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Preface

“Any physical theory is always provisional, in the sense that it is only a hypothesis:
you can never prove it. No matter how many times the results of experiments agree
with some theory, you can never be sure that the next time the result will not con-
tradict the theory. On the other hand, you can disprove a theory by finding even a
single observation that disagrees with the predictions of the theory. As philosopher
of science Karl Popper has emphasized, a good theory is characterized by the fact
that it makes a number of predictions that could in principle be disproved or falsified
by observation. Each time new experiments are observed to agree with the predic-
tions the theory survives, and our confidence in it is increased; but if ever a new
observation is found to disagree, we have to abandon or modify the theory. At least
that is what is supposed to happen, but you can always question the competence
of the person who carried out the observation.”

Professor Stephen Hawking

Stefano MURARO
Delft, February 2019
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2 1. Introduction

1.1. Problem statement

T ransport and flood defence infrastructure are crucial assets for the mobility and
the safety of people. A relevant part of these geotechnical infrastructure in Eu-

rope and overseas, especially in the northern hemisphere, are built on soft organic
soils, including a variety of soft organic clays, estuarine sediments deposits and
peats. Within the European context, the Netherlands is maybe the most important
country where soft soils commonly serve as foundation layers. Flood protection is
assured by a vast system of primary and secondary dykes, of which 14000 km are
regional dykes. Most of these dykes lie on extensive deposits of peat, organic clay
and silt. Of these, 7000 km of dykes may suffer from excessive settlements and
shear deformations, including 3500 km that are estimated to be constructed purely
of peat. The social and economic relevance of this problem is dramatic. Every
five years, the entire dykes system needs to be re-assessed to assure the required
safety standard and around 1 billion euros are invested every year to maintain, re-
pair and upgrade the Dutch dykes network.

The assessment of these dykes is not straightforward, especially due to the lack
of adequate geotechnical knowledge of the behaviour of peats at the engineering
scale, which represents one of the greatest concerns that public water authorities
and geotechnical engineers are currently facing. Water content up to 800%-900%,
organic content of 80%-90%, low unit weight around 10 𝑘𝑁/𝑚 , multiple levels of
fibrous structures, time dependent behaviour and bio-degradation of the organic
fraction with production of bio-genic gas are the characteristics that make peat a
rather unique soil. Particularly challenging is the deviatoric behaviour of peat. Con-
trasting results and knowledge gaps still remain first in interpreting, and secondly
in modelling, field and laboratory stress-strain response of peats upon deviatoric
loads. Lack of systematic studies in this direction, increases the knowledge un-
certainties on the short-term performance and the long-term durability of earth
embankments.

Laboratory tests on the one side and field stress-tests on the other, seem to
provide a rather diverging picture of the shear strength of peat. Contrarily to the
common statement that “peat is a weak soil”, exceptional shear strength parameters
as friction angles in the range of 50°-70° were found in the laboratory by many re-
searchers (Adams, 1961; Oikawa & Miyakawa, 1980; Landva & La Rochelle, 1983;
Yamaguchi et al., 1985b; Cola & Cortellazzo, 2005; Cheng et al., 2007; Hendry
et al., 2012; O’Kelly, 2017). On the contrary, recent field stress-tests on both ex-
isting and trial embankments on peats, suggested a much lower mobilised shear
strength at failure (Rowe et al., 1984; Zwanenburg et al., 2012; Zwanenburg &
Jardine, 2015). This discrepancy contributed to generate diffuse prejudices to-
wards traditional experimental tests on peats such as triaxial tests. Hence, severe
overly conservative approaches dominate the current engineering practice where
high material reduction factors are adopted, resulting in inevitable high costs for
maintenance (€100K/km per year) and reinforcement (€8M/km per year).

As suggested by numerous authors, the exceptional friction angles obtained in
standard undrained triaxial compression tests on peat derive to the additional rein-
forcement offered by the fibrous inclusions in the peat fabric (Landva & La Rochelle,
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1983; Yamaguchi et al., 1985b; Cola & Cortellazzo, 2005; Hendry et al., 2012). Un-
certainties on the magnitude of this contribution when passing from the laboratory
scale to the field scale lead to the conclusion that ring shear and direct shear are
more reliable to determine the shear strength of peat by limiting the fibres stretching
(Farrell & Hebib, 1998). On this base, the simple shear apparatus has been recently
re-introduced in the current practice in the Netherlands (Zwanenburg et al., 2012).
The current assessment procedure for dykes on peat are based on ultimate limit
states, in spite of the fact that in many geotechnical applications where peats are en-
countered serviceability limit states should be the major concern. The well-known
limitations of the direct shear and simple shear apparatuses (Wood et al., 1979;
Budhu, 1988) preclude the access to the complete state of stresses and strains of
the soil, hence limiting the knowledge on the pre-failure behaviour and a rational
development of constitutive models. These considerations call for the necessity of
re-evaluating the applicability of triaxial tests on peats.

To evaluate the representativeness of different shear apparatuses for peats, a
consortium composed by STOWA, Dutch waterboards and provinces, proposed to
set up a full scale breach test on a regional historical dyke in the Netherlands. The
test was designed by TU Delft within the project Reliable Dykes. The results from
the stress-test suggest that the pre-failure response of peat is extremely important
in the overall behaviour of the dyke system and that the mobilised shear strength
of peat at failure is lower than the value attainable from laboratory tests. Field
observations also reveal the presence of gas bubbles released systematically from
the peat foundation layer which raise concerns about their potential impact on the
peat response both in terms of deformability and shear strength.

This investigation aims to advance the current knowledge of the deviatoric be-
haviour of peats, including pre-failure and failure, by means of a holistic research
approach including observation on the field stress-test, laboratory testing and sim-
ple constitutive modelling. The field stress-test on a historical rural dyke on peat at
the Leendert de Boerspolder site is the starting point. The role played by the peat
layer in the pre-failure and failure mechanisms is analysed, and the result confirms
that peat is a deformable soil, but not a weak soil. The high deformability of the
peat layer turns to play a fundamental role in relation with the kinematic compati-
bility of the deformations with adjacent soil layers.

From the field observations, the attention is then transferred to the laboratory
scale to characterise the failure and the pre-failure stress-strain response. Current
concerns on triaxial tests on peats are thoroughly tackled to avoid misconceptions
on the applicability of the results. To the author’s opinion, before asserting the
drawbacks that any shear apparatus inevitably has, a basic but fundamental ques-
tion must be answered: is the observed behaviour from the laboratory test the true
material response? Attempts of discerning the material behaviour from the sample
behaviour are pursued by clarifying the dramatic influence of end restraint on the
shear strength (i.e. ultimate limit state) and on the plastic deformation mecha-
nism of peats (i.e. serviceability limit states). The experimental research focuses
on reconstituted peat samples in an attempt to reveal the fundamental behaviour
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of peat by limiting the influence of natural variability on the observed response,
and excludes the big fibrous inclusions sometimes included in undisturbed peat
samples. Few other isolated contributions on reconstituted peats can be found in
the literature (Ogino et al., 2002; Cola & Cortellazzo, 2005; Komatsu et al., 2011;
O’Kelly & Zhang, 2013). However, they concentrated on shear strength and did not
analyse in detail the pre-failure deviatoric behaviour. To minimise the differences
in the stress-strain response coming from the rate dependency of peat, uniform
axial strain rate is adopted in each test series. Possible time dependent effects are
verified to be negligible on the main conclusions of the study.

The experimental observations are assisted by the development of a simple
elastic-plastic modelling approach for the deviatoric behaviour of fully saturated
peats, which is implemented in a Finite Element code. The development of the
constitutive model follows a hierarchical approach, where each constitutive ingredi-
ent is derived from direct experimental evidence. The model capabilities are tested
against experimental tests modelled as a boundary value problem. Good qualita-
tive and quantitative agreement with the experimental results is found for a wide
range of deviatoric strains up to 20%. However, the model adopted shows lim-
itations, which are eventually discussed. To elevate the model capabilities to a
predictive level, further ingredients must be included. The experimental results
show relevant fabric effects which introduce a directional response in the plastic
deformation mechanism, and an additional contribution to shear strength at high
deviatoric strain levels. To translate this experimental evidence into the proposed
constitutive model, ingredients as induced anisotropy and matrix-fibres interaction
should be introduced. Rate dependency can also be easily introduced in the pro-
posed model within the framework of visco-elasto-plasticity.

Starting from the field observation of gas bubbles in the peat foundation layer
at the Leendert de Boerspolder dyke, the thesis concludes with an experimental at-
tempt to quantify for the first time the implications of biogenic gas bubbles on the
mechanical behaviour of peats serving as foundation layer for dykes and embank-
ments. The results show the potential effects on serviceability limit states, with gas
exsolution and expansion increasing the compressibility of the soil skeleton and of
the pore fluid. The presence of gas becomes also extremely relevant during shear,
with the compressibility of the gas phase reducing the mobilised shear strength
for given axial strain levels. The effects appear to become dramatic at low total
stresses, which is often the case for peat foundation layers, and suggest that the
influence of gas bubbles should not be disregarded.
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1.2. Research objectives

T he key objectives of this thesis are as follows:

• Describe the pre-failure and the failure mechanism of a rural dyke on peat.
Special attention is given to identify the triggering mechanism and the role of
kinematic compatibility between the different soil layers;

• Characterise the shear strength of peat by ruling out the misconceptions in-
troduced by the end restraint effect in standard undrained triaxial tests;

• Examine the implications of end restraint on the definition of the stress-
dilatancy rule of peat from drained compression tests;

• Propose a simple constitutive model for the deviatoric behaviour of peat based
on the previous experimental data;

• Assess the implications of gas bubbles in the geotechnical response of foun-
dation peat layers on both serviceability and ultimate limit states.

1.3. Thesis organisation

T he thesis organisation reflects the ambition to have chapters as self-consistent
pieces of work, which could be eventually translated into research papers.

Chapter 2 presents the field stress-test at the Leendert de Boerspolder historical
dyke where the pre-failure and failure mechanisms are reconstructed from the field
measurements.
Chapter 3 analyses the results of the experimental investigation on the end restraint
effect on the shear strength of reconstituted peat in undrained triaxial compression
tests.
Chapter 4 reports a numerical and experimental approach to quantify the impact of
end restraint on the plastic deformation mode of reconstituted peat samples and
the consequences in terms of constitutive stress-dilatancy rule (paper accepted for
publication on Canadian Geotechnical Journal).
Chapter 5 introduces a simple constitutive model based on the previous experimen-
tal results for the deviatoric behaviour of peat.
Chapter 6 reports an experimental comparison between natural and reconstituted
peat samples from undrained triaxial compression tests. A simple constitutive ap-
proach to model natural peat as a fibres-reinforced soil is also derived at the element
scale.
Chapter 7 summarises the first experimental attempt to quantify the geotechnical
impact of gas bubbles in the pre-failure and failure response of foundation peat
layers (paper accepted for publication on Géotechnique).
Chapter 8 summarises the conclusions and the recommendations of this work.

Two appendixes complete this work. Appendix A reports the first attempt to adapt
an existing hypoplastic model to reproduce the experimental results on peat, at the
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element scale. The results reveal the merits of hypoplasticity to model the non-
linearity of the pre-failure behaviour and the directional response of peats, which
are of great importance when assessing the serviceability limit states of geotechni-
cal structures founded on peats. (The content of this appendix has been published
as a research paper on the International Journal for Numerical and Analytical Meth-
ods in Geomechanics). Eventually, appendix B reports the calibration of the triaxial
apparatus used in the experimental campaign.

Dyke body

Silt

Peat

Excavation area

Canal

Shear strength
(Chapter 3)

Deformation mechanism
(Chapter 4)

Biogenic gas bubbles
(Chapter 7)

Fibrous networks
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2.1. ABSTRACT

A historical 500 years old rural dyke on peat was brought to failure in the Nether-
lands. The test had a twofold scope to describe the role of each soil formation

in the failure mechanism and to assess the existing approaches used in the assess-
ment of regional dykes in the Netherlands. The failure mechanism occurred as a
progressive failure, with significant outward bulging of the peat at the toe, followed
by a global lateral displacement and sinking of the crest of the dyke. Contrarily to
the common expectation, failure was not triggered in the peat but in the organic silt
formation underneath. However, the large deformability of peat represented the
trigger for the inception of failure. The kinematic compatibility between the peat
and the silt restricted the shear strains at failure at 5%, well below the attainable
strains to mobilise the ultimate shear strength of peat. The results of this test call
for the necessity of describing the pre-failure behaviour of peats often neglected in
the current practice.
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2.2. INTRODUCTION

M ore than half of the Netherlands lies below the sea and the rivers level. The
protection against flooding is assured by multiple levels of dykes and embank-

ments: 3200 km of primary dykes and 14000 km of secondary dykes protect the
country from the sea and from the inner water. Every five years, the entire dykes
system needs to be re-assessed to assure the required safety standard. Despite
the considerable advances in investments, knowledge and technology (monitoring
systems and early warning systems), occasional dykes failures cannot be excluded
a priori (Van Baars, 2005; Van Meindert et al., 2008). Concerns about dykes sta-
bility in the Netherlands have led in the recent years to a series of field stress-tests
both on existing and trial embankments (Koelewijn et al., 2014; Zwanenburg et al.,
2012; Zwanenburg & Jardine, 2015). These tests aimed to reduce the discrepancy
between the shear strength actually mobilised in the field during failure and the
one assumed in design and assessment procedures. Among the foundation lay-
ers, particularly critical is the behaviour of peat, which often serves as foundation
layer for many dykes in the Netherlands (Den Haan & Kruse, 2007); 7000 km of
dykes have peat-related issues, including 3500 km that are estimated to be con-
structed purely of peat. Several difficulties arise from the peculiar characteristics
of this material, such as exceptional water content up to 800%-900% and organic
content 80%-90%, multiple levels of fibrous structures, time dependent behaviour
and biodegradation of the organic fraction with generation of bio-genic gas bubbles
(Jommi et al., 2017).

Extensive experimental research on the shear strength of peat already eluci-
dated its frictional nature, with high friction angles, 50°-70°, and small apparent
intercept cohesion (Adams, 1961; Oikawa & Miyakawa, 1980; Yamaguchi et al.,
1985b; Cheng et al., 2007). The presence of multiple fibrous networks not entirely
decomposed within the peat fabric is recognised to provide additional reinforcement
to the material, especially at the laboratory scale (Landva & La Rochelle, 1983; Cola
& Cortellazzo, 2005). However, the adoption of such high shear strength param-
eters leads to unrealistic factor of safety in many geotechnical applications, with
potential unsafe situations for both serviceability and ultimate limit states. As a
result, in common engineering practice high material reduction factors are often
applied, which on the contrary, introduce severe overly conservative approaches
with high economic and social costs. This over-conservatism contrasts with the
actual performances of the vast majority of these dykes, self-standing for many
decades or centuries.

Previous stress-tests on trial embankments on peat indicated a typical failure
mode showing a combined mechanism of vertical settlement and rotation of the
crest of the dykes (active side) and horizontal sliding of the peat at the toe (shear
section). In details, vertical and sub-vertical cracks were observed within the dyke
body. Squeeze of the embankment filling inside the foundation layers (punching
mechanism at early stage) caused horizontal displacement of the peat layers at the
toe with a sliding plane at the contact between the peat and the underlying layer
(Zwanenburg et al., 2012). In the vast majority of the previous field stress-tests,
failure was induced by increasing the vertical load on the crest and/or by excavating
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the toe of the dyke, thus reducing the horizontal stabilising force. With the intent
of increasing the unit weight of the embankment filling, artificial increase of pore
pressure inside the dyke body was also adopted.

Successful attempts of back-analysing the previous field tests by means of Finite
Element Analysis are reported in the literature. However, uncertainties about the
most appropriate laboratory test to obtain reliable shear strength parameters for
peat remain. Good agreement between the observed and the predicted behaviour
was obtained by Den Haan & Feddema (2013) and Tashiro et al. (2015), by adopt-
ing shear strength parameters from undrained triaxial compression tests (TxCU).
On the contrary, Rowe et al. (1984) and Zwanenburg et al. (2012) found that peak
shear strength derived from triaxial compression tests overestimate the mobilised
strength along the sliding plane in peat. Therefore, they suggested the adoption
of direct shear (DS) and direct simple shear (DSS) tests for reproducing the field
observations.

Without entering in this debate, it is worth mentioning that for many earth struc-
tures on soft soils, design and assessment criteria are often ruled by serviceability
limit states rather than ultimate limit states. This implies the necessity of taking
into account not only the failure but also and especially the pre-failure behaviour of
the soil layers and the kinematic compatibility between them. The high deviatoric
strain levels attained in the laboratory tests by peat samples before reaching failure
(20%-30% Tsushima & Mitachi (1985) and O’Kelly & Zhang (2013)), are well above
the strains at the onset of failure for the other foundation layers. As a result even if
in the last decades, many efforts have been devoted to identify the shear strength
of peats with different shear apparatuses, it seems still complicate to estimate the
true resistance of existing dykes as whole geotechnical structures.

Within this context, this contribution describes the most recent failure test con-
ducted in the Netherlands on an existing historical regional dyke at the Leendert de
Boerspolder site, a small polder located in the Kagerplassen south of the Haarlem-
mermeer (Figure 2.1).

Figure 2.1: View of the Leendert de Boerspolder dyke before the start of the failure test (September
2015)
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The area was designated to become a natural reserve as a compensation mea-
surement for land reclamation. To this mean, the area had to undergo controlled
flooding, and STOWA, the foundation for research on regional dykes in the Nether-
lands, together with TU Delft decided to exploit the opportunity to perform a unique
failure test on a historical dyke. The test was used to assess the existing approaches
used in the assessment of regional dykes in the Netherlands. The description of
the assumptions and the procedures adopted in the design of the failure test are
not reported herein. On the contrary, in the following pages, the attention is given
to reconstruct the pre-failure and failure mechanism by combining multiple mea-
surements from the field instrumentation and the laboratory tests. The role of each
foundation layer is clarified in the attempt to identify the critical aspects of each soil
formation.

