plastic behavior and large volume change under shear stress
can be described by hypoplastic models, which are useful for predicting tilting of offshore
foundations. The Cuxhaven-Sand is similar to dense North Sea subsoil and is therefore
an important analogue material in studies dealing with cone penetration tests and innova-
tive foundation design like gravity foundations or suction buckets. In the present study
hypoplastic constants are determined for Cuxhaven-Sand from geotechnical laboratory ex-
periments to serve as constraints for future finite element modeling studies. Special focus
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was given to investigating the influence of different sample reconstitutions on parameter
determination and on the hypoplastic model predictions for dense Cuxhaven-Sand regarding
initial tangent modulus, peak shear strength and volume change. The most appropriate
sample reconstitution seems to be dry pluviation whereas moist tamping and lateral tapping
are not ideal for soil homogeneity and affect the peak state response. The hypoplastic
model is appropriate for describing results of cone penetration tests in Cuxhaven-Sand. For
the design of gravity-based foundations the model is only useful in cases of uniaxial com-
pression, because without lateral constraints, the prediction of small strain behavior is limited.

Keywords Cuxhaven-Sand · Sample reconstitution · Hypoplastic constants · Peak strength ·
Volume change

C.1 Introduction

Offshore wind power foundations are affected by static as well as cyclic loads, possibly
exceeding the serviceability limits of offshore foundations during long term operation.
In Northern Germany special interest lies in characterizing the destabilization process of
offshore wind foundations due to cyclic loads from operation, wind and waves (Wichtmann
et al., 2010; Wienbroer and Zachert, 2010). Tilting of offshore structures is often induced by
differential settling (Randolph et al., 2004). The theory of hypoplasticity, first introduced by
Kolymbas (1985), is one possible approach to model the stress-strain behavior of granular
soils bearing offshore wind foundations (Anaraki, 2008). The in situ relative density is the
most important state parameter for such hypoplastic simulations, which for North Sea subsoil
are derived from cone penetration tests (CPT) using correlations from calibration chamber
studies (Lunne et al., 1983; Robertson and Campanella, 1983; Kurup et al., 1994; Hsu and
Huang, 1999; Huang and Hsu, 2005; Bałachowski, 2006). During the Cenozoic, wide areas
of the today’s North Sea were covered by large ice sheets (Ehlers et al., 2004) inducing
overloading stress into the subsoil. As a consequence, North Sea sands are very dense
and have extremely high cone resistances of up to 100 MPa (Jardine et al., 1998; Kreiter
et al., 2010a; Achmus, 2010), which is well beyond the defined upper limit of the current
DIN-EN standard of 25 MPa cone resistance for the same relative density (DIN EN 1997-
1/NA:2010-12, 2010). However, the DIN-EN standard uses a constant relative density for all
cone resistances higher than 25 MPa, so the strength limitations of high-density sediments
cannot reliably be evaluated. In a CPT-calibration chamber project (Fleischer et al., 2016)
it is planned to model cone penetration tests, cone calibration chamber tests and settlement
of offshore gravity-based foundations with the hypoplastic constitutive equation by von