2.3. SUBSOIL PROPERTIES

A n extensive in-situ investigation programme was performed to characterise the
soils layers at the embankment site consisting in: 18 cone penetration tests

with pore pressure measurements (CPTUs), 6 soil borings and multiple geophysical
surveys (ERT, GPR, EM), conducted in the summer 2014 and 2015. Undisturbed
samples were taken from the boreholes using a Shelby tube-type piston with a
diameter of 106 mm in three different verticals as reported in Figure 2.2, below the
crest of the dyke, at the toe and in the polder area.
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Figure 2.2: Plan view of Leendert de Boerspolder embankment test site showing the location of the soil
borings and the location of the monitoring instrumentation
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The general stratigraphy of the soil layers determined during the in-situ campaign
is reported in Figure 2.3 in correspondence of the cross section A-A (Figure 2.2).

SECTION CENTRE - Cross section A-A
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Figure 2.3: Cross sectional profile of Section Centre showing the soil stratigraphy inferred from the site
investigation

The dyke body was found to be extremely heterogeneous, mainly made of co-
hesive layers mixed with recycled materials such as potteries, shells, glass and cast-
iron pieces, available at the time of the construction 500 years ago. The stratigraphy
of the foundation layers consisted of: a) peat layer with a thickness between 1 m
below the crest of the dyke and 2.5 m at the polder side; b) silt deposit approx-
imately 2 m thick characterised by a variable organic content; c) thick deep clay
layer; and d) Pleistocene sand layer downward inclined from the canal to the polder
side (Figure 2.3). The water level in the canal and in the polder was artificially reg-
ulated with very little variations during all the monitoring period. The NAP (Normaal
Amsterdam Peil) is assumed as reference for the elevations. The original phreatic
surface, before the stress-test, was located 0.3 m under the crest of the dyke (-0.7
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m NAP), 0.2 m (-2 m NAP) and 0.4 m (-2.3 m NAP) below the ground level at the
toe and in the polder, respectively. The dyke material ranged from a silty sand
with traces of gravel and clay to a clayey silt with traces of sand. The silt deposit
below the peat layer ranged from a silt with traces of sand and clay to a clayey
sandy silt (Ponzoni, 2017). The general soil properties of the different layers are
summarised in Figure 2.4. Based on the expected location of the failure surface,
the geotechnical characterisation focused on the soil layers until the silt deposit.
The deep clay layer, not interested by the shear surface, is then excluded from the
following discussion.

As shown in Figure 2.4 significant variations of the properties of the dyke body
were found due to several interpositions of different materials. The average specific
gravity, 𝐺𝑠 (D5550-14, 2014), was about 2.6 while an average bulk unit weight of 18
kN/m was determined. The water content profile within the dyke, Figure 2.4(b),
increased with depth ranging from 0.19 to 1.1. The organic content (D2974-14,
2014) also increased with depth from 3% to 7%, at the bottom of the dyke body.
A clear transition with the peat layer is visible in Figure 2.4(a) for the vertical pro-
file below the crest of the dyke. The high abundance of organic matter which
characterises the peat matrix is reflected in a dramatic drop of the specific gravity,
𝐺𝑠=1.5, and an increase in the water content up to 8. The organic content was
about 80%-90%. Remains of plants, roots and reeds were systematically found
in peat samples below -4 m NAP both on the polder side and below the crest of
the dyke while the upper part of the peat being more amorphous. The foundation
silt layer was characterised by an average specific gravity of 2.6 and with a natural
water content decreasing with depth from 0.83 (-6.5 m NAP) to 0.48 (-7.1 m NAP)
below the crest of the dyke. This tendency was reflected also in the organic con-
tent which decreased from 7.5% to 5% with depth. Atterberg’s limits calculated on
samples at -6.67 m NAP below the crest of the dyke gave a limit liquid of 77.4% and
a plastic limit of 40.8%. Finally, the bulk unit weight seemed to increase almost
linearly with depth both under the crest and at the polder side.
The profile of the in situ void ratio, 𝑒 and overconsolidation ratio 𝑂𝐶𝑅, from oe-
dometer and triaxial tests on undisturbed samples, are displayed in Figure 2.5(a)
and Figure 2.5(b) respectively (Ponzoni, 2017). The dyke material was slightly
overconsolidated (maximum 𝑂𝐶𝑅 equal to 1.9) in the surficial part while the 𝑂𝐶𝑅
decreased with depth towards the normal consolidated state at -3.5 m NAP at the
interface with the peat layer. The underneath peat layer and organic silt resulted
slightly overconsolidated or normally consolidated (Figure 2.5(b)). Moving to the
polder side, both the peat and the organic silt presented an 𝑂𝐶𝑅 between 3 and 4.

Indications about the vertical saturated hydraulic conductivity, 𝑘 , for the dyke
material and the organic silt layer were obtained from oedometer tests according
to the Taylor’s method (Ponzoni, 2017). For the dyke material 𝑘 was found in
order of 3e-08 m/s in the upper part and 2e-09 m/s in the deeper part. In the
silt layer, the hydraulic conductivity decreased with depth, passing from 1e-08 m/s
to 4e-09 m/s. For the peat layer a special oedometer cell equipped with a pore
pressure transducer was adopted (Zhao & Jommi, 2018). Dramatic reduction in the
hydraulic conductivity occurs for peat upon compression (Mesri & Ajlouni, 2007).



2

14
2. Failure of the Leendert de Boerspolder rural dyke: revealing the role of

peat

1.2 1.6 2.0 2.4 2.8

-7

-6

-5

-4

-3

-2

-1

0

D
e
p
th

(m
N

A
P
)

1.2 1.6 2.0 2.4 2.8

Specific gravity, Gs (-)

-7

-6

-5

-4

-3

-2

-1

0
1.2 1.6 2.0 2.4 2.8

-7

-6

-5

-4

-3

-2

-1

0

dyke material

peat

silt

peat

silt

peat

silt

agricultural cover

(a)

0.1 1.0 10.0

-7

-6

-5

-4

-3

-2

-1

0

D
e
p
th

(m
N

A
P
)

0.1 1.0 10.0

Water content, w (-)

-7

-6

-5

-4

-3

-2

-1

0
0.1 1.0 10.0

-7

-6

-5

-4

-3

-2

-1

0

dyke material

peat

silt

peat

silt

peat

silt

agricultural cover

(b)

8 10 12 14 16 18 20 22

-7

-6

-5

-4

-3

-2

-1

0

D
e
p
th

(m
N

A
P
)

8 10 12 14 16 18 20 22

Bulk unit weight, g (kN/m3)

-7

-6

-5

-4

-3

-2

-1

0
8 10 12 14 16 18 20 22

-7

-6

-5

-4

-3

-2

-1

0

dyke material

peat

silt

peat

silt

peat

silt

agricultural cover

(c)

Figure 2.4: Profiles of (a) specific gravity, (b) water content and (c) bulk unit weight along three verticals
for a typical cross section of the Leendert de Boerspolder embankment test site
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Accounting for the initial void ratio and organic content of the peat below the dyke
body and at the polder side, 𝑒 =10 and 𝑒 =12 respectively, 𝑘 =1e-06-1e-07 m/s
was expected.

2.4. MONITORING INSTRUMENTATION

T he in-situ instrumentation was designed with the two primary purposes of pro-
viding sufficient data of the pre-failure response of the system and to collect

as much information as possible during the failure. All measurements were au-
tomated and constantly monitored during the test. Three cross sections (Section
North, Centre, South) were instrumented as displayed in Figure 2.2. Section Centre
was the most instrumented considering the likelihood of the occurrence of failure
at this location due to the restraint offered by the two extremities of the dykes. The
instrumentation included:

• 25 piezometers installed in the dyke body and in the foundation layers with
accuracy ±0.1 kPa. Eight piezometers were installed in the Section North and
South while nine piezometers in the Section Centre. The intended function
of the piezometers was to characterise the different hydraulic behaviour of
the subsoil in response to the operations throughout the entire stress-test
(i.e. excavation, dewatering, refilling). The cross-sectional position of the
piezometers was chosen based on preliminary stability analyses carried out
to predict the probable location of the failure zone;

• 5 automatic two axis inclinometers. In the Section North and South, one
inclinometer was placed at the toe of the dyke while three in the Section
Centre, at the toe, at the centre and at crest of the dyke respectively. Each
in-place inclinometer rod was equipped with inclination transducers 0.5 m of
vertical spacing each, which automatically logged the inclination profile of the
tube at set time intervals with an accuracy of ±0.5°;

• 5 vertical boreholes rod type extensometers installed in the foundation layers.
Each vertical rod was equipped with three extensometer bases apart from
the one installed at the toe of the dyke at the Section Centre which had 4
bases. The extensometers rods were anchored at the interface of the different
subsoil allowing to automatically record the settlement or heave of the entire
soil column above with an accuracy of ±2 mm. The change in thickness of
each soil layer was then obtained from the difference between the readings
of consecutive extensometers.

Figure 2.6 reports the location of the instrumentation installed in the Section Centre
together with the excavation stages performed in the stress-test as described in the
following paragraph.
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SECTION CENTRE - Cross section A-A
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2.5. TEST LAYOUT

Awetting system was placed on the crest of the dyke on 21 September 2015 to
saturate the dyke body, (Figure 2.7), in order to increase its weight and reduce

the uncertainty related to possible unsaturated conditions.

Figure 2.7: Wetting system placed at the crest of the dyke

Three excavation stages were executed at the toe of the embankment in a pro-
gressive series: September 28 excavation 1; October 5 excavation 2; October 12
excavation 3. The first excavation started 10 m away from the toe of the dyke
(Figure 2.8(a)) and removed the first 2 m of surficial soils consisting in the agri-
cultural cover, approximately 0.6 m thick and 1.4 m of peat (Figure 2.6). With the
second stage, the excavation front was extended to 1 m from the toe of the dyke
while keeping the excavation depth 2 meters below the ground surface. Eventually,
the third excavation (Figure 2.8(b)) deepened the depth to the final value of 2.5
m below the ground surface. Each excavation took approximately half a day and
the water level in the excavated area was left free to reach its steady condition
for the next two days. After this interval, with the intent of stressing the entire
system without reaching failure (i.e. pre-failure response), the water in the ditch
was lowered down of 1 meter and kept in this position for 1 day. Afterwards, it was
restored to the original position. The excavation then proceeded to the next stage.
During the last dewatering (October 14) the water level was eventually lowered
down under controlled conditions until failure was triggered. Table 2.1 reports the
chronological sequence of the entire operations.

2.6. OBSERVED FAILURE
2.6.1. Shear mechanism

A t 06:25 am of October 14 with a constant water level in the excavated area
of 1.5 m (-3.5 m NAP) the dyke failed (Figure 2.9). The failure interested the
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(a)

(b)

Figure 2.8: Operations during the excavation 1, 10 meters from the toe of the dyke (a) and (b) excavation
3 completed (the monitoring instrumentation along the dyke is visible)
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Table 2.1: Chronological sequence of the operations to bring the dyke to failure

Date
(2015)

Operation Date
(2015)

Operation

21/09,
15:25

Start wetting system 08/10,
08:00

Water filling 2 on

28/09,
09:20

Excavation 1 on 08/10,
10:05

Water filling 2 off

28/09,
16:25

Excavation 1 off 12/10,
07:20

Excavation 3 on

30/09,
09:20

Dewatering 1 on 12/10,
16:45

Excavation 3 off

30/09,
12:00

Dewatering 1 off (-1 m) 14/10,
00:38

Dewatering 3.1 on

01/10,
12:45

Water filling 1 on 14/10,
02:17

Dewatering 3.1 off (-0.5 m)

01/10,
14:00

Water filling 1 off 14/10,
02:47

Dewatering 3.2 on

05/10,
08:00

Excavation 2 on 14/10,
04:13

Dewatering 3.2 off (-1.0 m)

05/10,
17:30

Excavation 2 off 14/10,
04:43

Dewatering 3.3 on

07/10,
09:05

Dewatering 2 on 14/10,
06:06

Dewatering 3.3 off (-1.5 m)

07/10,
13:20

Dewatering 2 off (-1 m) 14/10,
06:25

Failure
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portion of the dyke between Section Centre and Section South (Figure 2.2) for a
width of about 15 m. The Section North did not fail.

Figure 2.9: The moment of the failure of the dyke at the Leendert de Boerspolder in correspondence of
Section Centre and Section South

The failure appeared as a combined mechanism of a translational movement of
the soil layers located at the toe of the dyke followed by a progressive rotational
mechanism of the dyke body. The maximum horizontal displacement, perpendic-
ular to the embankment, was recorded in the lower part of the peat layer at the
toe and it was approximately 2.6 m in the Section Centre and 2 m in the Section
South. The central portion of the dyke and the crest in the Section Centre followed
the movement of the toe with maximum horizontal displacement of 2.4 m and 1.8
m respectively. To reconstruct the failure mechanism, Figure 2.10 displays the hor-
izontal displacements measured by the inclinometers located in the Section Centre
during the last dewatering on October 14. The inclinometer at the mid of the slope,
ImC, presented a malfunctioning at -6 m NAP. For the sake of clarity, in the follow-
ing graphs, data have been cut at 06:20 am of October 14 when the dyke was at
imminent failure.

At the toe of the dyke (ItC), the shear mechanism was composed apparently by
two shear planes: the first one at the interface between the peat and the silt layer
(-4.8 m NAP) and the second one developing within the peat itself (-3.9 m NAP)
(Figure 2.10). Also in the central line (ImC) two shear planes might be recognised,
one inside the silt layer and a minor one at the contact between the dyke body and
the peat (-3 m NAP). To clarify the instant when the shear mechanism was fully
activated, Figure 2.11 reports the relative horizontal displacements recorded by the
inclinometer ItC and ImC at the toe and centre of the Section Centre respectively,
recorded during October 14.
The shear mechanism was fully activated along the entire cross section at 05:49
am during the dewatering 3.3, with a water table in the excavated area decreasing
from -1 m to -1.5 m from the ground surface. It is interesting to notice that at
the toe, significant acceleration in the horizontal direction started occurring within
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SECTION CENTRE - Cross section A-A
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Figure 2.10: Horizontal displacements perpendicular to the embankment recorded during October 14
by the three inclinometers installed in the Section Centre
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the silt layer (Figure 2.11(a)) at 05:16 am (33 minutes before the shear surface
formed at the interface with the peat). Moving to the central line (Figure 2.11(b)
light grey) the silt layer began to accelerate horizontally at 05:31 am. Exactly at
this time, the relative displacement between the peat and the silt (Figure 2.11(b)
dark grey) stopped and reversed the trend. It is worth remembering that based
on the distance between each transducer along the rod, the position of the shear
plane can be inferred only with an accuracy of ±0.25 m.

2.6.2. Piezometric response

F urhter details of the shear mechanism during the last dewatering 3.3 are pro-
vided in Figure 2.12 where the horizontal displacements are combined with the

data recorded by the extensometers and piezometers. The horizontal displace-
ments of each soil layer have been averaged in the vertical direction for the sake
of simplicity. The axes of each figure indicate the sensors which were considered.
All the displacement measurements have been zeroed at midnight of October 14.
Positive vertical displacements indicate heave.

The shear mechanism initiated in the silt at the toe of the dyke at 05:16 am,
when the ratio between the horizontal and vertical displacement showed an increase
in the horizontal direction (Figure 2.12(a)). The piezometer in the silt layer PtC3
(Figure 2.12(b)) measured a sudden decrease in the hydraulic head denoting a di-
latant behaviour. Slightly later, at 05:29 am, in the lower part of the peat layer just
above the silt the horizontal displacement rate started to increase (Figure 2.12(c))
compared to the vertical one, accompanied by a decrease in the hydraulic head
from the PtC2 located in the lower part of peat (Figure 2.12(d)). On the contrary,
in the upper portion of the peat layer, PtC1, nothing was recorded at 05:29 am. In
the central line of the slope, at 05:31 am the upper part of the silt layer accelerated
horizontally (Figure 2.12(e) light grey), while the peat layer above increased its
vertical displacement component. It is worth noticing that, differently from the toe,
the silt in the central portion of the slope settled, thus promoting also the vertical
compression of the peat above. The corresponding piezometer in the peat layer
PmC5 (Figure 2.12(f)) starting at 05:31 am showed a progressive decrease in the
hydraulic head. Few minutes after, at 05:36 am (Figure 2.12(e)) horizontal dis-
placements occurred in the dyke material at nearly constant vertical displacements
and the piezometer PmC4 (Figure 2.12(f)) recorded a sudden increase in the hy-
draulic head, probably shear induced. Along the vertical section below the crest of
the dyke, only at 05:49 am, the piezometers PcC6 and PcC7 (Figure 2.12(h)) de-
creased and increased respectively when the shear mechanism was activated along
the entire cross section. The evolution of the entire shear mechanism is displayed
in Figure 2.13 (vectors are not in scale).

2.6.3. Volumetric and distortional strains

T o reconstruct the volumetric behaviour of the single layers, blocks of single
materials have been defined based on the location of the inclinometers and ex-

tensometers as schematised in Figure 2.14. For each block the net vertical and
horizontal displacements were estimated as difference between consecutive exten-
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someters and inclinometers. The volumetric strains were calculated for each block
based on the initial size. For the vertical strain, the extensometers at the right
and the left of each block were averaged. Figure 2.15 reports the development of
volumetric strain for each soil block of Figure 2.14 during the night of October 14.