C.1 Introduction 87

Wolffersdorff (1996) to provide a robust regional correlation for cone resistances and relative
densities higher than the DIN-EN limit. The deformation during these two scenarios are quite
different; while a cone penetration test induces higher shear stresses and shear failure (Susila
and Hryciw, 2003), the construction of an offshore gravity-based foundation causes a normal
stress increase, settlement and relatively low shear stress increases (Lunne et al., 1981; Das,
2010). A precise method of describing the mechanical behavior of sediments under a wide
range of conditions is therefore needed to allow realistic modeling of gravitationally-loaded
foundation sands from the North Sea with high cone resistance. Here, we consider the
foundation sand as a hypoplastic material and calculate the hypoplastic parameters following
Herle and Gudehus (1999), which uses limit void ratios, sand cone pluviation and oedometric
and triaxial compression tests on reconstituted specimens. The stress-strain response of
granular materials is highly affected by the applied sample reconstitution (Mulilis et al.,
1977; Della et al., 2014), however, a standard procedure for preparing dense triaxial samples
for the hypoplastic parameter determination has not yet been developed.
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Fig. C.1 a) General stress-strain relationship of granular materials. b) Schematic deviator
stress and c) Volumetric strain curves for dense granular materials.
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The reconstitution of both dense and homogeneous sand specimens for triaxial testing is
challenging and may vary in terms of moisture conditions, soil emplacement and treatment
after soil is placed (Della et al., 2014), where tamping, lateral tapping and pluviation are the
predominant methods. Tamping is either conducted under dry (Ezaoui and Di Benedetto,
2009), moist (Ladd, 1974; Mulilis et al., 1977; Ladd, 1978; DeGregorio, 1990; Vaid et al.,
1999; Frost and Park, 2003; Rondón et al., 2007; Della et al., 2014) or submerged (Juneja
and Raghunandan, 2010) conditions using a proctor hammer or tamper which induces
additional compaction into the soil specimen. The high initial densities that can be achieved
with tamping are accompanied by inhomogeneous soil fabrics (Jang and Frost, 1998) often
leading to shear band formation during triaxial testing (Rondón et al., 2007). Frost and
Park (2003) investigated uniformity and amount of energy applied to each soil layer and
discovered the development of layering with large internal deviations of relative density. The
authors further postulated that the applied stresses are sometimes even higher than typical
consolidation stresses. Consequently, tamped soil specimens exhibit high stiffness in vertical
direction (Ezaoui and Di Benedetto, 2009), which are undesirable in laboratory element
tests (Vaid et al., 1999; Frost and Park, 2003). With lateral tapping techniques (DeGregorio,
1990; Anaraki, 2008; Ezaoui and Di Benedetto, 2009; Della et al., 2014) additional energy is
applied by lateral blows on sample mold resulting in horizontal stiffness increase (Ezaoui and
Di Benedetto, 2009). Laterally tapped specimens tend to exhibit bulged-shaped deformation
or exhibit shear bands when reaching failure (Anaraki, 2008). Pluviation techniques are
widely used to steadily rain sand into the sample mold through the air (Jacobsen, 1976;
Miura and Toki, 1982; DeGregorio, 1990; Wichtmann, 2005a; Wood et al., 2008; Juneja
and Raghunandan, 2010), water (Vaid et al., 1999; Yamamuro and Wood, 2004; Juneja and
Raghunandan, 2010) or more recently through vacuum (Lagioia et al., 2006). The density
is controlled by sand flow rate and fall height (Yamamuro and Wood, 2004; Wood et al.,
2008) producing homogeneous specimens (Jang and Frost, 1998; Frost and Park, 2003) with
large density ranges (Jacobsen, 1976; Miura and Toki, 1982). The medium in which the
sand is pluviated has effects on the soil fabric. Air pluviated sand specimens exhibit highly
reproducible samples (Miura and Toki, 1982) with uniform density distribution with depth
(Frost and Park, 2003). Vaid et al. (1999), however, recommends water pluviation as it
resembles naturally deposited alluvial fill sands and therefore more accurately reproduces in
situ sample characteristics. Although water pluviation is capable of forming homogeneous
specimens it is not possible to achieve high densities (Lagioia et al., 2006). For large
densities near the densest state Lagioia et al. (2006) suggest vacuum pluviation. The absence
of air results in a more uniform sand rain with less turbulence providing better homogeneity
compared to air pluviation (Lagioia et al., 2006).
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In this study we investigate how vacuum pluviation, moist tamping, and lateral tapping
influence the triaxial stress-strain response and therefore the hypoplastic parameters of
high-density Cuxhaven-Sand. Furthermore, the performance of the hypoplastic model is
studied regarding the simulation of cone penetration tests and the deformation behavior
below gravity-based foundations in Cuxhaven-Sand.

C.2 Hypoplasticity

Granular materials are known to exhibit plastic behavior often without hardly any elastic
range (Muir Wood, 1990; Witt, 2008). Their stiffness increases with mean effective stress
showing an even greater incremental stiffness during unloading (Fig. C.1a). After unload-
ing a considerable amount of non-recoverable strain remains in the soil fabric which is
accompanied by large volumetric strain.
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Fig. C.2 Sketch of hypoplastic parameter determination.

In triaxial compression of dense sands the deviator stress curves q(ε1) exhibit high
initial tangent modulus Ei = ∆q,i/∆ε1,i and high peak strength qPeak (Fig. C.1b). In the
volumetric strain diagram εv(ε1) this is accompanied by a distinct range of contraction εc and
a high angle of peak dilatancy νPeak (Fig. C.1c). The non-linearity, irreversibility and load
anisotropy visible in Fig. C.1 is described by hypoplastic constitutive equations (Kolymbas,
1978, 1988; von Wolffersdorff, 1996; Wu et al., 1996; Niemunis and Herle, 1997; Weifner
and Kolymbas, 2007). Hypoplastic models are incremental non-linear equations of rate type,
valid for rate independent materials (Kolymbas, 2000). The theory of hypoplasticity is an
alternative to elasto-plasticity for modeling the behavior of granular materials. Compared to
elasto-plasticity the stress-strain curve is not separated into an elastic and plastic portion.
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Hypoplasticity uses different state parameters without yield surfaces, flow rules and
consistency conditions (Kolymbas, 1988; von Wolffersdorff, 1996). Even though there are
common state parameters like stress and strain in the hypoplastic and elastic-plastic consti-
tutive equations, in hypoplasticity the sign convention is taken from continuum mechanics
where tensile stresses and strains are positive. The hypoplastic model by von Wolffersdorff
(1996) is a single element approach that uses the actual strain rate tensor D (≡ ε̇) and two
state variables - the actual stress tensor T and void ratio e, to calculate the stress rate tensor
Ṫ which is constant over the entire sample. Its general tensor form is written after Bauer
(1996); Gudehus (1996) as:

Ṫ = L (T,e) : D+N(T,e)||D|| (C.1)

Eq. C.1 is composed of a linear and non-linear portion, expressed by two tensor functions
L and N (See appendix C.7 for details). Tensor functions L and N include eight material
constants ϕc, hs, n, ed0, ec0, ei0, α and β that are obtained from geotechnical laboratory tests
following a procedure proposed by Herle and Gudehus (1999) (Fig. C.2, App. C.7). Thereby
ϕc is the critical friction angle obtained from sand cone pluviation. The granular hardness hs

and the compression exponent n describe the decrease of void ratio with increasing mean
stress p = (T1 +2T3)/3. ed0, ec0, ei0 are the limit void ratios at densest, critical and loosest
but stress free state (p = 0). The exponent α controls the influence of the initial void ratio
ei on the peak friction angle ϕP. The exponent β affects an increase of the stress rate with
increasing density.

Niemunis and Herle (1997) added the intergranular strain to the hypoplastic model
proposed by von Wolffersdorff (1996). Supplementary constants eliminate the ratcheting
effect that arises in the soil fabric when the direction of deformation is reversed. In this study
only static compression experiments are conducted, hence, the extension with intergranular
strain is not considered.

The predictive efficiency of the hypoplastic model was investigated in many studies
(von Wolffersdorff, 1996; Herle, 1997; Wichtmann, 2005a; Rondón et al., 2007; Anaraki,
2008; Chatra and Dadagoudar, 2010). Sensitivity and multiparameter analyses (Herle, 1997;
Anaraki, 2008) explored the influences of hypoplastic constants on the general triaxial and
oedometric stress-strain response. Thus far, not much emphasize has been given to pinpoint
the model prediction for peak state and small strain behavior. In this study we analyze the
peak state prediction with respect to peak shear strength and peak angle of dilatancy. In
addition, the initial tangent modulus and the small strain contraction behavior are studied.
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C.3 Materials & Methods

C.3.1 Cuxhaven-Sand

Glacial sediments are widely distributed in the shallow subsoil of the North Sea (Ehlers
et al., 2004; Hepp et al., 2012) as well as adjacent coastal onshore areas (Knudsen, 1988).
The terminal moraine Altenwalde is located near the North Sea coast south of Cuxhaven
and was formed during the Middle and Younger Saalian complex (Ehlers et al., 2004).
A sand pit at Altenwalde (53◦48.0’N, 8◦39.4’E), interpreted as Saalian outwash planes
(Sindowski, 1963) consists of glaciofluvial medium sands with sediment structures ranging
from subparallel-layering to cross-bedding (Fig. C.3a).
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Fig. C.3 a) Typical sedimentary structures in the sand pit Altenwalde (May, 2013). I –
subparallel layering, II – cross-bedding, IIb – clay layer, III –erosive channel with graded
sand bedding. b) Tentative stratigraphy and high resolution CPTU profile of the sand pit
Altenwalde. References: 1 – Mörz (2015, internal report), 2 – after Ehlers et al. (2004).

Sediment structures are often truncated by small erosive channels with graded sand
bedding. A high resolution CPT-profile was taken in December 2012 (Fig. C.3b) with the
Geotechnical Offshore Seabed Tool (GOST) (Jorat et al., 2014a,b; Kluger et al., 2016b) in
the surrounding of the sand pit scarp revealing a 3 m thick interval with high cone resistances
of up to 55 MPa, which is comparable to typical North Sea subsoil (Riecke et al., 2012;



92 Manuscript

Table C.1 Grain size moments of the Cuxhaven-Sand.

Material Mean Sorting Skewness Kurtosis
X̄ [µm] σ [µm] Sk [µm] K [µm]

Cuxhaven-Sand 231.15 1.86 -0.39 8.21

Naumann et al., 2013; Achmus, 2010). From this interval an amount of 4 t material was
sampled and homogenized, to be used as an analogue of North Sea subsoil.

Based on binocular microscopy the Cuxhaven-Sand is composed almost entirely of quartz
(> 95%) with sub-angular to angular grains following classification of Folk (2002). From
grain size distribution (Fig. C.4) the Cuxhaven-Sand is a medium sand, moderately sorted
and has a symmetrical grain size distribution (Tab. C.1, classification after Friedman and
Johnson (1982)).
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Fig. C.4 Grain size distribution of Cuxhaven-Sand.

C.3.2 Oedometric compression test

In oedometer tests (Fig. C.5a) a soil sample is placed in a rigid steel ring prohibiting lateral
strain (ε2 = ε3 = 0). By increasing vertical load the specimen is compressed uniaxially under
anisotropic stress conditions: T1 = T2/K0, where K0 is the earth pressure coefficient. Loose
samples were reconstituted by pluviating a sand cone with a funnel into the oedometer until
the mold was filled completely following DIN 18126:1996-11 (1996). Afterwards, the tip of
the sand cone was removed and the surface flattened using a trowel. In order to reach higher
densities, a lateral tapping procedure was performed using a small hammer following Mulilis
et al. (1977).
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Fig. C.6 Schematic illustration of the applied sample reconstitutions. a) Dry pluviation, b)
Moist tamping and c) Lateral tapping.

Table C.2 Comparison between different proctor test procedures.

Miniature proctor test Proctor test
This study Rondón Rondón et al. (2007) DIN 18127

Energy [kNm/m3] 698,6 2200 596,8
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C.3.3 Triaxial compression test

The apparatus used for drained triaxial compression tests with displacement rate ṡ =

0.1 mm/min (D1 = const.) is depicted in Fig. C.5b. A piston induces axial stress on
the top of a cylindrical sample (Slenderness ratio: h/d ≈ 2, Diameter: d = 36 mm, height:
h = 90 mm) which is measured by an internal load sensor. Volume changes during shearing
are recorded by a pressure controller with a syringe pump (Kreiter et al., 2010a,b).