SECTION CENTRE - Cross section A-A
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Figure 2.14: Definition of the blocks of single material used for computing the volumetric strains based
on the inclinometers and extensometers readings

Comparison between Figure 2.15 and the hydraulic response in Figure 2.12 al-
lows to define the volumetric response of the different soil layers involved in the
failure mechanism. In actual field situations, distinguishing between drained and
undrained behaviour is rather striking considering that the true response is neither
perfectly undrained nor drained. The organic silt at the toe of the dyke showed
volumetric dilation as displayed in Figure 2.15 in agreement with a reduction of the
hydraulic head measured in the piezometer PtC3 in Figure 2.12(b). The behaviour
of the peat at the toe deserves some attention. Two sub-blocks were distinguished
in Figure 2.14 based on the horizontal displacement profile in Figure 2.10. The
upper peat dilated, despite less than the silt below, while the lower peat presented
only a small tendency to dilate. This difference could derive from the shear mecha-
nism experienced by the two peat blocks: the lower peat B2 was sheared while the
upper one B1 was substantially dragged by the lower block. As a result, the average
net horizontal displacements of the two blocks differed substantially. The horizontal
bulging and stretching of the upper peat not only compensated the vertical com-
pression but resulted in a dilatant volumetric strain. On the contrary, for peat block
B2 the axial and horizontal strains almost equated in magnitude. Moving to the
central part of the slope, peat B4 denoted contractive volumetric strain despite no
excess of pore pressure being recorded by the piezometer PtC5 (Figure 2.12(f)).
Nonetheless, the position of this piezometer close to the interface with the dyke
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material may not represent faithfully the average behaviour of the peat block B4.
The dyke material in the block B3 slightly dilated in accordance with the hydraulic
response in Figure 2.12(h) (piezometer PcC6). The local increase in the hydraulic
head measured at the piezometer PmC4 may have been induced by localised shear
displacements occurring at the interface between the dyke material and the peat
beneath.

To complete the description of the hydro-mechanical response of the soils, the
distortional behaviour is considered. Figure 2.16 reports the horizontal net dis-
placements perpendicular to the dyke as the difference between the three different
inclinometers (Figure 2.10) for the silt and the peat layers at the toe of the dyke
in the Section Centre. The shear mechanism for the silt layer can be faithfully rep-
resented by a simple shear mode with a shear strain, 𝛾, at 06:20 am (imminent
failure) of about 5%. The mechanism in the peat layer was more complex, with the
lower part (Peat B2) approximately experiencing a simple shear mechanism (𝛾=6%
06:20 am imminent failure) together with bulging, while the upper one (Peat B1),
was horizontally dragged and stretched.

Simple shear tests performed during the experimental laboratory characterisa-
tion on undisturbed samples collected in the summer 2014 are here presented to
validate the conclusions on the hydro-mechanical behaviour observed in the field
during the stress-test. Attention is given to the crucial role of peat and silt at the
toe of the dyke. Figure 2.17 reports the results of constant height simple shear
tests on two undisturbed samples of silt at the toe of the embankment from the
borehole B102 (Figure 2.2). The first sample was taken at -5.10 m (NAP), close
to the interface with the peat, and contains peat and wood traces. The second
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one, collected at greater depth -5.8 m (NAP), was located in the middle of the
silt formation. The in situ vertical effective stress before the stress-test, calculated
from the average unit weight and the position of the water table at the toe (-0.2
from the ground), ranges between 10 kPa and 15 kPa. The experimental results
are presented in terms of stress ratio, 𝜏 ⁄𝜎 (where 𝜏 is the shear stress and 𝜎
is the vertical effective stress at the top boundary of the sample) and excess pore
pressure (Δ𝑢 ) normalised with the preconsolidation vertical effective stress, 𝜎 .
The shear strains have been cut before the ultimate state for the sake of clarity.

The experimental results in Figure 2.17 confirm the volumetric behaviour recon-
structed from the field for the silt layer with a dilatant response (Figure 2.17(b)(d))
for shear strain of 5% experienced by the silt soil block before the imminent fail-
ure (Figure 2.16(a)). It is worth noticing the impact of peat traces in the upper
silt sample in terms of operative stress ratio (i.e. shear strength) compared to the
deeper sample. The abundance of organic traces in the silt matrix close to the in-
terface with the peat layer not only influence the ultimate stress ratio (0.95 for the
B102-7 sample, 0.8 for the deeper sample B102-8) but also leads to a more ductile
pre-failure stress-strain response with a significant increase in the required shear
strain to mobilise the same shear strength (Figure 2.17(a)(b)), as explained in the
following. The results on undisturbed peat samples at the toe of the dyke from the
borehole B102-5 at a depth of -4.15 m (NAP) are displayed in Figure 2.18.

For an estimated in situ vertical effective stress within the peat of about 9 kPa,
a dilatant behaviour was observed for shear strain of about 5% (Figure 2.18(b)),
confirming the observations obtained from the field for the peat at the toe B1 and
B2 in Figure 2.14. It is worth reminding that the shear mechanism for the upper
peat block B1 (Figure 2.14) was not truly represented by a simple shear, but rather
by a horizontal stretching leading to a higher dilatant response than that observed
in the experimental tests. On the contrary, for the peat B4 (Figure 2.14) below the
mid slope of the dyke a contractive behaviour was obtained from the experimental
results (Figure 2.18) on a sample (B103-9 in Figure 2.2) consolidated at 𝜎 =26 kPa
representative of the in situ stress state at -4.7 m (NAP) below the crest of the
dyke.

2.7. 3D FAILURE DISPLACEMENTS
2.7.1. Section South

A s previously mentioned, the failure occurred between the Section Centre and
the Section South for an approximate length of about 15 m. As for the Section

Centre, also in the Section South the shear mechanism was initiated within the
first meter of silt at the toe of the dyke (-4.78/-5.78 m NAP) where significant
acceleration in the horizontal displacements occurred at 05:16 am on October 14,
simultaneously with the Section Centre as reported in Figure 2.19(a). However,
differently from the latter, in this case the shear mechanism involved both the silt
and the peat without a localised shear surface at the interface (Figure 2.20). Above,
the peat layer was then crossed by a shear plane at -3.7 m (NAP) as for the Section
Centre.
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Figure 2.17: Stress ratio (a), (c) and excess pore pressure (b), (d) during simple shear tests at constant
height for silt samples B102-7 and B102-8 at the toe of the dyke
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Figure 2.18: Stress ratio (a) and excess pore pressure (b) during simple shear tests at constant height
for peat samples B102-5 at the toe of the dyke (in the latter the sample B103-9 below the crest of the
dyke is added)
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Figure 2.19: Relative horizontal displacements recorded at different depths during October 14 from the
inclinometer ItS (a) and (b) hydraulic head recorded by the piezometer PtS3 located in the silt layer at
the toe of the dyke
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Contrarily to the response of the piezometer PtC3 located in the silt layer in
the Section Centre, the analogous in the Section South, PtS3, recorded an increase
in the hydraulic head as displayed in Figure 2.19(b). This difference may be ex-
plained by considering Figure 2.20 where the kinematic mechanism at the toe of
the dyke involved both the silt layer and the peat as unique soil block (-3.7 m to
-5.7 m NAP). Analysing the extensometer response, vertical compression of both
the peat and the silt accompanied the horizontal displacement contrarily to the re-
sponse in the Section Centre where the silt layer experienced heave while shearing
(Figure 2.12(a)).

2.7.2. Section North

S ection North did not fail. The inclinometer at the toe of the dyke indicated a
sharp shear plane at the interface between the silt and the peat layer. However

the horizontal displacements in the peat attained values of about half compared to
the other two sections (Figure 2.21(a)), 6 cm compared with 12 cm at 06:20 am
on October 14 (Figure 2.20). Following the philosophy adopted in Figure 2.11(a)
and Figure 2.19(a), Figure 2.21(b) reports the relative horizontal displacement at
the interface between the peat and the silt and within the silt layer.

As displayed in Figure 2.21(b), the silt layer accumulated only 5 mm of relative
horizontal displacement in two meters of thickness (-4.92/-6.92 m NAP) while in
both Section South and Centre, 5 and 3 cm were measured (Figure 2.11(a) and
Figure 2.19(a)). An insight into the deformation mode of the peat at the toe of
Section North is offered in Figure 2.22. The horizontal displacement profile from
the inclinometer ItN is overlapped with the net profile (Figure 2.16(b)) obtained
from the Section Centre (location of the failure) by subtracting the readings of
the inclinometer ImC from the inclinometer ItC, at the mid and toe of the dyke
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Figure 2.21: Horizontal displacements recorded by the inclinometer ItN at the toe of the dyke (a) and (b)
relative horizontal displacements recorded at different depths during October 14 from the inclinometer
ItN
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respectively. In Figure 2.22 it is assumed that no horizontal displacements occurred
in the peat at the centre of the dyke slope along Section North. In the absence of
an inclinometer and considering that Section North did not fail, this assumption can
be considered acceptable, though conservative.
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Figure 2.22: Net horizontal displacements in the peat layer at the toe of the dyke in the Section North
and Section Centre during October 14

The two profiles substantially coincide despite the fact that Section Centre failed
while Section North did not, which allows to state that the silt layer and not the peat
was indeed the critical soil for the failure. If the hypothesis on null displacement
of the peat at the centre of the dyke is released, then a perfect match would be
obtained in Figure 2.22. The map of the maximum horizontal displacement vectors
obtained from the inclinometers reading at the end of the second dewatering (Oc-
tober 7) and at the end of the third dewatering performed on the night of October
14 is reported in Figure 2.23. At the toe of the dyke between the Sections South
and Centre, outward displacements directed towards the excavated area occurred.
The spreading mechanism thus caused converging movement of the mid slope and
the crest in between the two sections.

2.8. PRE-FAILURE RESPONSE

T he previous considerations on the shear mechanism allow to state the critical
role played by the silt layer underneath the peat in bringing the dyke to failure.

However, the triggering mechanism, which induced the failure in the silt layer, has
to be determined. To help answering this question, it is worthwhile to analyse the
pre-failure response during the second dewatering performed on October 7 after
the second excavation (Table 2.1). The horizontal displacements perpendicular to
the dyke recorded by the inclinometers at the toe (ItN, ItC and ItS) are compared
in Figure 2.24.
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Figure 2.23: Maximum horizontal displacement vectors reconstructed from the inclinometers reading
(the approximate area of failure is also shown)

In all the three sections, the peat at the toe of the dyke significantly bulged
due to the on-going dewatering, which reduced the stabilizing thrust exerted by
the water. Lateral bulging is a characteristic deformation mode of peat (Landva &
La Rochelle, 1983). As a dragging mechanism, the displacements propagated from
the peat to the silt underneath. However, significant differences are visible for the
silt layer in the Section North compared to the other two sections in Figure 2.24. In
Section South and Centre the dragging action exerted by the peat induced visible
lateral displacement in the 2 m of silt below. In the Section North the displacements
of peat layer did not transfer in depth within the silt formation, but on the contrary,
remained localised at the interface. As discussed in Figure 2.22 with reference to
the net horizontal displacement of the peat at the toe during October 14, also in this
case, accounting for higher displacement in the silt formation in the Section North,
the three profiles in Figure 2.24 would basically coincide. Following this reasoning,
it can be asserted that the silt layer at the toe of the dyke in the Section South and
Centre was brought to failure by the overlying peat layer, which moved significantly
in the horizontal direction. Indeed, the different stress-strain response of peat
and silt played the major role in the shear mechanism. Figure 2.25 compares the
results of constant height simple shear tests on a peat and silt undisturbed samples
retrieved from the borehole B102 (Figure 2.2). Both the samples were consolidated
at 5 kPa.
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Figure 2.24: Horizontal displacements perpendicular to the dyke recorded by the inclinometers at the
toe of the dyke during October 7: (a) Section South, (b) Section Centre and (c) Section North
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Figure 2.25: Comparison between the shear stress-strain response obtained from constant height simple
shear tests on peat and silt undisturbed samples (a) and (b) shear mechanism at the interface between
silt and peat

Continuous strain hardening dominate the shear response of peat even for shear
strain higher than 30%, with the silt approaching failure well before. The compar-
ison in Figure 2.25 underlines the key role played by the interface between these
two materials. Kinematic compatibility at the interface imposes the continuity of
the displacements from the peat to the silt formation, resulting in much higher
mobilised shear strength in the latter. However the actual interface conditions in
the field are essential in defining the degree of the kinematic compatibility before
displacement localisation and discontinuity occur.

An undisturbed peat sample (B102-6) taken at the interface between peat and
silt along the borehole B102 (Section South Figure 2.2) is displayed in Figure 2.26.
Closer detail on the peat formation above the interface revealed abundant ran-
domly oriented fibres, also present within the interface with the silt formation (Fig-
ure 2.26(b)). To the author’s interpretation the presence of this fibrous network is
believed to have played the role of a structural frame, bonding together the peat
and the underlying silt formation. The high kinematic constraint exerted by this
additional reinforcement assured that the bulging of peat dragged and sheared
the silt formation underneath according to the scheme in Figure 2.25(b). The dif-
ferent stress-strain response of these two layers justifies then the occurrence of
failure in the silt soil rather than in peat. On the contrary, the inclinometer ItN
in Figure 2.21(a) suggests a lower degree of constraint at the interface between
the peat and the silt, leading to a localised mechanism without dragging the silt
formation, which indeed did not fail.
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b) c) d)

(a)

(b) (c) (d)

Figure 2.26: Sample B102-6 taken at the interface between peat and silt at the toe of Section South:
(a) 50 cm sample, (b) detail of the fibrous peat, (c) presence of fibres within the interface and (d) silt
with horizontally aligned fibres
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2.9. CONCLUSIONS

T he Leendert de Boerspolder test was designed to investigate the full scale be-
haviour of regional historical dykes on peats in relation with the current assess-

ment approaches used in the Netherlands. The test allowed to clarify the role of
the different foundation layers in the pre-failure and failure mechanism with special
attention to the peat. The main conclusions from the field data interpretation are
listed below.

• The cause of shear failure for the Leendert de Boerspolder dyke was due to the
soft organic silt underneath the peat layer rather than the peat itself. However,
the large deformability of peat represented the trigger for the inception of the
failure in the silt.

• The failure mechanism was composed by a spreading failure at the toe of
the dyke and a consequent sinking of the crest of the dyke. The failure was
originated within the first meter of silt underneath the peat as a result of the
significant bulging of the peat layer at the toe of the dyke. Taking into account
the kinematic compatibility at the peat-silt interface, small shear strains of
about 5% were enough to mobilise the ultimate shear strength of the silt.

• Kinematic compatibility between the foundation layers reduced significantly
the shear strains required to induce the failure of the system (5%), well be-
low the shear strain attainable by peat at its failure state (15%). For as-
sessment and design criteria based on operational shear strength for peats,
shear strength parameters at large strains do not represent the actual field
conditions.

• Accounting for the low vertical effective stress of the soils layers at the toe
of dyke and the failure mechanism, failure was accompanied by a dilatant
response both in the silt and peat, though of different magnitude.

• Gas bubbles release was observed in the excavated area at the toe of the
dyke just before the imminent failure, confirming previous field observations.
Total stress reduction and pore pressure decrease are triggering factors for
gas exsolution and breakthrough. Hence, the influence of gas bubbles must
be evaluated and accounted for in the assessment of geotechnical structures
on peats.

• The monitoring instrumentation revealed the benefits of installing extensome-
ters rods, still not currently used in the Netherlands, for reconstructing the
volumetric and distortional behaviour of the soil layers involved in the shear
mechanism.



2

40
2. Failure of the Leendert de Boerspolder rural dyke: revealing the role of

peat

LIST OF SYMBOLS

𝐺𝑠 specific gravity
𝑂𝐶 organic content
𝑒 void ratio
𝑤 water content
𝛾 bulk unit weight
𝑘 hydraulic conductivity in the vertical direction
𝜎 vertical effective stress
𝜎 preconsolidation vertical effective stress
𝜏 horizontal shear stress
𝑂𝐶𝑅 overconsolidation ratio
𝑢 horizontal displacement
𝑢 vertical displacement
Δ𝑢 excess pore pressure
𝜀 volumetric strain
𝜀 deviatoric strain
𝛾 shear strain
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3.1. ABSTRACT

T riaxial tests on peats are strongly criticised due to the difficulty to obtain reliable
shear strength parameters applicable in the design and assessment procedures

of geotechnical structures. This contribution wants to re-establish the applicability
of triaxial tests on peats showing that when end restraint effects on the observed
behaviour are ruled out, part of the long-lasting misconceptions on the shear failure
of peats can be overcome. Undrained triaxial compression tests have been carried
out on reconstituted peat to examine the influence of end restraint on the observed
shear strength and on the relationship between deviatoric stress, excess pore pres-
sure and deviatoric strain. Samples have been tested with standard rough end
platens and with modified platens to reduce the friction between the sample ex-
tremities and the porous stones. Four different initial height to diameter ratio have
been examined. The results indicate that end restraint contributes dramatically to
the apparent shear strength of the tested samples. Overestimation in the calculated
deviatoric stress and in the measured excess pore pressure at the bottom of the
sample occur for the typical height to diameter ratio 2 and rough end platens. These
effects decrease only for a height to diameter ratio of about 3, although this choice
hinders the geometrical stability of the sample. On the contrary, end platens with
reduced friction and short specimens allow to reveal the true material behaviour.
Overestimation in the ultimate friction angle of 12° is found, passing from 43° to
55°, if the end restraint is not reduced or accounted for when performing triaxial
tests on the tested peat.
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3.2. INTRODUCTION

D esign and assessment procedures in geotechnical engineering require reliable
shear strength parameters for the soils. Although obvious, this requirement

is still an open issue when organic soils as peats are encountered. Direct shear
and ring shear apparatuses have been used in some experimental investigation of
natural fibrous peats (Landva & La Rochelle, 1983; Stark & Vettel, 1992; Farrell &
Hebib, 1998; Ogino et al., 2002; Komatsu et al., 2011), but the well-known stress
non-uniformities, which are amplified by the presence of fibres and by the large
strains attained by peat samples, make the results rather arguable. The direct sim-
ple shear apparatus is widely preferred based on the assumption that it guarantees
more uniform stress and strain states (O’Kelly, 2017). However, the assumption
is questionable too (Ladd & Edgers, 1972; Wood et al., 1979; Budhu, 1984; Airey,
1984; Budhu, 1988), and clear evidence of non-uniform strains is shown by track-
ing the specimen deformation as in the videos taken on simple shear tests on large
samples by Den Haan & Grognet (2014). In addition, in the common engineering
practice direct simple shear tests on peat are performed in undrained conditions,
which impose a failure mechanism not necessarily corresponding to what observed
in the field. On the contrary, peat layers in the foundation of dykes and railway
lines often show failure mechanisms dominated by lateral bulging and vertical com-
pression, which are not necessarily characterised by a constant volume constraint
(Landva & La Rochelle, 1983; Tashiro et al., 2015; Acharya et al., 2015).