Dry pluviation A device was designed based on the work of Lagioia et al. (2006) to
pluviate dry 36 mm diameter specimens from a fall height of 45 cm directly into the triaxial
apparatus under controlled vacuum of maximal 80 %. The flow rate of sand grains and
therefore the density of the sample is regulated by a shutter with different sized openings
(Fig. C.6a). In this study pluviated samples were used with vacuum ranging from 60 to 80 %.

Moist tamping The moist tamping technique applied is based on the compaction with a
proctor hammer (DIN 18127:2012-09, 2012) Specimens were prepared using a miniature
proctor hammer (Fig. C.6b) by tamping 4 layers (n = 4) into the sample mold. Its fall weight
(m = 0.2 kg → W = 2 N) was dropped from a height of h = 0.2 m and 40 blows (N = 40)
were applied to each layer. The energy per total volume of the sample (V = 9.2 ·10−5 m3) is
calculated as E = (NnWh)/V after Rondón et al. (2007) providing a good comparability to
standard proctor tests (Tab. C.2).

Lateral tapping A lateral tapping technique was adopted from the standard procedure
to obtain the minimal void ratio (DIN 18126:1996-11, 1996). The procedure was slightly
modified for triaxial tests (Fig. C.6c), where the sand was pluviated in five layers into the
sample mold in degassed water. Each of the five layers were compacted at three radial
positions by approx. 40 lateral hits for 20 s on the sample mold, respectively.

C.4 Hypoplastic constants

The critical friction angle ϕc was obtained from the angle of the sand cones created by air
pluviation (height h ≈ 8 cm) using a photo imaging technique similar to Anaraki (2008).
From 36 individual measurements a mean value of ϕc = 32◦±1.8◦ was determined.

The limit void ratios at zero stress were calculated from ed0 ≈ emin , ec0 ≈ emax and
ei0 ≈ 1.15emax (Herle and Gudehus, 1999) with emin = 0.47±0.002 and emax = 0.85±0.02
being the mean minimum and maximum void ratios from five experiments following DIN
18126:1996-11 (1996).
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The granular hardness hs and the compression exponent n were determined from two
oedometric compression tests on dry and initially loose (e0 = 0.82, ID0 = 0.07) samples. To
calculate the mean stress p = (T1+2T3)/3 the lateral stress was estimated as T3 = K0 T1 with
K0 = 1− sinϕP. The peak friction angle ϕP is highly dependent on the void ratio e. ϕP as a
function of e was estimated by a sequence of triaxial compression tests with constant strain
rate on loose, medium and dense Cuxhaven-Sand specimens with different lateral stresses
following the procedure by Wichtmann (2005b). Loose and medium-dense samples were
reconstituted by sand pluviation similar to the oedometric tests (App. C.3.2). Theses tests
were not further used for comparison of sample reconstitution. High-density samples were
reconstituted with moist tamping (App. C.3.3). Fig. C.7a utilizes the density-dependent
stress obliquity ηP = qP/pP at peak state to calculate ϕp as a function of e (Fig. C.7b) after
Eq. C.2 and C.3:

ϕP = sin−1
(

3ηP

6+ηP

)
leading to (C.2)

ϕP(e) =−29.22e+57.00 (C.3)

Note that the point with e = 0.85 is taken from cone pluviation tests. Mean values of
hs = 1056 MPa and n = 0.29 were determined by fitting Eq. C.14 to the curves of e(p) with
highest initial void ratio (uppermost curves in Fig. C.8).

The exponent α was determined from drained triaxial compression tests with constant
strain rate (Fig. C.5b) using initially dense specimens prepared by vacuum pluviation,
moist tamping, and lateral tapping (App. C.3.3). The deviator stress and volumetric strain
with increasing axial deformation for tests comparing the three preparation methods are
depicted in Fig. C.9a. Dry pluviated specimens show consistent behavior, with high peak
and critical strength. Moist tamped and laterally tapped samples were reconstituted with
same or higher initial densities compared to dry pluviation, although they exhibit lower peak
shear strengths. In addition, the deviator stress curves of moist tamped and laterally tapped
samples exhibit steeper decreases in post peak shear strength and have lower critical shear
strengths. Therefore α = 0.19 was obtained from dry pluviated samples as the mean value
of two tests using Eq. C.15 (0.51 ≤ e0 ≤ 0.57, 0.72 ≤ ID0 ≤ 0.90), the results are listed in
Tab. C.3.

Exponent β was determined from Eq. C.18 by comparing the stiffness increase of
two oedometric compression curves e(p) with different initial void ratios but same mean
stress. Stiffness moduli Es were taken from initially loose (e0 = 0.82) and dense (e0 = 0.49)
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specimens (Fig. C.8). From the Es-values for different load levels a mean β = 1.58±0.20
was calculated.

The eight hypoplastic constants for the Cuxhaven-Sand are summarized in Tab. C.4.
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Table C.3 Comparison of α regarding different sample preparation methods. SD - Standard
deviation. In bold - picked hypoplastic constant.

Method Pluviation Tamping Lateral tapping

No. of tests 2 2 2
Mean α [-] 0.19 0.24 0.15
SD α [-] ±0.009 ±0.077 ±0.008

Table C.4 Hypoplastic constants for the Cuxhaven-Sand.

ϕc hs n ed0 ec0 ei0 α β

[◦] [MPa] [−] [−] [−] [−] [−] [−]

32 1056 0.29 0.47 0.85 0.98 0.19 1.58

C.5 Results

C.5.1 Quality of sample reconstitution

Triaxial test samples were reconstituted by dry pluviation under air and vacuum, moist
tamping and lateral tapping respectively to archive high initial densities. The repeatability of
the void ratio is expressed with the standard deviation SD which, despite the generally small
number of tests, shows that pluviated and laterally tapped specimens have smallest deviation
from mean values (Tab. C.5). Moist tamped samples have four times higher SD-values. In
Fig. C.10 the initial void ratios e0 of dry pluviated samples are displayed showing a small
decrease of e0 as a function of applied vacuum. Note that the linear regression was restricted
to shutter aperture diameters of 4 mm because smaller shutters resulted in repeated clogging
and unsteady particle flow.

The sample deformation during triaxial compression with constant strain rate was doc-
umented with photos taken at axial strains of ε1 = 0%, ε1 = 10% and ε1 = 20%, (Fig.
C.9c). Dry pluviated specimens deform homogenously into a bulged shape and do not

Table C.5 Initial void ratios e0 for different reconstituting techniques. SD - Standard deviation.

Method Pluviation Tamping Lateral tapping
Vacuum [%] 0 60-80

No. of tests 3 4 7 2
Mean e0 [-] 0.57 0.54 0.54 0.47
SD e0 [-] ±0.005 ±0.007 ±0.025 ±0.007
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Table C.6 Sensitivity of hypoplastic parameter variations on deviatoric stress and volumetric
strain. Influence: − neglectable, + noticeable, ++ considerable.

Material behavior n ed0 α

Peak strength |qPeak| + ++ +
Peak angle of dilatancy νPeak ++ ++ +
Initial elasticity modulus Ei ++ + -
Range of contraction |εc| ++ + -

develop shear bands. In contrast, moist tamped and lateral laterally tapped samples deform
inhomogeneously and develop shear bands after reaching peak shear strength. The effect
of sample reconstitution on peak shear strength is visible by comparing moist tamped and
dry pluviated Cuxhaven-Sand with initially dense fabric (Fig. C.9a). The difference in peak
shear strength between tamped and pluviated triaxial compression curves at consolidation
stresses of T2 =−200 kPa is around 16 %.

C.5.2 Simulations of element tests

Using the hypoplastic constants obtained for the Cuxhaven-Sand (Tab. C.4) and the equations
by von Wolffersdorff (1996), oedometer and triaxial tests are simulated with Matlab and
compared with the laboratory data. The only differences between the tests are the state
variables initial void ratio at the start of the test ei and the actual stress and deformation rate
tensors T and D. For a better comparison the simulated curves were added to Figs. C.8 and
C.9.

The hypoplastic model satisfactorily reproduces the oedometric compression curves
(R2 > 0.98), which show increase in stiffness with density and mean stress (Fig. C.8).
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In triaxial element tests the quality of the simulation depends considerably on the applied
sample reconstitution. With dry pluviated samples a good match between predicted and
measured peak and critical shear strength is obtained (Fig. C.9a). Larger differences are
observed where shear bands develop. In tests with moist tamped and laterally tapped samples
the critical shear strength is overestimated by the model. In addition, the laterally tapped
samples show a much smaller measured peak shear strength in comparison with the simulated
curve. At the beginning of deviator stress curves a systematic underestimation of initial
tangent modulus Ei is observed, which shifts the peak state to higher ε1. The simulated
volumetric strain curves provide a adequate fit to the experimental data (Fig. C.9b), However
the range of contraction |εc| is overestimated while the peak angle of dilatancy νPeak is
underestimated.

C.5.3 Sensitivity analysis of triaxial element tests

Simulations of triaxial element tests reveal systematic underestimations of initial tangent
modulus Ei and overestimation of range of contraction |εc| that are independent of initial
void ratio and reconstituting method (Fig. C.9a, b). These errors may have been caused by
uncertainty in the determined hypoplastic constants. To estimate the impact of individual
hypoplastic parameters on the model result a sensitivity study was carried out, where the
value of each parameter was separately varied by ±20% while the others were kept constant.
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Three specific parameters - n, ed0 and α - were found to have the most influence on peak
state and small strain development (Fig. C.11).

Fig. C.12 Multiparameter analysis of triaxial element tests for deviatoric stress and volumetric
strain curves (e0 = 0.52, T3 = −200 kPa). The effect of varying n, ed0 and a by 20 % on
a) initial tangent modulus Ei b) peak strength qPeak c) range of contraction εc c) angle of
dilatancy at peak state νPeak.

By conducting a multiparameter analysis it was further investigated to what extent
combinations of these three parameters influence the peak state and small strain development
of triaxial element tests. This is illustrated with radar charts in order to display multivariate
data in a two-dimensional chart of three variables (Fig. C.12). The dashed “contour” lines
indicate the change induced in each measurable quantity (qPeak, νPeak, Ei and εc) from a 20 %
change (either positive or negative) in n or ed0. Each axis represents a combined effect of two
variables; thus moving from one axis to another represents the change in relative contribution
of one of the two variables. For example, in Figure C.12a, moving from the top vertical
axis to the right horizontal axis tracks a progressive change from the combined effect of a
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20 % increase in n and ed0 to the effect of a 20 % decrease in n and 20 % increase in ed0

on peak strength. The variation of parameter α is depicted by the two colored shapes. The
multiparameter analysis shows that a 20 % increase in both n and ed0 has the largest effect on
qPeak, νPeak, and Ei. Larger α enhances this effect. In contrast, εc is most strongly affected
by a 20 % decrease in both n and ed0; this effect is enhanced by a decrease in α (Tab. C.6).