Triaxial tests are used to obtain more reliable information on the deformation
mechanism of soils at failure. However, the use of both drained and undrained tri-
axial tests on peats has been strongly criticised. High shear strength parameters are
often derived from undrained triaxial compression tests with friction angles in the
range of 50°-70° (Adams, 1961; Oikawa & Miyakawa, 1980; Landva & La Rochelle,
1983; Yamaguchi et al., 1985b; Farrell & Hebib, 1998; Edil & Wang, 2000; Cola &
Cortellazzo, 2005; Cheng et al., 2007). The presence of multiples fibrous networks
in the peat fabric stretched during axial compression are claimed to be responsible
of the observed high friction angles, as they provide additional reinforcement to the
material, thus increasing the observed shear strength. It is not rare that fibrous
peat samples develop high excess pore water pressure leading to null effective ra-
dial stress, which brings the stress state of the sample towards the tension cut off
line, TCO, or above it, before failure is reached (Oikawa & Miyakawa, 1980; Kan-
muri et al., 1998; Boulanger et al., 1998; Cola & Cortellazzo, 2005; Hendry et al.,
2012). Still, the stress-strain response is typically dominated by strain hardening
behaviour, with a deviatoric stress increasing almost linearly with the deviatoric
strain at high strain levels, which makes the definition of a failure criterion rather
subjective. Drained triaxial compression tests are not considered suitable for peats,
due to the fibres reinforcement, which does not allow to reach failure, with the de-
viatoric stress steadily increasing for axial strain even above 30% (Farrell & Hebib,
1998; O’Kelly & Zhang, 2013; O’Kelly, 2015).

Several criteria have been proposed in the literature to correct the exceptionally
high shear strength parameters for peats, derived from a conventional interpre-
tation of triaxial tests, which have scarce applicability in the engineering practice.
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Using a strain based approach, failure is identified with the attainment of an arbi-
trary axial strain threshold (15% in Ogino et al. (2002) and Hayashi et al. (2012),
2% and 5% in Den Haan & Feddema (2013) for undrained compression tests, and
20% in Zhang & O’Kelly (2014) for drained compression tests). Different alterna-
tives have been proposed based on extrapolation of the experimental data in the
stress-strain or in the stress path planes, in the attempt to limit the reference devia-
toric stress at failure (Kanmuri et al., 1998; Den Haan & Kruse, 2007; Hendry et al.,
2012; O’Kelly, 2017). Kanmuri et al. (1998) and more recently Hendry et al. (2012)
proposed to associate failure to the start of the ultimate linear strain hardening re-
sponse in undrained triaxial compression tests. This choice roughly coincides with
the proposal by Oikawa & Miyakawa (1980), who suggested to identify failure as
the transition between contractive and dilatant response. Despite these approaches
being useful in the practice, where reasonable shear strength parameters are re-
quired, their mechanical ground is still a matter of debate, which raises doubts on
the reliability of these choices.

The current prejudices towards triaxial tests on peats also come from misin-
terpretation of the experimental results. Data from triaxial tests are traditionally
elaborated assuming stresses and strains uniformity implying they give representa-
tive information on the true material behaviour. However, the intense experimental
efforts in the 1960’s to investigate the restraining effects of the cap and base on the
response of triaxial specimen clearly showed that the boundary conditions imposed
to the sample with standard laboratory devices are far from being uniform (Rowe &
Barden (1964), Bishop & Green (1965) for sands; Olson & Campbell (1964), Barden
& McDermott (1965) and Duncan & Dunlop (1968) for clays). Therefore, the ob-
served behaviour derived from stress-strain quantities based on averaged external
measurements may be significantly different from the true material behaviour and
may lead to a fictitious increase in the apparent shear strength of the soil. To limit
these problems, samples should be tested by adopting lubricated end platens or
with high height to diameter ratio.

Shockley & Ahlvin (1960) warned on the importance of end restraint when failure
occurs by bulging rather than with a well-defined shear plane, as typically observed
in undrained triaxial compression on peats. To the author’s knowledge no dedicated
studies are reported on end restraint effects for peat samples tested in triaxial appa-
ratuses, although the high compressibility and the additional reinforcement offered
by the fibres allow peat samples to sustain exceptional axial strains upon com-
pression, thus enhancing stresses and strains non-uniformities (Rowe et al., 1984).
Paradoxically, only few isolated indications about possible end restraint effects on
the observed peat behaviour are reported for ring shear apparatus by Stark & Vettel
(1992) and for direct simple shear by Yamaguchi et al. (1987). The latter authors
showed that the shear strength of natural peat samples is significantly affected by
the height to diameter ratio and that the friction at the top and bottom of the sam-
ple increases the observed strength.

The role of end restraint on the coupled hydro-mechanical response of peat
tested in undrained triaxial compression is systematically investigated here, in a
dedicated experimental study. To isolate the effects of end restraint from the ad-
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ditional reinforcement offered by big fibres, reconstituted peat samples with small
fibres were used. Samples with different height to diameter ratio were tested, with
both standard rough end platens and modified end platens, which reduce the shear
stresses at the sample boundaries. Special attention is given to clarify the differ-
ence between the sample behaviour and the true material behaviour in terms of
deviatoric stress-strain response and excess pore pressure. Adopting modified end
platens reveals a dramatic reduction in the estimated ultimate friction angle for
the tested peat. The results contribute to re-establish the potential of triaxial tests
on peats, provided that stresses and strains non-uniformities are reduced or their
effects are taken into account when elaborating the experimental data.

3.3. EXPERIMENTAL PROGRAMME
3.3.1. Material

T he peat used in this investigation was collected 1.0 to 1.5 m below the ground
surface, at the Leendert de Boerspolder site in the Netherlands. To reduce bio-

degradation, the material was stored in a climate controlled room at 10±1°C and
90% relative humidity. Reconstituted peat samples were prepared by mixing the
material with demineralised water to a slurry with water content of 855%, corre-
sponding to 1.4 times the liquid limit. Afterwards, the material was consolidated in
a floating consolidometer under a total vertical stress of 10 kPa for 48 hours, before
mounting in the triaxial apparatus. The oven-drying procedures for soil classifica-
tion were performed at a temperature of 60°C (Head, 2014). The specific gravity of
the soil, 𝐺𝑠, was measured with a helium pycnometer in accordance to D5550-14
(2014). The organic content, 𝑂𝐶, was assessed by igniting oven-dried samples in
a furnace at 500°C (D2974-14, 2014; Den Haan & Kruse, 2007). Table 3.1 reports
the index properties of the tested samples. Fibre content determination gave an
average value of 0.14 (D1997-13, 2013).

Figure 3.1 displays a picture obtained from x-ray micro CT on the tested peat, af-
ter 2 days drying at a temperature of 14°C and relative humidity of 80%. Inorganic
soil grains are visible with higher density (white spots) within the fibrous matrix.
The fibrous structure is characterised by diffuse small fibres having a maximum
length of about 3 mm.

3.3.2. Experimental procedure

T he testing programme consisted in a series of conventional undrained triaxial
compression tests. To complement the information about the volumetric be-

haviour, a 𝐾 -consolidation test was carried out. The tested specimens were 38
mm in diameter and with variable height according to the prescribed initial height
to diameter ratio, 𝐻 /𝐷 , as reported in Table 3.1. The choice of testing 38 mm
samples was imposed by the limited height of the triaxial apparatus for the tallest
specimen. Nonetheless, the representativeness of the tested soil volume is as-
sured, given the short fibres present in the peat matrix (Lade, 2016). The tests
were carried out using a GDS load frame triaxial apparatus with back pressure and
cell pressure volume controllers and submersible 1 kN load cell, under controlled air
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3mm

Figure 3.1: Micro CT scan of the reconstituted peat used in the experimental investigation (white spots:
denser inorganic constituents)

temperature 14±1°C and relative humidity 80%. The accuracy of the controllers
is ±1 kPa on pressure and ±300 mm on volume (0.15% full scale range, FSR).
Thin membranes 0.25 mm thick were used. To accelerate the consolidation pro-
cess, lateral filter paper was placed around the samples. To prevent “short circuit”
effects between the back pressure and the pore pressure transducer located at
the bottom of the sample, 10 mm of clearance were left between the lower edge
of the lateral filter paper and the bottom of the samples (Head & Epps, 2014b).
To reduce end restraint effects on the observed behaviour, two approaches were
adopted (Figure 3.2):

• increasing the height to diameter ratio for tests with standard rough platens;

• modifying the end platens by interposing a perforated plastic disk and a perfo-
rated nitrile membrane 0.1 mm thick between the filter paper and the sample.

No silicone grease was applied between the perforated plastic disk and the nitrile
membrane due to the difficulty in preventing contamination of the filter paper and
the porous stone. Despite the present solution not assuring the same effectiveness
as the one adopted in Rowe & Barden (1964), the lower friction between the nitrile
membrane and the plastic disk compared with the one at the interface between
the filter paper and the porous stone already improves the uniformity of stresses
and strains. Not using enlarged platens was compensated by the significant lateral
contraction experienced by the samples during the initial isotropic consolidation. To
assure perfect contact between the top cap and the load cell, a suction cap was
used.

The samples were isotropically consolidated up to a pre-consolidation mean
effective stress 𝑝 of about 35 kPa (Table 3.1) and then sheared in undrained con-
ditions at constant axial strain rate, ̇𝜀 = 0.02%/min. Four tests were conducted
with standard rough end platens and a height to diameter ratio increasing from
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Figure 3.2: Standard and modified end platens adopted in the present experimental investigation to
reduce the end restraint

𝐻 ⁄𝐷 =1.5 to 𝐻 ⁄𝐷 =3. Sample 5 with 𝐻 ⁄𝐷 =1.5, and sample 6 with 𝐻 ⁄𝐷 =2,
were tested with modified end platens. The strain rate was chosen to theoretically
assure pore pressure equalisation (Blight, 1963; Lade, 2016). The average axial
strain rate experienced by sample 7, tested under drained 𝐾 stress control, is re-
ported in Table 3.1. The void ratio in Table 3.1 refers to the initial void ratio of the
samples before the initial isotropic consolidation.

Table 3.1: Index properties of the tested specimens and specifics of the triaxial tests conducted

Sample 𝐺𝑠 𝑒 𝑂𝐶 𝑝 =𝑝 Path 𝐻 ⁄𝐷 End ̇𝜀
(-) (-) (-) (kPa) (-) platens (%/min)

Sample 1 1.49 9.70 0.90 35 TxCU 1.5 Standard 0.02
Sample 2 1.49 9.80 0.90 35 TxCU 2.0 Standard 0.02
Sample 3 1.54 10.39 0.90 34 TxCU 2.5 Standard 0.02
Sample 4 1.49 9.64 0.90 35 TxCU 3.0 Standard 0.02
Sample 5 1.49 9.89 0.90 34 TxCU 1.5 Modified 0.02
Sample 6 1.47 9.59 0.90 33 TxCU 2.0 Modified 0.02
Sample 7 1.50 10.31 0.91 - 𝐾 2.0 Standard 0.008

3.3.3. Stresses and strains variables

A ll the experimental data have been elaborated by adopting the common triaxial
stress variables, namely the mean effective stress 𝑝 , the deviatoric stress 𝑞 and

the corresponding strain variables, volumetric strain, 𝜀 , and deviatoric strain, 𝜀 .
Natural strains were adopted due to the large displacements typically reached when
testing peats (Ludwik, 1909; Hencky, 1928). The deviatoric strain has been com-
puted from 𝜀 and 𝜀 derived from the volume change and the axial displacement
measurements:

𝜀 = 𝜀 + 2𝜀 = ln 𝑉
𝑉 (3.1)
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𝜀 = 𝜀 −
𝜀
3 = ln 𝐻

𝐻 − 1
3 ln 𝑉

𝑉 (3.2)

where 𝑉 and 𝐻 are the initial volume and height of the sample, while 𝑉 and 𝐻 are
the current values.

3.4. EXPERIMENTAL RESULTS
3.4.1. Deviatoric stress-strain response

S hear stresses at the interface between the sample and the porous stone con-
strain the lateral expansion of the sample upon axial compression, hence higher

average axial stress and stiffness are expected. The impact on the calculated devia-
toric response is reported in Figure 3.3(a), where the deviatoric stress is normalised
with the mean effective stress at the beginning of shear, 𝑝 . In Figure 3.3(b) the
calculated secant shear stiffness at 2% and 5% of deviatoric strain on the different
samples are compared.
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Figure 3.3: Deviatoric stress-strain response (a) and secant shear stiffness (b) upon undrained com-
pression tests on samples with different height to diameter ratio tested with standard and modified end
platens

The normalised deviatoric stress at failure decreases considerably with the height
to diameter ratio towards the values calculated on sample 5 and sample 6, tested
with modified end platens. The deviatoric stress levels off at about 25% of devi-
atoric strain, with the samples tested with modified end platens showing a more
regular asymptotic response (Figure 3.3(a)). It is worth noting that the decrease
in the deviatoric stress of sample 4 after 𝜀 ≅20% is due to buckling occurring on
the specimen. At small deviatoric strains, 2%-5% (Figure 3.3(b)), the modified
end platens slightly reduce the overall secant shear stiffness for the same height to
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diameter ratios compared to standard end platens, as in Duncan & Dunlop (1968)
and Lade & Tsai (1985).

3.4.2. Excess pore pressure

T he impact of end restraint on the excess pore pressure depends on the height to
diameter ratio and on the friction between the sample and the end platens. In

conventional undrained tests, rough end platens provide high resistance to the sam-
ple lateral expansion, inducing higher excess pore pressure at the top and bottom
of the sample compared to the central portion (Rowe & Barden, 1964). Figure 3.4
depicts the excess pore pressure measured at the bottom of the samples, Δ𝑢 ,
using standard and modified end platens. The values are normalised with 𝑝 .
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Figure 3.4: Excess pore pressure measured at the bottom of the samples with different height to diameter
ratio tested with standard and modified end platens

The excess pore pressure measured at the bottom decreases with the height
to diameter ratio, with the highest excess pore pressure measured for the shortest
specimen, 18% higher than when modified end platens were used. Compared to
the commonly adopted ratio 𝐻 ⁄𝐷 =2, significant benefit was already found for
𝐻 ⁄𝐷 =2.5. However, the findings in Figure 3.4 confirm that modified end platens
are the most effective solution to avoid overestimation of the excess pore pressure,
regardless the sample height to diameter ratio (sample 5 and sample 6). Benefits of
low friction end platens on the pore pressure magnitude are well documented in the
literature for classical inorganic soils (Olson & Campbell (1964) on sodium kaolinite,
Barden & McDermott (1965) on Jackson boulder clay and Chelmarsh boulder clay,
and Duncan & Dunlop (1968) on San Francisco bay mud, among others), but they
had never been systematically investigated for peats.
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3.4.3. Deformation mode and influence of the compressibility

Two aspects, among others, characterise the hydro-mechanical response of peats:
a very high compressibility and relative low hydraulic conductivity, especially

after the initial compression stage. The compressibility of peats has been tradi-
tionally investigated in oedometer (Landva & La Rochelle, 1983; Lefebvre et al.,
1984; Den Haan & Edil, 1994; Den Haan, 1996; Mesri et al., 1997; Mesri & Ajlouni,
2007; Madaschi & Gajo, 2015b), while scarce attention has been paid in evaluating
its implications during shear. Rough end platens in standard triaxial apparatuses
restrain the lateral deformation at the top and bottom of the sample, creating two
so-called dead zones, and confine the unrestrained part, the so-called free failure
zone, to the central part of the sample. However, the existence and the extension
of the free-failure zone depend on both the shear strength and the compressibility
of the soil. If the dead zones are assumed to be inclined at 𝛽 = 45 + 𝜑 ⁄ 2 with
respect to the horizontal for the sake of simplicity (Kirkpatrick & Belshaw, 1968),
it is possible to estimate the extension of the free failure zone, 𝐿, over the sample
height at failure, 𝐻 , as reported in Figure 3.5 for different values of 𝜑 and height
to diameter ratio at failure, 𝐻 /𝐷 .
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Figure 3.5: Extension of the free failure zone for different values of friction angle and height to diameter
ratio

The commonly accepted hypothesis that with a sample having 𝐻 /𝐷 =2, the
middle third (i.e. 𝐿/𝐻 =1/3) will deform without restraint (Head & Epps, 2014a)
does not hold already for 𝜑 =30°. Despite the hypothesis on the inclination of the
dead zone used in Figure 3.5 being the most unfavourable (Rowe & Barden, 1964;
Roscoe, 1970; Arthur et al., 1977; Drescher & Vardoulakis, 1982), it is likely that the
combination of high compressibility and high friction angle characterising peats, will
rapidly reduce the “free failure” zone compared to any other stiffer soil (Figure 3.6).
Eventually, at increasing axial strain the two dead zones merge and form connected
dead wedges which force the lateral expansion of the external portion of the sample
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Figure 3.6: Influence of the compressibility on the extension of the free failure zone in samples with:
(a) low compressibility, (b) high compressibility and (c) limit condition for peat

in the form of a localised bulging. This is schematically depicted in Figure 3.6
passing from a sand or clay sample to a soft clay and eventually to a peat sample.
With the free failure zone reducing in size, the triaxial test loses representativeness
as a soil “element” test. The evolution of the deformation mode can be appreciated
in Figure 3.7 from a parallel test on a peat sample 𝐻 ⁄𝐷 =2 sheared with standard
rough end platens under stress control. The deformation mode evolved towards the
formation of two dead wedges penetrating into the central portion of the sample
and enforcing the lateral expansion of the external parts.

3.4.4. Water content profile

T he kinematic constraint imposed by the end restraint eventually results in a
volume reduction of the soil within the dead zone, which is compensated by

the expansion of the central portion of the sample. The result of a non-uniform
pore pressure distribution within the sample is an internal water migration from
the top and bottom of the sample towards the central portion, despite the external
undrained conditions. At the end of the test, each sample was rapidly dismounted
and cut into three or more segments, depending on the failure mode, for water
content determination. The similarity between the deformed shape of the sample
and the measured water content profile can be appreciated from Figure 3.8 for
the case of sample 5 and sample 2, tested with modified and standard end platens
respectively (𝑤 is the average water content along the height of the sample mea-
sured at the end of each test). The deformed shape and the water content profile
of sample 5 show significant uniformity thanks to the adoption of the modified end
platens (Figure 3.8(a)). On the contrary, the water content profile of sample 2
replicates the non-uniform deformation mode shown in Figure 3.8(b), with higher
water content in the central portion.

The water content ratio profiles 𝑤⁄𝑤 of all the samples at failure, shown in
Figure 3.9 clearly indicate that during the test water migrated from the top and bot-
tom of the sample towards the central portion. When standard end plates are used,
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Figure 3.7: Evolution of the deformation mode for a sample with ⁄ =2 and standard rough end
platens sheared under stress control
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Figure 3.8: Analogy between the deformed shape and the water content profile in samples tested with
(a) modified end platens and (b) standard end platens
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the final water content in the central portion of the sample is 5% higher than the
average one. The highest difference is found for the sample with 𝐻 ⁄𝐷 =2 while
the tallest tested sample, 𝐻 ⁄𝐷 =3 shows a lower deviation, namely 2%. Only with
modified end platens and short sample 𝐻 ⁄𝐷 =1.5 the measured water content is
almost uniform within the sample. It is worth noticing that despite the modified
end platens, the water content in sample 6 shows a deviation due to the significant
lateral expansion of the sample observed at the end of the test. However, this
behaviour had no consequence on the measured excess pore pressure, similar to
sample 5, also tested with modified end platens. A digital camera placed in front of
sample 6 confirmed the formation of a localised lateral expansion only at the end
of test when the excess pore pressure and deviatoric stress already levelled off.
Based on the same considerations, Rowe & Barden (1964) and Barden & McDer-
mott (1965) suggested the adoption of lubricated ends with samples 𝐻 ⁄𝐷 =1 to
guarantee geometric stability.

3.4.5. Computed shear strength

T he effects of end restraint on the excess pore pressure, and on the devia-
toric stress both contribute in the calculation of the stress ratio, 𝜂=𝑞⁄𝑝 . Fig-

ure 3.10(a) reports the evolution of the calculated stress ratio plotted against the
deviatoric stress increment normalised to 𝑝 , given by:

𝛿𝑞
𝑝 = 𝛿𝐹 ⋅ 𝐴 − 𝐹 ⋅ 𝛿𝐴

𝑝 𝐴 (3.3)

where 𝐹 is the axial force on the sample and 𝐴 is the cross sectional area of the
volumetrically equivalent cylinder.
Significant reduction in the ultimate stress ratio is observed with standard end
platens by increasing the height to diameter ratio, from 𝜂 =2.4 for 𝐻 ⁄𝐷 =1.5
to 𝜂 =1.86 for 𝐻 ⁄𝐷 =3 (Figure 3.10(a)). However, samples with modified end
platens reach failure for 𝜂 =1.75, regardless the sample height. If the results are
translated in terms of ultimate friction angle, Figure 3.10(b), the dramatic impact
of end restraint on the estimated value becomes more evident. The overestimation
for standard 𝐻 ⁄𝐷 =2 sample tested with conventional end platens compared to
the samples tested with modified end platens is about 12°, passing from 𝜑 ≅43°
to 𝜑 ≅55°. The evolution of the stress ratio with the rate of the deviatoric stress
deserves further attention. Samples tested with conventional end platens eventu-
ally show a steady increase in the stress ratio (i.e. mobilised shear strength) at
a constant rate of deviatoric stress (vertical traits in Figure 3.10(a)). For natural
fibrous peats deviatoric strain hardening is typically ascribed to the stretching of the
fibres (Kanmuri et al., 1998; Cola & Cortellazzo, 2005; Zwanenburg et al., 2012;
Hendry et al., 2012). However, these results show that there is a dominant effect
of end-restraint which affects the observed response, even in the absence of big
fibres. The vertical trait in the stress ratio with 𝛿𝑞≅0 reduces as the height to di-
ameter ratio increases, and eventually disappears when modified end platens are
used.
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undrained compression tests on samples with different height to diameter ratio tested with standard
and modified end platens
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3.5. A PRACTICAL PROPOSAL TO REDUCE EXPER-
IMENTAL LIMITATIONS

T he previous observations can be exploited to reduce some of the potential
sources of error in the interpretation of the experimental data from standard

triaxial tests with limited experimental effort.

3.5.1. 𝐾 at normally consolidated state

T he implications of end restraint on the mobilised friction angle of peat are of
great importance not only for ultimate limit states (i.e. shear strength), but

also for serviceability limit states, where a correct determination of the field stress
state is required. A long-lasting debate still holds about the validity of the em-
pirical Jaky’s simplified relationship (Jaky, 1948), 𝐾 ≅ 1 − 𝑠𝑖𝑛𝜑 , for estimating
the coefficient of earth pressure at rest for normally consolidated peats. Several
contributions reported that Jaky’s relationship predicts values well below the ones
obtained from 𝐾 apparatuses such as 𝐾 -CRS or 𝐾 triaxial paths (Mesri & Ajlouni,
2007; Den Haan & Kruse, 2007; Leoni et al., 2010). Edil & Dhowian (1981) stated
that ‘‘𝜑 is not adequate, as a single parameter, to reflect the lateral load transfer
mechanisms due to the different nature of the microstructure in peat soils, in par-
ticular, due to the presence of fibres’’. Despite the differences between the fabric of
peats and of inorganic cohesionless soils, for which the simplified Jaky’s relationship
was derived, the claimed inconsistency seems to come mostly from the uncertainty
on the determination of the “true” friction angle. Satisfactory estimations of 𝐾 with
Jaky’s relationship were obtained in the literature by limiting the mobilised friction
angle from standard undrained compression tests on natural fibrous peats either at
subjective strain thresholds (Hayashi et al., 2012), or at the transition between con-
tractive and dilatant response (Oikawa & Miyakawa, 1980; Mesri & Ajlouni, 2007).
To clarify this aspect, a 𝐾 -consolidation path was performed on sample 7 with
rough end platens. The test was performed with an automated axial-radial stress
ramp with volume change and axial displacement back measurements allowing for
negligible radial strains. The calculated lateral pressure ratio 𝐾

𝐾 = 3 − 𝜂
3 + 2𝜂 (3.4)

where 𝜂 is the current stress ratio, is reported in Figure 3.11.
The lateral pressure ratio decreases gently with the axial effective stress and

levels off for 𝐾 =0.33 in accordance with previous findings (Edil & Wang, 2000;
Den Haan & Kruse, 2007; Hayashi et al., 2012). For the friction angle 𝜑 ≅43°
determined from samples with modified end platens, (sample 5 and sample 6, Fig-
ure 3.10(b)), Jaky’s relationship gives 𝐾 =0.32, in agreement with the result in
Figure 3.11.
It is worth noting that over a 𝐾 stress path null radial strains theoretically rule out
end restraint effects. The 𝐾 value obtained experimentally in this type of test well
matches the value estimated from failure in TxCU tests with modified end platens.
The evidence substantiates that Jaky’s relationship can be used for peats, and sug-
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Figure 3.11: Lateral pressure ratio plotted against axial effective stress from a consolidation path

gests that 𝐾 determined on normally consolidated samples could be used to infer
the “true” friction angle at failure of peats.

3.5.2. Estimation of the pore pressure difference within the
sample

T he difference in pore pressure between the bottom and the mid height of the
sample affected by end restraint can be non-negligible, especially when small

effective confining stresses are imposed on peats having low hydraulic conductivity
(Kodaka et al. (2007) and Oka et al. (2005) on Fukakusa clay). If the only available
measurement of pore pressure is located at the bottom or at the top of the sample,
in the presence of significant end restraint, a non-negligible error is introduced in
the estimation of the effective stress path followed by the central portion of the
sample (Barden & McDermott, 1965; Blight, 1963).

The water content profiles in Figure 3.9 can be exploited to provide an estimation
of the pore pressure difference between the bottom (B) and the mid height of the
sample (M), Δ𝑢 , , and to correct the apparent stress path for the effect of end
restraint on the measured pore pressure. The different volumetric constraint at
the extremities and at the central part of the sample promotes an internal water
flow. The internal flow rate, 𝑞 , is assumed to be one directional and on average
measured by:

𝑞 = − 𝑘
𝛾

Δ𝑢 ,
𝐻/2 (3.5)

where 𝑘 is the hydraulic conductivity in the vertical direction, 𝛾 is the unit weight
of water and 𝐻 is the current sample height. The corresponding mass of water
flowing towards the central part of the sample in a time interval Δ𝑡 can be estimated
as:
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Δ𝑀 = 2𝜌 𝑞 𝐴Δ𝑡 (3.6)

where 𝜌 is the density of water and 𝐴 is the cross sectional area of the volumet-
rically equivalent cylinder. Equation 3.5 and equation 3.6 give a mean to estimate
the pore pressure difference between the bottom and the centre of the sample,
which reads:

Δ𝑢 , = − 𝑔
4𝑘

𝐻
𝐴

Δ𝑀
Δ𝑡 (3.7)

where 𝑔 is the gravity acceleration. Assuming a uniform distribution of water con-
tent at the start of shear, and knowing the water content profile at the end of the
test, (Figure 3.9), the time evolution of the water mass change in the central part
of the sample, Δ𝑀 , is estimated assuming a second order polynomial function,
as depicted in Figure 3.12. The rate of the water mass change in Figure 3.12 in-
creases with time as a result of the deformation mode of the sample affected by
end restraint. The values are normalised with the initial mass of the water at the
mid height of the sample, 𝑀 , and the time, 𝑡, with the time at failure, 𝑡 .
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Figure 3.12: Estimated evolution of the water mass change at the mid height of each sample with the
test time

The hydraulic conductivity, 𝑘 , of the tested peat was determined from an oedome-
ter apparatus equipped with pore pressure transducers (Zhao & Jommi, 2018). Hy-
draulic conductivity in the order of 𝑘 ≅1e-09 m/s was obtained for a void ratio of
about 7, attained on average by the samples during the undrained shear. The es-
timated pore pressure at the mid height of the sample over the shearing stage is
compared with the measured one on samples 1, 2 and 3 respectively in Figure 3.13.
The excess pore pressure measured at the bottom of sample 5 tested with modified
end platens is also reported for the sake of comparison.
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Figure 3.13: Excess pore pressure measured at the bottom and estimated at the mid height for (a)
sample 1, (b) sample 2 and (c) sample 3 sheared with standard end platens and different height to
diameter ratio
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The estimated difference in the excess pore pressure between the bottom and
the mid height of the sample at the end of the test is about 7 kPa for 𝐻 ⁄𝐷 =1.5-
2, and 3 kPa for 𝐻 ⁄𝐷 =2.5. The corrected pore pressure for the sample tested
with rough platens well matches the measured one at the bottom of sample 5
tested with modified smooth platens. The estimated pore pressure at mid height
is used to correct the stress path followed by the samples. The results are shown
in Figure 3.14, compared to the stress paths calculated with the measured pore
pressure at the bottom.
The correction results in a horizontal translation of the calculated stress paths, which
tend to become closer to the stress path calculated from the test with modified end
platens (sample 5). The applied correction does not modify the computed deviatoric
stress but allows to reduce significantly the error introduced by the overestimation
of the excess pore pressure at the bottom of the sample on the derivation of the
ultimate stress ratio when standard end platens are used. The benefits are visible
in Figure 3.15 where the pore pressure parameter, 𝑎 (Wood, 1990) is computed
from the corresponding stress path as:

𝑎 = − Δ𝑝
Δ𝑞 (3.8)

Over the entire stress path, the response moves from a contractive regime, 𝑎>0,
asymptotically towards a dilatant regime, 𝑎<0 passing through the condition 𝑎=0
for a stress ratio which identifies the critical stress ratio, 𝑀 . As displayed in Fig-
ure 3.15 if the pore pressure measured at the bottom of the sample is used to
calculate the stress path, the result is a non-negligible overestimation of the critical
stress ratio. Sample 1 and sample 2 attain the condition 𝑎=0 for a stress ratio
𝜂 =2.4 and 𝜂 =2.2 respectively. However, if the estimated pore pressure at the
mid height of the sample is used in the attempt to remove end restraint effects,
the new stress paths intersect 𝑎=0 for 𝜂 =1.75=𝑀 which coincides with the ulti-
mate stress ratio calculated from sample 5 and 6 tested with modified end platens
(Figure 3.10(a)).
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Figure 3.14: Stress path calculated with the measured pore pressure at the bottom of the sample and
with the estimated one at the mid height for (a) sample 1, (b) sample 2 and (c) sample 3
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Figure 3.15: Pore pressure parameter corresponding to the stress path calculated with the measured
pore pressure at the bottom of the sample and with the estimated pore pressure at the mid height for
(a) sample 1 and (b) sample 2

3.6. CONCLUSIONS

A n experimental investigation on the end restraint effects was proposed to over-
come a series of misconceptions on the derivation of shear strength parameters

from undrained compression tests on peat. Paradoxically, despite the past efforts
to study the end restraint effects on classic inorganic soils, scarce attention had
been given to the implications of this issue in the elaboration of triaxial data from
samples of soft soils such as peats. Exceptional compressibility combined with high
friction angles increase the severity of non-uniformities in stresses and strains with
potential relevant differences between the derived sample behaviour and true ma-
terial behaviour. To reveal the end restraint influence on the results, repeatable
reconstituted samples were tested. Big fibres were eliminated in order to rule out
the additional confining effect, which is typically claimed to be responsible of the
exceptionally high observed friction angle.

Experimental results from triaxial compression tests with standard rough and
modified smooth end platens showed dramatic effects on both the volumetric and
deviatoric response of the reconstituted peat. For specimens tested with rough end
platens, the shorter the sample, the higher the excess pore pressure measured at
the bottom of the samples. Only for slender specimens, with height to diameter ra-
tio equal to 3, the results were close to the ones obtained with smooth end platens.
The same result was found for the deviatoric stress-strain response with higher
deviatoric stresses at failure for rough end platens, which demonstrates that end
restraint must be cautiously accounted for when undrained shear strength values
are derived from standard tests on peats. The implications in terms of the esti-
mated ultimate friction angle are dramatic, with 𝜑 passing from 43° for samples
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tested with modified end platens to 55° for samples with the standard height to
diameter ratio 2 and rough end platens.

A simple comparison with a 𝐾 triaxial path allowed to confirm the validity of the
simplified Jaky’s relationship, linking 𝐾 to the “true” friction angle of the tested re-
constituted peat. The 𝐾 value derived from the test performed with active control
of null radial strains well matches the value obtained by means of Jaky’s formula
from the undrained triaxial tests with smooth end platens. The same result holds
for samples tested with rough end platens if the effects of end restraint on the pore
pressure distribution are corrected for.

A simple procedure was outlined to estimate the excess pore water pressure at
the mid height of the sample when the only pore pressure measurement is taken at
the bottom of the sample and rough end platens are used. By calculating the rep-
resentative stress path with the corrected pore pressure, most of the end restraint
effect can be ruled out, with clear benefits on the estimated volumetric response
and on the ultimate shear strength.