C.6 Discussion

C.6.1 Influence of sample reconstitution on hypoplastic soil behavior

Reconstitution techniques significantly affect the fabric of granular soils (Vaid et al., 1999;
Frost and Park, 2003) and therefore the triaxial stress and strain behavior (Mulilis et al.,
1977; Della et al., 2014). This is observed during drained triaxial shearing of the Cuxhaven-
Sand with constant strain rate (Fig. C.9). Cuxhaven-Sand specimens prepared by dry
pluviation deform homogeneously into bulged shapes after reaching peak shear strength
without the formation of shear bands, a consequence of uniform soil fabric. However, internal
layering was observed in laterally tapped and moist tamped specimens (Fig. C.9c). These
reconstitution methods induce anisotropy into the soil fabric, which leads to anisotropy in
mechanical properties (Jang and Frost, 1998; Frost and Park, 2003; Ezaoui and Di Benedetto,
2009). The interfaces between sand layers act as zones of weakness and therefore prone
to form sliding surfaces at reduced peak and critical strength (Fig. C.9a). The different
sample reconstitutions also influence the form of the stress-strain curves at peak state and
therefore the determination of the hypoplastic exponent α . Because α is determined from
the void ratio and deviator stress at peak state it varies significantly with the used sample
reconstitution. For lateral tapping and moist tamping, for instance, the deviation in α is
60 % (Tab. C.3). Hence, the uncertainty of α also influences the peak strength in model
simulations.

Juneja and Raghunandan (2010) quantitatively investigated the effect of specimen het-
erogeneity in triaxial compression tests by comparing the peak (qPeak) with the critical
(qCrit) deviator stress for a large relative density range. Therefore the stress reduction ratio
qRed = qCrit/qPeak is introduced as the amount of peak strength loss after failure. In Fig. C.13
qRed ratios from different studies are compared as a function of relative density ID and recon-
stitution technique (Herle and Mayer, 1999; Rondón et al., 2007; Anaraki, 2008; Juneja and
Raghunandan, 2010; Kluger, 2013; Kluger et al., 2016a). A common feature in all studies,
independent of the applied sample reconstitution, is the general decrease of qRed with higher
ID. As expected from critical state soil mechanics, the increasing difference in void ratio
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between the initial and the critical state leads to relatively higher peak strength (Muir Wood,
1990). Another factor leading to lower critical shear strength, is the inhomogeneous soil
fabric which may contribute to a lower qRed-ratio. This influence is visible when comparing
the qRed-ratios for different sample reconstitutions (Fig. C.13). Pluviated specimens have
the most uniform soil fabrics which is highlighted by the highest qRed-ratio in the loose to
medium relative density range. At high relative densities all sample reconstitutions cluster
in a similar qRed-range, supporting Wood’s suggestions, that for high relative densities the
reconstitution method does not play an important role in sample uniformity and peak strength
(Wood et al., 2008). Because tamped samples exhibit internal layering their qRed-ratios do
not show a significant correlation with initial relative density. Pluviation techniques seem to
form the most homogeneous soil fabrics and most reproducible relative density. In contrast,
moist tamping and lateral tapping techniques are not recommended for triaxial element tests
as they lead to unrealistically low peak and critical strengths.
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Fig. C.13 Comparison of peak and critical deviator stress ratio for different reconstitution
methods and initial relative density. Relative density ranges after DIN EN ISO 14688-2:2004
(2004).

C.6.2 Hypoplastic model prediction for North Sea sand

The hypoplastic modeling of cone penetration tests which by design induce large strains in
the soil fabric requires a sophisticated prediction of peak and critical shear strength (Susila
and Hryciw, 2003). Using the hypoplastic parameter set (Tab. C.4) the peak and critical shear
strengths of triaxial compression tests on dense pluviated Cuxhaven-Sand are satisfactorily
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reproduced. The sensitivity analysis, however, reveals a strong influence of the void ratio at
densest possible state ed0 on the simulated peak shear strength (Fig. C.11b). Herle (1997)
noted that the modeled peak shear strength is highly sensitive to void ratio for initial void
ratios close to ed0. This implies that small inaccuracies of initial void ratio may lead to large
deviations in modeled qPeak. When reaching peak state the soil sample starts to deform into a
bulged shape or develops shear bands that lead to anisotropic stress distribution with lower
axial shear strength. Because the requirement of an element test with single stress state is no
longer fulfilled the hypoplastic model overestimates qcrit . From multi-parameter analysis
(Fig. C.12a) the variations of n, ed0 and α have a cumulative effect on the simulated peak
shear strength. The model quality of the Cuxhaven-Sand is compared to the literature (von
Wolffersdorff, 1996; Herle, 1997; Herle and Mayer, 1999; Wichtmann, 2005a; Rondón et al.,
2007; Anaraki, 2008; Chatra and Dadagoudar, 2010) by using a ratio between hypoplastic
model simulations and triaxial test results (Fig. C.14). In all studies the ratio of modeled
to measured peak shear strengths qPeak,Model/qPeak,Test clusters around 1 indicating a good
overall prediction of peak shear strength (Fig. C.14a).
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Fig. C.14 Comparison between model simulations and laboratory data for triaxial compres-
sion tests in different sands for a) Peak shear strength b) Peak angle of dilatancy c) Initial
tangent modulus d) Range of contraction.
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During cone penetration, dense sands are subjected to large volumetric changes. Therefore
the hypoplastic model should simulate the dilatancy of the Cuxhaven-Sand realistically.
Simulated volumetric strain curves reveal a systematic underestimation of peak angle of
dilatancy νPeak (Fig. C.9b) but an improvement of the volumetric strain prediction towards
the critical state. The underestimation of peak dilatancy might be caused by inaccurately
determined n or ed0 (Fig. C.11, C.12) but other studies have also reported same systematic
underestimation of modeled volumetric strain at peak state (Fig. C.14b, Wichtmann (2005a);
Rondón et al. (2007); Anaraki (2008); Chatra and Dadagoudar (2010)). As a consequence,
the not reliable volumetric strain predictions at peak state may affect the simulation of cone
penetration tests. Whether this is a major problem remains unclear, especially because the
volumetric strain at critical state matches well.