This study allows overcoming common doubts on the reliability of the triaxial
tests for investigating the shear behaviour of peats. The peculiar characteristics of
these soils require paying special attention in correcting the data for the drawbacks
of standard experimental procedures. To obtain reliable information in a direct way
from measured data, smooth end platens, which improve stresses and strains uni-
formity, and pore pressure measurements at mid height of the sample are highly
recommended. When standard equipment with rough end platens is available,
sample with an initial height to diameter ratio above 2 is strongly suggested. In
addition, the simple procedure outlined in this work to correct the pore pressure
measured at an end of the sample can be exploited to infer the correct stress path.
The procedure requires an accurate measurement of the water content profile at
the end of the test, and a reasonable estimate of the hydraulic conductivity of the
peat in the relevant stress and strain range. Accompanying standard tests with an
actively controlled 𝐾 stress path is recommended to clarify the “true” response
of peats, as the kinematic constraint on null radial strains rules out end restraint
effects.
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LIST OF SYMBOLS

𝐻 sample height
𝑉 sample volume
𝐻 initial sample height
𝐷 initial sample diameter
𝑉 initial sample volume
𝐻 sample height at failure
𝐷 sample diameter at failure
𝐺𝑠 specific gravity
𝑂𝐶 organic content
𝑒 void ratio
𝑤 water content
𝑤 average water content along the sample height at the end of the test
𝑀 mass of water
𝑀 mass of water at the mid height of the sample before shearing
Δ𝑀 change of mass of water
𝜌 density of water
𝛾 unit weight of water
𝑔 gravity acceleration
𝑘 hydraulic conductivity in the vertical direction
𝑞 internal flow rate
𝐴 cross sectional area
𝐹 axial force
𝛿𝐴 increment of cross sectional area over deviatoric strain
𝛿𝐹 increment of axial force over deviatoric strain
𝜀 axial strain

̇𝜀 axial strain rate
𝜀 volumetric strain
𝜀 deviatoric strain
𝜎 vertical effective stress
𝐾 lateral pressure ratio
𝐾 coefficient of earth pressure at rest
𝐺 secant shear stiffness
𝜎 axial effective stress
𝑝 mean effective stress
𝑝 pre-consolidation mean effective stress
𝑝 mean effective stress at the beginning of shear
𝑞 deviatoric stress
𝛿𝑞 increment of deviatoric stress over deviatoric strain
𝜂 stress ratio
𝜂 ultimate stress ratio
𝑀 critical stress ratio
𝜑 friction angle
Δ𝑢 excess pore pressure
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Δ𝑢 , difference of pore pressure between the bottom and the mid height of the
sample

Δ𝑝 change in the mean effective stress
Δ𝑞 change in the deviatoric stress
𝑎 pore pressure parameter
𝛽 inclination of the dead zone with respect to the horizontal
𝐿 extension of the free failure zone
𝑡 time
𝑡 time at failure
Δ𝑡 time interval
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4.1. ABSTRACT

C onstitutive models for soils are developed and validated against laboratory tests
assuming these give representative information on the true material behaviour.

However, data from standard laboratory tests reflect the sample response rather
than the true material behaviour, due to non-uniformities in stresses and strains
generated over the experimental test. The work examines the implications of end
restraint on the definition of the stress-dilatancy rule of highly compressible soils
with a finite element numerical approach. The numerical model replicates a recon-
stituted peat, typically characterised by a combination of high compressibility and
high friction angle, which increases the severity of end restraint effects. Simulated
results show that the global measurements from standard triaxial tests with rough
end platens would not give the proper stress-dilatancy rule, if they were interpreted
as the response of a single soil element at the constitutive level. Both overestima-
tion and underestimation of the true dilatancy compared to the material response
can be observed, depending on the deformation mode. To support the validity of
the numerical results, experimental findings from drained triaxial tests on recon-
stituted peat are presented. Practical indications are given on how the standard
interpretation of drained triaxial tests data on peats can be improved.
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4.2. INTRODUCTION

D esign and assessment procedures in many geotechnical applications require
reliable constitutive models to describe the behaviour of the soil adequately.

Constitutive models are usually developed and validated based on experimental
laboratory tests, typically from triaxial tests. Passing from the laboratory scale to
the constitutive equations, it is often assumed that the experimental test can be in-
terpreted as a soil element test, thus representing the true material behaviour. This
way of reasoning implicitly assumes that pore pressure, stresses and strains distri-
butions are uniform within the sample. However, the boundary conditions imposed
to the sample with standard laboratory devices may be far from being uniform.

Non-uniformities are introduced on the sample due to multiple factors. A first
level of complexity and uncertainty comes from the assumption of uniform pore
pressure both in drained and undrained tests when a finite loading rate is applied
to soils with low hydraulic conductivity (Gibson & Henkel, 1954; Blight, 1965; Carter,
1982). The result is a spurious rate effect, which is not due to time-dependent be-
haviour (i.e. creep), but simply comes from the coupled hydro-mechanical response
(Herle & Kolymbas, 2004). This problem is compounded when considering the ef-
fects of rough end platens usually employed in standard triaxial tests. Systematic
attention has been given to investigate the effects of end restraint on the shear
strength of both sands and clays since the 1960’s, after the pioneering work of Tay-
lor (1941). Despite the general agreement on that non-uniform conditions make
the stress-strain quantities based on averaged external measurements hardly rep-
resentative of the actual state of the soil in the shear zone, still some disagreement
persists in quantifying their effect on the derivation of the shear strength parame-
ters. Olson & Campbell (1964) and Bishop & Green (1965) came to the conclusion
that a height to diameter ratio 𝐻/𝐷=2 considerably minimises the effects of end
restraint on the shear strength from tests on sodium-kaolinite and Ham river sand,
respectively. However, the conclusion is not confirmed by the dedicated experi-
mental work of Shockley & Ahlvin (1960) and Kirkpatrick & Belshaw (1968), who
measured significant non-uniformities in the stresses and strains fields of sand sam-
ples having 𝐻/𝐷 ranging from 2 to 2.3. Significant end restraint effects leading to
an overestimation of the shear strength were recently found by Kodaka et al. (2007)
on normally consolidated rectangular specimens of Fukakusa clay tested in a triax-
ial apparatus with rough ends. More consensus is found on the influence of end
platens on the volumetric behaviour upon shear. The shear stresses at the top
and the bottom of the sample generated by rough end platens confine the lateral
displacements to the central portion of the sample, thus preventing high degree
of uniformity in stresses and strains. This typically results in higher tendency to
dilate for samples tested with smooth end platens (Shockley & Ahlvin, 1960; Rowe
& Barden, 1964; Lee & Seed, 1964). However, the experimental investigation to
evaluate the effects of rough end platens on the volumetric strain gradient at failure
for a quartzy sand and reconstituted loess by Feda et al. (1993) concluded that no
significant effects could be observed.

The predominant attention to the effects of end restraint on the shear strength
of soils from the experimental viewpoint is also reflected in several numerical con-
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tributions to the problem. Non-uniformities in terms of pore pressure, stresses and
strains distributions were observed from the results of FE analyses by Carter (1982),
Airey (1991), Macari-Pasqualino et al. (1994), Asaoka et al. (1994) and Kodaka et al.
(2007). The contributions of Schanz & Gussman (1994) and recently Jeremić et al.
(2004) reported an increase in the shear strength with increasing end restraint for
elastic-perfectly-plastic constitutive models. A noticeable step forward was done
by Sheng et al. (1997), who discussed the implications of the end restraint on the
global behaviour of soil samples. By comparing the response from global stresses-
strains quantities with that at the element scale in FE analyses, Sheng et al. (1997)
clearly showed the limitations in obtaining any information directly ascribable to the
material behaviour from conventional triaxial tests. They also demonstrated that
the effects of non-uniformities on the analysis of stress-strain and strength prop-
erties of the soil also depend on how the global stresses and strains are computed
from triaxial tests data.

Despite the significant attention dedicated to the study of end restraint on the
observed soil response and the numerical contributions which followed, the vast
majority of these was devoted mainly to clarify their impact on the shear strength
parameters and pore water pressure distribution. However, misconception intro-
duced by disregarding the end restraint effects on the stress-dilatancy relationship
of soils, hence on the description of the pre-failure behaviour, has not been tackled
systematically. The importance of a correct description of the plastic deformation
mechanism at failure in soils (i.e. flow rule) has been shown numerically by Potts &
Gens (1984), Gens & Potts (1988) and Lagioia & Panteghini (2014), among others.
However, the impact of different choices for the flow rule on the performance of
constitutive models for soils can be extremely important especially in reproducing
the pre-failure response.

The philosophy of the work is to provide an insight into the implications of end re-
straint on the standard derivation of the stress-dilatancy relationship for soils having
very high compressibility together with high friction angle, such as organic clays and
peats. To this end, a series of finite element analyses has been carried out by em-
ploying the simple modified Cam clay model, MCC (Roscoe & Burland, 1968). The
analyses were run to support an experimental programme aimed to characterise the
stress-strain behaviour of peat samples. The high compressibility, combined with
high friction angles, makes the geotechnical description of peats extremely chal-
lenging (Adams, 1961; Oikawa & Miyakawa, 1980; Landva & La Rochelle, 1983;
Yamaguchi et al., 1985b; Farrell & Hebib, 1998; Kanmuri et al., 1998; Edil & Wang,
2000; Cola & Cortellazzo, 2005; Hendry et al., 2012). Both these aspects magnify
the effects of end restraint on the failure and pre-failure responses, with peat sam-
ples experiencing volumetric and deviatoric strains not comparable with any other
classical soil (Den Haan & Feddema, 2013; Zhang & O’Kelly, 2014).

The effects of rough end platens are quantified in terms of stress-dilatancy rule
for different radial paths at constant stress ratio 𝜂, involving both lateral contraction
and expansion, by elaborating the results from FE analyses replicating actual tri-
axial tests. The difference between the pre-failure stress-strain behaviour derived
from global measurements, as conventionally done with triaxial tests data, and the
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“true” material response of the soil is highlighted. Results from reconstituted peat
samples tested in triaxial apparatus with rough and smooth end platens are pre-
sented, to substantiate the relevance of this experimental aspect on the observed
response, and to quantify the error introduced in the stress-dilatancy relationship by
neglecting the stress inhomogeneities due to the geometrical constraint. Eventu-
ally, a suggestion is given to start reducing the error coming from the experimental
constraint.

4.3. FINITE ELEMENT MODEL

T he aim of this work is to investigate the direct effect of end restraint on the
drained response of soils having high compressibility. Therefore, ideally drained

analyses were performed, disregarding the issues possibly raised in the interpre-
tation of experimental data by the low hydraulic conductivity typically shown by
these soils. In the practice, unless low displacement rates are adopted during the
test stages, significant pore pressure gradients are generated, which cannot be
disregarded in the interpretation of drained as well as undrained tests (Barden &
McDermott, 1965; Carter, 1982; Sheng et al., 1997).

4.3.1. Constitutive model of the soil

C oupled hydro-mechanical analyses were set up with the ABAQUS standard finite-
element code (Hibbitt et al., 2009). In these analyses the available Modified

Cam-Clay model was adopted to preliminary analyse the response of the soil sample.
The properties used to describe the material behaviour are reported in Table 4.1,
where 𝜆 and 𝜅 are the slopes of the normal consolidation and unloading-reloading
lines respectively, 𝑒 is the void ratio at a mean effective stress 𝑝 =1 kPa, and 𝑀 is
the critical stress ratio. In the first set of analyses, 𝑀 is set equal to 𝑀 under the
simplifying assumption of associated flow rule. The parameters are based on the
results of triaxial tests performed on reconstituted peat samples adopting smooth
end platens. A hypo-elastic law, with constant Poisson’s ratio, 𝜈, was adopted in
order to avoid the unrealistic dilatant response given at low stresses by a constant
shear modulus G. The shape of the yield surface on the deviatoric Π plane is cho-
sen in order to properly reproduce the differences in the ultimate deviatoric stress
experimentally observed along different stress paths, at the same time avoiding
the tensile zones which would be encountered with a von Mises’ criterion (𝐾=1) for
materials having high friction angle (Hibbitt et al., 2009). The resulting shape of
the yield locus on the Π plane is sketched in Figure 4.1.

4.3.2. Boundary conditions and applied stress paths

T he cross-section of the sample, having a radius equal to 19 mm (x coordinate)
and a height of 76 mm (y coordinate), was discretized with 1444 8-node bi-

quadratic axis-symmetric elements with bi-linear pore pressure interpolation and
reduced integration (CAX8RP) (Figure 4.2(a)). Drainage is allowed from both the
top and the bottom. To simulate conventional triaxial apparatus where rough porous
stones are in contact with the sample, the horizontal displacements at these two
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Table 4.1: Model parameters used in the numerical simulations

Parameter Units Numerical value
𝜅 (-) 0.3
𝜆 (-) 2.0
𝜈 (-) 0.2
𝑝 (kPa) 1.0
𝑒 at 𝑝 (-) 10.4
𝑀 =𝑀 (associated plasticity) (-) 1.75
Shape factor 𝐾 of the yield locus on the Π plane (-) 0.778

K=1

K=0.778

s’
3

s’
1

s’
2

Figure 4.1: Shape of the yield locus on the deviatoric plane for =0.778 (chosen value) and =1
(von Mises)

boundaries were constrained. The hypothesis of null radial displacements at the
top and bottom of the sample which may seem way too conservative for classical
inorganic soils, was experimentally verified by Yamaguchi (1992) for natural peat
samples in standard drained triaxial compression tests. However, significant con-
straint to the radial displacements is offered by O-ring sealing the rubber membrane
at the extremities of the sample even if lubricated end platens, which have the same
diameter as the specimen, are adopted (Sheng et al., 1997).

Different radial stress paths were imposed by defining stress time histories
on the top and external boundaries. Seven radial paths, at constant stress ratio
𝜂=𝑞/𝑝 , where 𝑞 is the deviatoric stress and 𝑝 is the mean effective stress, were
simulated, after isotropic compression up to 𝑝 =35 kPa followed by isotropic un-
loading to 𝑝 =15 kPa, giving an 𝑂𝐶𝑅=𝑝 /𝑝 =2.3. The deviatoric stress was then
increased at constant 𝑝 until a pre-defined stress ratio. Eventually, radial stress
paths were simulated up to 𝑝 =100 kPa (Figure 4.2(b)).
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Figure 4.2: Sketch of the triaxial specimen and summary of the boundary conditions in the finite element
model (a); (b) stress history imposed to the specimen in the numerical analyses

4.3.3. Stresses and strains variables

T o provide a replica of the typical information coming from laboratory tests, global
stress-strain quantities were calculated by elaborating the results of the FE anal-

yses with the same corrections applied to the experimental data from triaxial tests.
For the case of rough end platens the samples do not maintain their original aspect
ratio (i.e. right cylinder), but either bulge or assume a hourglass shape depending
on the imposed stress path. In both cases, in the absence of local measurements
(i.e. local displacements transducers), different cross-sectional area corrections can
be applied to compute the current axial stress and the representative radial strain.
A detailed description of the possibilities for the area correction, depending on the
available measurements, is provided by Ehrgott (1971). In this study the global ra-
dial stress is assumed to be equal to the applied cell pressure (Sheng et al., 1997;
Praastrup et al., 1999), while the global axial stress has been computed by dividing
the axial force measured at the top of the specimen by four different choices for
the cross sectional area, namely:

a) nominal area: current contact area at the top of the specimen;

b) volumetrically equivalent right cylinder;

c) average between a) and b);

d) area at 9/10 of the height of the sample.

The latter two choices were suggested by Sheng et al. (1997) based on a careful
comparison between the global stresses and the local stresses at the element scale,
from the results of FE analyses of standard drained and undrained triaxial compres-
sion tests. In practice, the most appropriate area correction should be chosen on
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the observed specimen geometry and measurements at the end of the test (Ger-
maine & Ladd, 1988), which reduces the degree of arbitrariness on the possible
choices. However, all the four possibilities were considered in the numerical exer-
cise.
Geometrical non-linearities were accounted for in the FE model, and natural strains
were used in the material description (Ludwik, 1909; Hencky, 1928). The incon-
sistency and severe shortcomings in elaborating triaxial tests by adopting linear
engineering strains have been discussed by Praastrup et al. (1999), and great care
must be taken in elaborating triaxial tests on peats, especially in drained condi-
tions, due to the large displacements experienced by peat samples (Den Haan &
Feddema, 2013; Zhang & O’Kelly, 2014). Natural strains were chosen as they imply
the validity of the additive principle in equation 4.1 at large strains as well as at
small strains. The global axial strain in equation 4.2 has been calculated from the
current height of the sample while the volumetric strain from the volume change of
the sample throughout the analyses. Positive compressive stresses and strains are
assumed. As done in the current practice in the absence of direct measurement
of radial displacements, the deviatoric strain has been computed from the mea-
surement of the volume change, giving the volumetric strain 𝜀 , and of the axial
displacement, related to the axial strain 𝜀 :

𝜀 = 𝜀 + 2𝜀 = ln 𝑉
𝑉 (4.1)

𝜀 = 𝜀 −
𝜀
3 = ln 𝐻

𝐻 − 1
3 ln 𝑉

𝑉 (4.2)

where 𝐻 and 𝑉 are the height and the volume of the sample (𝐻 , 𝑉 the initial
values).
Dilatancy is defined as

𝑑 = 𝛿𝜀
𝛿𝜀 (4.3)

or equivalently (Wood, 1990) by

tan 𝛽 = 𝛿𝜀
𝛿𝜀 (4.4)

where 𝛿𝜀 and 𝛿𝜀 are the volumetric and deviatoric plastic strain increments,
respectively. The plastic strains were calculated step by step as the difference be-
tween the total and the elastic strains. It is worth noting that the use of large
strains introduces further non linearity in the elastic components of strains. How-
ever, the use of standard description for the elastic strain component albeit with
a logarithmic measure of the strain is substantiated by literature data (Den Haan,
1996; Den Haan & Feddema, 2013).
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4.4. NUMERICAL RESULTS
4.4.1. Representative cross sectional area

A possible way to discern the representativeness of the different methods for the
area correction is to compare the resulting computed sample stress-strain re-

sponse behaviour when rough end platens are adopted with the “true” material
behaviour. Figure 4.4 presents the comparison in terms of deviatoric stress-axial
strain for two radial paths at 𝜂=0.35 and 𝜂=1.40, respectively below and above the
𝐾 line (𝜂 =0.84 for the MCC with the parameters in Table 4.1).
It is often assumed that referring to the central portion of the sample, which is
the farthest from the boundaries, minimises the effects of end restraint. Actually,
this holds true for radial paths with 𝜂<𝜂 , where the lateral contraction results in
a rather uniform deformation around the mid-height of the sample (Figure 4.3).
However, for stress paths above 𝐾 this is not the case, due to the kinematic de-
formation mechanism showing significant bulging of the sample (Figure 4.3).

e
a
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0.0e+00

h=0.35 h=1.40Undeformed

Figure 4.3: Contour plots of the axial strain from the numerical analyses: undeformed configuration and
deformed configuration for radial paths with =0.35 and =1.40

The result is a lateral expansion of the external portions of the sample, around
the mid height (Figure 4.3), which hardly participate to the axial load transfer mech-
anism. In the latter case, the significant stress gradient in the radial direction makes
the assumption on the central portion of the sample close representing the material
behaviour unrealistic.

The results in Figure 4.4(a) show that the traditional correction with a volu-
metrically equivalent right cylinder tends to overestimate the stress response for a
given axial strain over radial paths lying below the stress ratio corresponding to 𝐾 .
Good agreement is found by using the average between the nominal area at the
top of the sample and the equivalent cylinder. However, for radial paths above the
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Figure 4.4: Comparison between the deviatoric stress-axial strain response after the four different cross
sectional area corrections considered and the material response from smooth FE simulations for radial
paths with (a) =0.35 and (b) =1.40

𝐾 condition, the same correction suffers similar problems as the equivalent right
cylinder correction, due to an overestimation of the effective cross section area.
This drawback was pointed out already by Sheng et al. (1997) from the simula-
tion of the shearing stage of standard undrained triaxial tests. For the radial path
at 𝜂=1.40, above the stress ratio corresponding to the 𝐾 condition, choosing the
cross sectional area at 9/10 of the height of the sample from the FE analyses re-
sults in the closest representation of the material behaviour (Figure 4.4(b)). Based
on these observations, in the following discussion the results will be presented by
correcting the area in two different ways, depending on the stress ratio, 𝜂:

a) average between the nominal area and the volumetrically equivalent right
cylinder for radial paths with 𝜂<𝜂 ;

b) area at 9/10 the height of the sample for radial paths with 𝜂>𝜂 .

4.4.2. Stress-dilatancy relationship

T he stress-dilatancy relationship (equation 4.3) obtained by elaborating the FE
analyses results at the sample level (global quantities) is reported in Figure 4.5.

The “true” material behaviour, as modelled by the MCC, is displayed for the sake
of comparison, together with numerical results of tests replicating the response
of samples ideally tested with perfectly smooth bases. These allow validating the
numerical model before analysing the effect of end restraint.

The shear stresses generated at the top and the bottom of the sample tend to
reduce the lateral contraction and expansion compared to smooth conditions. For
radial paths below 𝐾 , higher deviatoric strains are expected at a given axial stress
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Figure 4.5: Stress-dilatancy relationship - from the FE results at the sample level (global quantities)
for both smooth and rough end platens compared to the input MCC law

while the opposite occurs for radial paths above 𝐾 . Consistently, the numerical
results in Figure 4.4 underestimate the dilatancy for the stress paths below 𝜂 and
overestimate it for radial paths which imply lateral expansion. It is worth observing
that the lowest discrepancy between the dilatancy derived at the sample scale and
the material dilatancy occurs for a stress path corresponding to 𝐾 (𝜂 =0.84).
Strictly speaking, it is only along a stress path implying zero lateral displacement that
the end restraint effect is minimised and the true material behaviour is theoretically
recovered. In Figure 4.5 the result for 𝜂=0.84 slightly differs from the expected one,
due to the previous loading history simulated in the analyses (isotropic loading and
unloading) which is responsible for the deviation due to a small irreversible end
restraint effect.

4.5. A MODELLING EXERCISE

I f the FE results in Figure 4.5 were processed as if they were representing the ma-terial behaviour, as typically done in processing experimental triaxial test data,
the stress-dilatancy relationship would be obtained by interpolating the points dis-
played in Figure 4.6 referred to as sample behaviour. Figure 4.6(a) shows that by
doing so, the derived stress-dilatancy relationship has a different shape compared
to the true one (indicated in the figure as material behaviour), and also that it
tends to overestimate the critical stress ratio 𝑀 for which 𝑑=0. In Figure 4.6(a)
the material behaviour obeys to the MCC with 𝑀 =1.75 while the sample behaviour
approaches null dilatancy for 𝑀 =2. The difference between the inclination of the
plastic strain increment vectors, Δ𝛽, predicted by the sample behaviour compared
to the material behaviour is displayed in Figure 4.6(b) as a function of the stress
ratio. Both overestimation and underestimation of the inclination were found for
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low and high stress ratios respectively, in the order of 2° and -8°.
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Figure 4.6: Stress-dilatancy relationship (a) and (b) inclination of the plastic strain increment vectors
obtained by fitting the results of radial paths from conventional triaxial tests with rough end platens

Figure 4.7 reports the deviatoric stress-strain response along two radial paths
at 𝜂=0.35 and 𝜂=1.40 predicted by using the stress-dilatancy relationship from the
sample behaviour and material behaviour in Figure 4.6(a) on a soil element. For
radial paths below the 𝐾 (Figure 4.7(a)), far from the failure conditions, misinter-
preting the material flow rule results in overestimating the strains for a given stress
level. On the contrary, for radial paths close to the failure state, and in general
above 𝐾 , (Figure 4.7(b)) the sample behaviour overestimates the deviatoric stress
for a given strain level compared to the material behaviour. The difference may
reach non-negligible values, with remarkable implications on the assessment of ul-
timate limit states. However, also a bias in the pre-failure deformation response
below the 𝐾 line would be introduced by misinterpreting the stress-dilatancy rela-
tionship, which might influence serviceability limit states assessment.

4.6. EXPERIMENTAL EVIDENCE

T he numerical results offer the possibility for a critical evaluation of experimental
tests aimed to describe the failure and pre-failure response of peats. Dedicated

experimental tests were performed to effectively quantify the influence of end re-
straint on the observed response of peat samples. Reconstituted samples were
chosen to minimise the heterogeneity of natural peats. The reconstituted sam-
ples were prepared by mixing the natural material with demineralised water to a
slurry with water content of 855%, corresponding to 1.4 times the liquid limit. The
material was then consolidated in a floating consolidometer under a total vertical
stress of 10 kPa for 48 hours and eventually mounted in a GDS triaxial apparatus.
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Figure 4.7: Comparison between material and sample behaviour as predicted from a single element test
based on the results from triaxial tests with rough end platens for two radial paths: (a) =0.35 and (b)
=1.40

A suction cap was used to assure perfect contact between the load cell and the
top cap. The volume change and the axial displacement were recorded with a dig-
ital pressure/volume controller and an external linear transducer. Relevant index
properties of the samples are reported in Table 4.2, together with the isotropic pre-
consolidation stress at the start of the test, 𝑝 , the isotropic stress at the end of the
test, 𝑝 , and an indication of the stress path followed during each test. The specific
gravity, 𝐺𝑠, and the organic content, 𝑂𝐶, were determined in accordance with the
D5550-14 (2014) and the D2974-14 (2014).

Table 4.2: Index properties of the tested specimens and relevant stress levels

Sample 𝐺𝑠 𝑒 𝑂𝐶 𝑝 Path 𝑝 �̇�
(-) (-) (-) (kPa) (kPa) (mm/min)

Sample 1 1.52 9.80 0.91 8 Isotropic 74 0.003
Sample 2 1.51 10.41 0.92 8 Isotropic 100 0.002
Sample 3 1.50 10.31 0.91 8 𝐾 70 0.008
Sample 4 1.46 9.65 0.91 32 Mixed 43 0.003

The testing programme consisted of a series of drained triaxial tests, including
multiple stress paths which allowed to explore different loading conditions. The
nominal dimensions of the specimens were 50 mm in diameter and 100 mm in
height. All the tests were performed under stress control assuring limited excess
pore pressure generation due to the loading rate. To accelerate the consolidation
process, lateral filter paper strips were used, with free lower ends to avoid introduc-
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ing lateral constraint. The resulting average axial displacement rate, �̇� , reported in
Table 4.2, is approximately ten time lower than that required to guarantee a degree
of dissipation of pore pressure of 95% (Blight, 1963).

Sample 1 and sample 2 were isotropically compressed up to 𝑝 =74 kPa and
𝑝 =100 kPa, while a 𝐾 -consolidation test was performed on sample 3 up to 𝑝 =70
kPa (Figure 4.8(a)). The 𝐾 compression test was performed with a radial stress
ramp with volume change and axial displacement back measurement allowing for
automatic adjustment to guarantee negligible radial strains. Sample 4 was firstly
isotropically consolidated up to a mean effective stress 𝑝 =32 kPa and subsequently
isotropically unloaded to give an initial overconsolidation ratio 𝑂𝐶𝑅=𝑝 ⁄𝑝 of about
2. The final shearing stage consisted in a series of mixed isotropic and deviatoric
loading steps as summarised in Figure 4.8(b). On the sample 2 the end restraint
effects were limited by interposing a perforated plastic disk and a perforated nitrile
membrane 0.1 mm thick between the filter paper and the sample.
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Figure 4.8: Experimental isotropic stress paths and -consolidation (a) and (b) mixed isotropic-
deviatoric path

4.6.1. Isotropic response

T he results obtained from the isotropic compression on sample 1 and sample 2
are displayed in Figure 4.9(a) and Figure 4.9(b). To evaluate the deformation

response of the samples, the isotropic compression was performed by controlling
separately the axial and the radial stresses, and measuring the axial displacements
and the volume change separately. In Figure 4.9(a) the incremental volumetric over
axial strain ratio 𝛿𝜀 /𝛿𝜀 , is given as a function of the mean effective stress.

If the sample response were perfectly isotropic, the incremental strain ratio
would be equal to 𝛿𝜀 /𝛿𝜀 =3. At the beginning of the compression stage the
experimental ratio is higher due to the re-orientation of the initial fabric, created
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Figure 4.9: Incremental volumetric over axial strain ratio (a) and (b) inclination with respect to the
horizontal of the plastic strains increment vectors during isotropic compression of reconstituted peat
samples with rough and smooth end platens

during the 1-D preparation in the consolidometer tube under a small vertical stress
and no lateral strain. However, the asymptotic ratio is of relevance to quantify the
effect of the kinematic constraint imposed by the end restraint.
For sample 1, tested with rough end platens the incremental ratio between the volu-
metric and axial strain attains a value lower than that corresponding to the isotropic
response. The result is due to the shear stresses between the soil sample and the
porous stones, which constrained the lateral contraction during isotropic compres-
sion, hence inducing non-null deviatoric strain. The corresponding impact on the
stress-dilatancy rule is reported in Figure 4.9(b), which shows that the inclination
of the plastic strain increment vectors is about 6° to the horizontal. However, the
observed inclination of the plastic strain increment vectors cannot be ascribed to
an asymptotic anisotropic response, as the data on sample 2, tested with smooth
end platens, demonstrate. At increasing stress, the incremental strain ratio tends
to the expected value of 3 for the isotropic material response.
Previous tests in the literature (Yamaguchi et al., 1985a,b) indicate that natural
fibrous peats may exhibit inherent anisotropy due to the orientation of the big fi-
bres within the peat fabric (Landva & La Rochelle, 1983). However, the maximum
length of the fibres in the tested peat was 3 mm, and they were randomly dis-
tributed during the 1-D preparation procedure. After re-orientation of the fabric
from 1D to isotropic, the true material response appears to be isotropic as well
(sample 2 Figure 4.9(a)). However, the sample response is affected by the kine-
matic constraint at the top and the bottom, and eventually appears anisotropic. It
is worthwhile remarking that the FE simulation of the isotropic compression test
on a constrained sample of a material obeying the MCC model with the parameters
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reported in Table 4.1 gives a prediction of the incremental strain ratio which qualita-
tively reproduces the observed experimental response. The quantitative difference
between the inclination of the calculated and observed vectors is mostly due to the
choice for a MCC model to simulate the more complicated material behaviour of the
peat. Possible concomitant constraint provided by the connection of the external
membrane with the top cap may play a small role too, which was not accounted for
in the numerical analyses.

4.6.2. Deviatoric response

T he deviatoric response was investigated by means of the 𝐾 radial path (Fig-
ure 4.8(a)) and the mixed incrementally isotropic and deviatoric path on sample

4 (Figure 4.8(b)) where rough end platens were used. The experimental data from
the different test stages were elaborated to give a comprehensive picture of the
stress-dilatancy rule, as it appears from the sample behaviour (Figure 4.10).
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Figure 4.10: Stress-dilatancy relationship derived from the experimental results on sample 4 with rough
end platens

Following the same approach described for the elaboration of the data in Fig-
ure 4.6(a), the experimental data from sample 4 are interpolated to give the sample
𝑑-𝜂 behaviour. To fit the experimental results in Figure 4.10, the generalised flow
rule proposed by McDowell & Hau (2003) is adopted. The adopted equation allows
high flexibility in the shape of the stress-dilatancy rule through the coefficient 𝜒,
though keeping the formulation extremely simple. It is worth remarking that the
same formulation has been used by Ohmaki (1982), Alonso et al. (1990) and Yu
(2007), among others. The stress dilatancy rule reads:

𝑑 =
𝑀 − 𝜂

𝜒𝜂 (4.5)
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To interpolate the experimental data, the critical stress ratio was set equal to the
asymptotic stress ratio reached by sample 4, 𝑀 =𝜂=𝜂 =2.57 (Figure 4.8(b)) and
the shape factor to a value 𝜒=3.5.

4.7. DISCUSSION

B ased on the numerical results reported before, it is expected that the 𝑑-𝜂 values
in Figure 4.10 lie below the true material response for 𝜂<𝜂 and above it for

𝜂>𝜂 . Also, the critical stress ratio of the material should be lower than the one
elaborated from the triaxial tests with rough end platens. Despite the true 𝑑-𝜂 rule
for the tested peat not being known, in principle it must satisfy three conditions:

i) 𝑑→∞ for 𝜂=0, due to the observed isotropic response in isotropic compression
(Figure 4.9(a));

ii) 𝑑= observed 𝑑 for 𝜂=𝜂 , as a 𝐾 path rules out the end restraint effect;

iii) 𝑑=0 for 𝜂=𝑀 , where 𝑀 gives the critical stress ratio.

Based on these constraints and exploiting the fundamental information on 𝐾 com-
ing from the experimental tests, the modelling exercise presented in the previous
section is further exploited in an attempt to clean the experimental data from the
effect of the end restraint. The calculated lateral pressure ratio derived from the
experimental data along the radial path on sample 3 allows to define a value of
𝐾 =0.33 for the tested peat, in the range indicated by previous findings (Den Haan
& Kruse, 2007; Edil & Wang, 2000; Hayashi et al., 2012). The critical stress ratio
determined from the undrained triaxial test with smooth end platens (TxCU) for this
peat, 𝑀 =1.75 (Table 4.1), gives a friction angle 𝜑 ≅43°. According to the simpli-
fied Jaky’s formula (Jaky, 1948), 𝐾 ≅ 1 − 𝑠𝑖𝑛𝜑 , the corresponding 𝐾 value would
be 𝐾 =0.32, which well matches the value determined from the 𝐾 triaxial test. If
the ultimate stress ratio 𝜂 =2.57 derived from sample 4 (Figure 4.8(b)) was used
as critical stress ratio, a much lower value 𝐾 =0.1 would be obtained, in contrast
to the experimental result on sample 3.

Equation 4.5 is now used to propose a stress-dilatancy relationship which satis-
fies the three conditions above. The value of 𝜒 is chosen in such a way that the flow
rule predicts zero lateral strain for a stress path corresponding to the 𝐾 condition
expressed through the Jaky’s simplified equation as

𝜂 =
3𝑀

6 − 𝑀 (4.6)

Along a 𝜂 radial path, the constraint of null radial strain implies

𝑑 = 3
2

𝜆 − 𝜅
𝜆 (4.7)

if the elastic component of the deviatoric strain is neglected for the sake of simplicity
(Alonso et al., 1990). Combining equations 4.5, 4.6, 4.7,
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𝜒 = 2
9

𝜆
𝜆 − 𝜅

𝑀 [(6 − 𝑀 ) − 9]
6 − 𝑀 (4.8)

With the compression indexes (𝜆=2.0, 𝜅=0.3) in Table 4.1 and the critical stress ra-
tio 𝑀 =1.75, a value of 𝜒=0.98 is found. The resulting stress-dilatancy relationship
is plotted in Figure 4.11(a), together with the experimental data from sample 3,
sample 4 and the TxCU test with smooth end platens. The data from the constant
deviatoric stress path “BC” and the portion of the path “CD” below the 𝐾 line (Fig-
ure 4.8(b)), lie below the model stress-dilatancy relationship. At increasing stress
ratio along the path “CD” the experimental results move to the right hand side of
the theoretical response consistently with the previous numerical findings.
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Figure 4.11: Proposed stress-dilatancy relationship for the tested reconstituted peat ruled out by the
end restraint effect (a) and (b) plastic potential derived from the sample behaviour and proposed plastic
potential

The experimental data on sample 4 intersect the proposed stress-dilatancy rule
for a stress ratio of 𝜂 =1.2, as expected. If the proposed stress-dilatancy law in
Figure 4.11(a) were assumed to represent the “true” material behaviour and the
experimental results were not corrected, an error on the inclination of the plastic
strain increment vectors would occur. The difference in inclination between the
“true” values and the values derived without correcting for the end restraint, Δ𝛽,
is in the range of 7° to -15° for low and high stress ratios respectively. This is
reflected in an appreciable change of the shape of the plastic potential, as shown
in Figure 4.11(b).
In the attempt to verify the validity of the proposed “true” material stress-dilatancy
function for the tested peat, the radial paths in Figure 4.2(b) have been reproduced
numerically, by simulating the triaxial test and including end restraint. Compared
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to the previous numerical results, only the 𝑑-𝜂 relationship was changed, by using
equation 4.5 with 𝑀 =1.75 and 𝜒=0.98. All the other parameters were kept as in
Table 4.1. As displayed in Figure 4.11(a), by using the proposed 𝑑-𝜂 relationship,
the sample behaviour observed from the experimental triaxial tests with rough end
platens was recovered. The agreement between the numerical results and the
experimental data is more than satisfactory for 𝜂<𝜂 . For radial paths above the
𝐾 line, the numerical results predict a higher dilatancy than expected based on
the material behaviour. However, the numerical results lie below the experimental
ones, with the latter tending to a higher value of ultimate stress ratio, which could be
ascribed to deviatoric hardening (Nova, 1977). By introducing the latter ingredient
in a constitutive model higher ultimate stress ratio could be reproduced.