Gravity-based foundations mainly induce elevated normal stresses in the subsoil and for
the vast majority of the affected soil volume, the shear stress is far below the peak shear
strength (Lunne et al., 1983; Das, 2010). Therefore it is important that the settlement and
small strain behavior of the Cuxhaven-Sand is simulated well. The stresses in an oedometric
compression test are similar to the stresses below a foundation and are simulated well by
using the proposed hypoplastic constants (Fig. C.8). Since the soil below a foundation is not
fully laterally constrained, the results of the triaxial test have to be considered were the initial
tangent modulus Ei is systematically underestimated (Fig. C.9a). The compression exponent
n significantly influences Ei in triaxial element tests, as shown in the sensitivity analysis
(Fig. C.11a, C.12c) and therefore n might be responsible for the low initial stiffness in model
simulations. However, n is calculated from the well-matching oedometric tests after Eq. C.14
(Fig. C.8). Since low values of Ei,Model/Ei,Test are independent of specimen reconstitution
technique and initial relative density (Fig. C.14c), it is possible that differences between
oedometric and triaxial sample reconstitution cause the mismatch of simulated Ei. Other
studies found a better match of the initial tangent modulus using a different sediment type
(Herle, 1997; von Wolffersdorff, 1996; Anaraki, 2008), and therefore a possible explanation
is that the behavior of the Cuxhaven-Sand may not entirely be described by the hypoplastic
model by von Wolffersdorff (1996).

Subsoil below gravity-based foundations only undergo small volumetric strain within
their contractive range |εc|, which are systematically overestimated by the hypoplastic model
(Fig. C.9b). Similar to the initial tangent modulus, |εc| is likewise strongly affected by a
variation of n (Fig. C.11a, C.12d). Hence, higher values of n lead to higher initial tangent
modulus and lower range of contraction and therefore may improve the match between the
model and test results. The range of contraction ratio εc,Model/εc,Test reveals high deviations
for the Cuxhaven-Sand compared to the literature (Fig. C.14d), although outliers with a
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similar range of contraction ratios have been observed in other studies as well (Herle and
Mayer, 1999; Anaraki, 2008).

C.7 Conclusions

[1] Hypoplastic constants were determined for the Cuxhaven-Sand to provide a basis
for future simulations of cone penetration tests and the assessment of gravity-based
foundations.

[2] Internal layering produced by moist tamping or lateral tapping reduces peak shear
strength of dense Cuxhaven-Sand and may lead to inaccuracies in soil characterization,
especially in hypoplastic parameter α .

[3] Pluviation induces the least heterogeneity into high-density samples and is therefore the
most appropriate sample reconstitution for the determination of hypoplastic constants.
Moist tamping and tapping are not recommended when considering soil’s homogeneity
and peak state response.

[4] From a laboratory perspective the hypoplastic model by von Wolffersdorff (1996)
satisfactorily reproduces peak and critical strength in triaxial compression tests and is
therefore applicable for simulating cone penetrations in the Cuxhaven-Sand. However,
simulation of volumetric changes at peak state underestimates dilatancy.

[5] The simulation of deformation below gravity-based foundations in the Cuxhaven-Sand
is appropriate when considering parameters extracted from oedometric compression
tests. Below the edge of the foundation, were lateral strains occur the predictive power
of the hypoplastic model concerning the small strain contraction behavior is reduced
due to underestimation of initial triaxial tangent modulus and overestimation of the
range of contraction.

[6] The hypoplastic parameter n seems to be partly responsible for the wide range of
modeled initial tangent modulus and range of contraction of triaxial compression tests.
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Hypoplastic model by von Wolffersdorff

In the following section, the mathematical formulation of the hypoplastic constitutive model
for granular materials is shortly presented. Therefor the symbol · denotes a single contraction
or matrix product in the shape of A ·B = AikBk j = Ci j whereas a colon means a double
contraction, eg. A : B = Ai jBi j =C. Dyadic multiplication is written as A B = Ai jBkl =Ci jkl.

The general form of the hypoplastic model is written after Bauer (1996) and Gudehus
(1996) as:

Ṫ = L (T,e) : D+N(T,e)||D|| (C.4)

The objective JAUMANN stress rate Ṫ is a function of the actual CAUCHY stress T, the strain
rate D and the void ratio e. ||D|| =

√
Di jDi j denotes Euclidian norm. According to von

Wolffersdorff (1996) L and N are fourth-order linear and second-order nonlinear tensor
functions, respectively and are calculated from:

L = fb fe
1

tr(T̂ · T̂)
(
F21+a2T̂ T̂

)
(C.5)

N = fb fe fd
Fa

tr(T̂ · T̂)
(
T̂+ T̂∗) (C.6)

Therein T̂ = T/trT is the normalized stress tensor, T̂∗ = T̂− 1
31 the normalized deviatoric

stress tensor and 1= 1i jkl an identity tensor. The dimensionless factors a and F are depending
on the critical friction angle ϕc and the actual deviatoric stress level and arise from the
MATSUOKA-NAKAI failure criterion (Matsuoka and Nakai, 1974):

a =

√
3(3− sinϕc)

2
√

2sinϕc
(C.7)

F =

√
1
8

tan2ψ +
2− tan2ψ

2+
√

2tanψcos(3θ)
− 1

2
√

2
tanψ (C.8)

tanψ =
√

3||T̂∗|| (C.9)
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cos(3θ) =−
√

6
tr(T̂∗ · T̂∗ · T̂∗)[
tr(T̂∗ · T̂∗)

]3/2 (C.10)

The angles ψ and θ describe the position of T in the three-dimensional stress space. The
factors fd , fe and fb in Eq. C.5 and C.6 incorporate the influence of stress and density on the
grain skeletons stiffness:

fd = rα
e =

(
e− ed

ec − ed

)α

(C.11)

fe =
(ec

e

)β

(C.12)

fb =
hs

n

(
ei0

ec0

)β 1+ ei

ei

(
3p
hs

)1−n

·

·
[

3+a2 −a
√

3
(

ei0 − ed0

ec0 − ed0

)α]−1 (C.13)

The void ratios ed , ec and ei at densest, critical and loosest possible state decrease with
increasing mean stress p after Bauer (1996) starting with zero stress (p = 0):

ei

ei0
=

ec

ec0
=

ed

ed0
= exp

[
−
(

3p
hs

)n]
(C.14)

Determination of the hypoplastic constants

The hypoplastic constitutive equation includes eight material constants ϕc, hs, n, ed0, ec0,
ei0, α and β that are obtained by the following procedure proposed by Herle and Gudehus
(1999):

• The critical friction angle ϕc is obtained from cone pluviation tests where it is equiva-
lent to the inclination of the cone (Cornforth, 1973; Rowe, 1969).

• The granular hardness hs and the compression exponent n describe the decrease of
the void ratios e, ed0, ec0 and ei0 with increasing mean stress p (Eq. C.14). The two
parameters are obtained by oedometric compression tests on an initially loose sample
(ec0 ≤ e0 ≤ ei0) by fitting Eq. C.14 numerically into the measured curve e(p).

• The limit void ratios at the stress free state (p = 0) are estimated from ed0 ≈ emin ,
ec0 ≈ emax and ei0 ≈ 1.15emax. Thereby the tests for minimum and maximum void
ratios are conducted after DIN 18126:1996-11 (1996).

• The exponent α controls the influence of the initial void ratio on the peak friction
angle ϕP and is determined by triaxial compression tests with monotonic strain rate
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(D1 = 0.1 mm/min). α is calculated afterwards from the stress ratio KP = T1/T3 at the
maximum of q(ε1) and with their corresponding void ratios e, ed and ec considering
that the stress rate is vanishing at peak state (Ṫ1 = Ṫ2 = Ṫ3 = 0):

α =

ln
[

6 (2+Kp)
2+a2Kp(Kp−1−tanυp)

a(2+Kp)(5Kp−2)
√

4+2(1+tanυp)2

]
ln(re)

(C.15)

with a from Eq. C.7, the stress dependent relative void ratio re (Eq. C.11) and

tanυp = 2
Kp −4+AKp(5KP −2
(5Kp −2)(1+2A)

−1 (C.16)

A =
a2

(2+Kp)2

[
1−

Kp(4−Kp)

5Kp −2

]
(C.17)

• The exponent β affects an increase of the stress rate Ṫ with increasing density and is
obtained from oedometric compression tests (D2 = D3 = 0) on samples with different
initial void ratios. For a specific mean stress p the corresponding void ratio e and the
constrained modulus Es = ∆T1/∆ε1 are determined. By denoting the two different
densities with

⨆
I and

⨆
II , β is calculated from:

β =
ln
[

EsII(mI−nIddI)
EsI(mII−nIIddII)

]
ln
(

eI
eII

) with (C.18)

m =
(1+2K0)

2 +a2

1+2K2
0

and (C.19)

n =
a(5−2K0)(1+2K0)

3(1+2K2
0 )

(C.20)

after Wichtmann (2005b). The lateral earth pressure coefficient K0 = T3/T1 is estimated
from the JAKY formula (Jaky, 1948) K0 = 1− sinϕP.
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