4.8. CONCLUSIONS

A n experimental and modelling exercise was proposed to evaluate the effect of
triaxial tests issues in the derivation of the stress-dilatancy law. The effects of

the end restraint on the shear strength at failure obtained from triaxial compression
tests have been intensively investigated in the past, both experimentally and nu-
merically. However, inferring the correct stress-dilatancy relationship for the entire
pre-failure range is essential in view of deformation analyses and of serviceability
limit states assessment. So far, scarce attention has been given to the end restraint
effects on this fundamental ingredient of any constitutive model. The consequences
of end restraint on the derivation of the stress-dilatancy relationship are particularly
relevant for soft organic soils such as peats, where the high compressibility com-
bined with the high friction angle increases the non-uniformities in stresses and
strains within the sample during a standard laboratory test.

Experimental results from triaxial compression tests with rough and smooth end
platens showed the influence of the kinematic constraint on the deformation mode
of peat samples. End restraint plays a role at any stage of the test, which clearly
emerges from isotropic compression paths on isotropic samples. When rough end
platens were used in the experimental test, the strain response appeared as if were
anisotropic, with plastic strain increment vectors inclined of about 6° with respect
to the horizontal.

A series of finite element analyses of triaxial tests were run to highlight the dif-
ference between the material behaviour at the constitutive level and the sample
behaviour. The stress-dilatancy relationship reconstructed from global stress-strain
variables in the numerical analyses differs substantially from the material flow rule,
if rough end platens are introduced. In particular, the numerical results showed that
for radial stress paths below the stress ratio which corresponds to the 𝐾 condition,
the dilatancy is underestimated, while for radial path above 𝐾 it is overestimated.
Moreover, when the stress-dilatancy relationship is derived from global stress-strain
variables overestimation occurs of the critical stress ratio corresponding to null dila-
tancy. As a whole, the incorrect interpretation of the flow rule due to end restraint
effects may have relevant engineering implications on both serviceability and ul-
timate limit states, by overestimating the displacements or the shear strength for
loading paths below and above the 𝐾 condition, respectively.
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The analysis of the experimental and numerical data including rough end platens
allowed providing a practical approach to correct the interpretation of drained triax-
ial tests on peat, in an attempt to clean the observed data from end restraint effects.
Based on simple observations coming from a 𝐾 test in the triaxial apparatus and
undrained compression tests with smooth end platens, a corrected stress-dilatancy
relationship for the reconstituted peat could be proposed and numerically validated.
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LIST OF SYMBOLS

𝐻 sample height
𝐷 sample diameter
𝑉 sample volume
𝐻 initial sample height
𝐷 initial sample diameter
𝑉 initial sample volume
𝜆 slope of the isotropic normal compression line
𝜅 slope of the isotropic unloading-reloading line
𝜈 Poisson’s ratio
𝐺 shear modulus
𝐺𝑠 specific gravity
𝑂𝐶 organic content
𝑝 mean effective stress
𝑝 preconsolidation mean effective stress
𝑝 maximum mean effective stress applied in the triaxial apparatus
𝑞 deviatoric stress
𝑂𝐶𝑅 overconsolidation ratio
𝐾 coefficient of earth pressure at rest
𝜂 stress ratio
𝜂 stress ratio along a 𝐾 path
𝜂 asymptotic stress ratio
𝑀 stress ratio associated to the horizontal tangent of the yield locus
𝑀 stress ratio at critical state
𝐾 shape factor of the yield locus on the deviatoric Π plane
�̇� axial displacement rate
𝜀 axial strain
𝜀 radial strain
𝜀 volumetric strain
𝜀 deviatoric strain
𝛿𝜀 axial strain increment
𝛿𝜀 volumetric strain increment
𝛿𝜀 volumetric plastic strain increment
𝛿𝜀 deviatoric plastic strain increment
𝑑 dilatancy
𝛽 inclination to the horizontal of the plastic strains increment vectors
𝜒 coefficient for the stress-dilatancy relationship
𝜑 friction angle
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5. Modelling the deviatoric behaviour of peat: between limitations and

perspectives

5.1. INTRODUCTION

P revious research on the geotechnical response of peat has mainly focused on
the volumetric behaviour both from the experimental and the constitutive view-

points. Only few attempts to model the deviatoric behaviour of peat are reported,
despite this being crucial for most of the civil infrastructure as dykes and embank-
ments where peats serve as foundation layers. The first attempt to develop an
elastic-plastic model for the deviatoric behaviour of peat is due to Yamaguchi et al.
(1985b), based on the Modified Cam clay (Roscoe & Burland, 1968) coupled with an
experimentally based stress-dilatancy law. Following attempts include the applica-
tion of the Soft Soil Creep model and its anisotropic version (Den Haan & Feddema,
2013; Den Haan, 2014), a kinematic bubble model (Boumezerane, 2014) and the
elastic-plastic model by Li & Dafalias (2000) (Yang et al., 2016). All these differ-
ent attempts were capable to capture the ultimate state of peat detected in the
laboratory tests but with a significant overestimation of the stiffness in the devia-
toric stress-strain response. The implications are not negligible considering that the
design and the assessment criteria in many geotechnical applications where peats
are encountered, are ruled by serviceability limit states rather than ultimate limit
states. These considerations call for an adequate geotechnical description of the
pre-failure response of peat.

The vast majority of the previous models for the deviatoric behaviour of peat
have been developed and tested based on experimental results coming from triaxial
undrained compression tests. However, undrained tests pose severe limitations to
determine directly some of the main constitutive ingredients, such as the yield locus
and the stress-dilatancy relationship which rule not only the failure but especially
the pre-failure response of any elastic-plastic model. Another source of complexity
comes from end restraint effects (Olson & Campbell, 1964; Barden & McDermott,
1965; Duncan & Dunlop, 1968). As demonstrated in Chapter 3 and Chapter 4, end
restraint dramatically affects the apparent peat behaviour derived from standard
laboratory tests as triaxial apparatuses. Shear stresses at the samples extremities
when rough end platens are used contribute to increase the apparent shear strength
and to alter the plastic deformation response. The high compressibility and shear
strength of peats increase the severity of these problems with high non-uniformities
in stresses and strains due to the high strain levels attained by peat samples before
reaching failure (Rowe et al., 1984; Yamaguchi et al., 1987). From a modelling
viewpoint, this limits the possibility to interpret and model experimental results on
peats as element volume tests. Each experimental test should then be treated as
a boundary value problem.

This chapter summarises the results of experimental and modelling efforts to in-
terpret the observed experimental results from drained and undrained triaxial com-
pression tests on reconstituted peat samples with a simple elastic-plastic model. To
overcome the previous limitations, the constitutive ingredients of the model have
been explicitly derived from the experimental results of drained tests with multiple
loading directions. Particular attention has been given to the definition of yield sur-
face and the stress-dilatancy relationship. The adopted elastic-plastic constitutive
relationship was then introduced in a Finite Element code to model the experimen-
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tal tests as boundary value problems. The model predictions are verified against
triaxial tests which allow to highlight the current model capabilities and limitations.
Despite the good qualitative agreement with the experiments, the results confirm
the difficulty to describe the mechanical behaviour of peat in a constitutive frame-
work which does not account implicitly or explicitly for the matrix-fibres interaction
in the overall soil response. Rearrangement and realignment of the small fibres
present in the peat matrix introduce a directional response in the plastic deforma-
tion response and contribute to the observed shear strength for high deviatoric
strains.

5.2. EXPERIMENTAL PROGRAMME
5.2.1. Tested material and experimental methodology

R econstituted samples were chosen to minimise the heterogeneity of natural
peats. The reconstituted samples were prepared by mixing the natural ma-

terial, collected from the Leendert de Boerspolder site in the Netherlands, with
demineralised water to a slurry with water content of 855%, corresponding to 1.4
times the liquid limit. The material was then consolidated in a floating consolidome-
ter under a total vertical stress of 10 kPa for 48 hours and eventually mounted in
a GDS triaxial apparatus with back pressure and cell pressure volume controllers,
and a submersible 1 kN load cell. A suction cap was used to assure perfect contact
between the load cell and the top cap. Relevant index properties of the samples
are reported in Table 5.1, together with the isotropic pre-consolidation mean effec-
tive stress before starting shearing, 𝑝 , the mean effective stress at the start of the
shear, 𝑝 and an indication of the stress path followed during each test. The spe-
cific gravity, 𝐺𝑠, and the organic content, 𝑂𝐶, were determined in accordance with
the D5550-14 (2014), D2974-14 (2014) and Den Haan & Kruse (2007). Fibre con-
tent determination from spare material gave an average value of 0.14 (D1997-13,
2013).

Table 5.1: Index properties of the tested specimens and specifics of the triaxial tests conducted

Sample 𝐺𝑠 𝑒 𝑂𝐶 𝑝 𝑝 Path 𝐻 ⁄𝐷 �̇�
(-) (-) (-) (kPa) (kPa) (-) (mm/min)

Sample 1 1.51 10.41 0.92 - 8 Isotropic 2.2 0.002
Sample 2 1.50 10.31 0.91 - 8 𝐾 2.0 0.008
Sample 3 1.48 7.38 0.91 34 17 Radial 2.1 0.001
Sample 4 1.51 7.99 0.91 37 14 Radial 2.1 0.002
Sample 5 1.49 6.87 0.90 34 34 TxCU 1.5 0.01
Sample 6 1.50 7.55 0.91 37 34 TxCD 2.1 0.001

The testing programme consisted of a series of drained triaxial tests with multiple
stress paths which allowed exploring different loading conditions. The nominal
dimensions of the tested specimens were 38 mm in diameter a part from sample
2, 50 mm in diameter. The initial height to diameter ratio is reported in Table 5.1.
Thin membranes 0.25 mm thick were used. To accelerate the consolidation process,
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lateral filter paper was placed around the samples. To prevent “short circuit” effects
between the back pressure and the pore pressure transducers, 10 mm clearance
were left between the lower edge of the lateral filter paper and the bottom of
the samples (Head & Epps, 2014b). Each vertical drainage strip had free lower
end to reduce the potential contribution offered by the lateral filter paper to the
measured strength of the material. All the drained tested were performed under
stress control assuring limited excess pore pressure generation due to the loading
rate. The resulting average axial displacement rate, �̇� reported in Table 5.1, is
approximately ten time lower than that required to guarantee a degree of dissipation
of pore pressure of 95% (Blight, 1963).

5.2.2. Stress paths

T o investigate the volumetric behaviour, sample 1 was isotropically compressed
up to 𝑝 =100 kPa, and isotropically unloaded to 𝑝 =7 kPa. A 𝐾 -consolidation

test was performed on sample 2 up to 𝑝 =70 kPa to determine the coefficient of
earth pressure at rest for the tested peat. Sample 3 and sample 4 were firstly
isotropically consolidated up to a mean effective stress 𝑝 =34 kPa and 𝑝 = 37 kPa
and subsequently isotropically unloaded to 𝑝 to give an initial overconsolidation
ratio 𝑂𝐶𝑅=𝑝 ⁄𝑝 of about 2 and 2.6 respectively. The final shearing stage consisted
in a series of mixed isotropic and deviatoric loading, unloading and reloading paths,
as summarised in Figure 5.1(a) and Figure 5.1(b).
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Figure 5.1: Experimental stress paths used for (a) isotropic volumetric behaviour and -consolidation
and for (b) deviatoric behaviour

5.2.3. Stresses and strains variables

A ll the experimental data have been elaborated herein by assuming axisymmetric
test conditions and adopting the common triaxial stress-strain variables: mean
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effective stress 𝑝’, deviatoric stress 𝑞, volumetric strain, 𝜀 , and deviatoric strain,
𝜀 . Natural strains are adopted (Ludwik, 1909; Hencky, 1928) to account for the
large displacements sustained by peat samples. The deviatoric strain has been com-
puted from 𝜀 and 𝜀 derived from the volume change and the axial displacement
measurements:

𝜀 = 𝜀 + 2𝜀 = ln 𝑉
𝑉 (5.1)

𝜀 = 𝜀 −
𝜀
3 = ln 𝐻

𝐻 − 1
3 ln 𝑉

𝑉 (5.2)

where 𝑉 and 𝐻 are the initial volume and height of the sample, while 𝑉 and 𝐻
are the current dimensions during the test. Compressive stresses and strains are
assumed positive.

5.3. EXPERIMENTAL RESULTS
5.3.1. Compression behaviour

T he isotropic compression path performed on sample 1 allows defining the po-
sition of the ISO-NCL and ISO-URL lines on the 𝑣-𝑙𝑛𝑝 space, with 𝜆=2.0 and

𝜅=0.3 as reported in Figure 5.2(a). The obtained compression indexes agree with
previous research on fibrous peat where a ratio 𝜅/𝜆=0.1-0.3 is reported (Yamaguchi
et al., 1985b; Mesri & Ajlouni, 2007). To evaluate the deformation response of peat
sample upon isotropic compression, the test was performed by controlling sepa-
rately the axial and the radial stresses, and measuring the axial displacement and
the volume change separately. In Figure 5.2(b) the incremental volumetric over
axial strain ratio 𝛿𝜀 /𝛿𝜀 , is given as a function of the axial effective stress.

The previous stress history experienced by the sample in the 1D consolidome-
ter tube justifies the initial soil anisotropic response observed at the beginning of
the isotropic compression performed in the triaxial apparatus. However, the initial
anisotropy is progressively erased over the isotropic loading path. Already for an
axial effective stress of about 30 kPa (point P in Figure 5.2(a)) and Figure 5.2(b)),
corresponding to about 2.5-3 times the one applied in the consolidometer tube the
response turned to be isotropic with an incremental volumetric-axial strain ratio
equal to 3. The exceptional compressibility of peats allows for very high irrecov-
erable strains (Landva, 2007), which are able to erase the initial anisotropy faster
than for other soils tested previously (Mitchell, 1972; Lewin, 1973; Hueckel & Pel-
legrini, 1996; Romero & Jommi, 2008, among the others). As an example, Lewin
(1973) found that stresses five times higher than those applied to the soil during
the sample preparation were required on reconstituted silty-clay to reduce signifi-
cantly the initial anisotropy. This result allows to consider the stress reached during
isotropic compression by samples 3 and 4 after the sample preparation, 𝑝 =34-37
kPa, sufficient to assume the initial strain state for the radial paths in Figure 5.1(b)
to be isotropic.
The 1D compression behaviour was investigated by the 𝐾 -consolidation path on
sample 2. The calculated lateral pressure ratio derived from the experimental data
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Figure 5.2: Specific volume (a) and (b) incremental volumetric over axial strain ratio during isotropic
compression of reconstituted peat sample

allows defining for the tested peat a value of 𝐾 =0.33, in the range indicated by
previous findings (Den Haan & Kruse, 2007; Edil & Wang, 2000; Hayashi et al.,
2012). As reported in Chapter 4, this result is consistent with the simplified Jaky’s
formula (Jaky, 1948), 𝐾 ≅ 1 − 𝑠𝑖𝑛𝜑 , assuming a friction angle 𝜑 ≅43°, obtained
from undrained triaxial compression tests with modified end platens on the same
reconstituted peat.

5.3.2. Yield locus

W hen the stress state of a soil sample overpasses the initial yield surface, the soil
experiences a transition from the over-consolidated to the normally consoli-

dated regime. A corresponding change in the stiffness of the stress-strain response
occurs. It is well known that this transition is in general gradual and thus a de-
gree of judgment must be exercised in selecting the yield stress (Wong & Mitchell,
1975), and this holds even more for peat due to its exceptional compressibility.
To establish the position of the yield locus of the tested peat, the multiple stress
paths applied on samples 3 and 4 in Figure 5.1(b) are exploited. Estimates of the
yield points, 𝑌, have been obtained by plotting the experimental data on different
stress-strain planes (Wood, 1990). The cumulative work input per unit of volume
versus the length of the stress path, 𝑆=∑ 𝛿𝑠, is also used to support the estimates
of the yield points (Becker et al., 1987):

𝑊 = ∫ 𝑝 𝛿𝜀 + 𝑞𝛿𝜀 (5.3)

𝛿𝑠 = √𝛿𝑝 + 𝛿𝑞 (5.4)
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where the total increments of volumetric strain, 𝛿𝜀 , and deviatoric strain, 𝛿𝜀 , are
used for the sake of simplicity.
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The yield points in Figure 5.3 and Figure 5.4 allow drawing an attempt of the
yield locus, 𝑓=0, for the tested reconstituted peat. To this end, the generalised
expression proposed by McDowell & Hau (2003) is used as reported in equation 5.5.
It is worth remarking that the experimental results here presented are restricted to
the wet side of the yield surface while no information is available for the dry side.
The adopted equation allows high flexibility in the shape of the yield locus through
the coefficient 𝜒 , though keeping the formulation extremely simple.
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Figure 5.3: Estimates of the yield points for sample 3 along (a), (b), (c) the radial path BC, (d), (e) the
isotropic loading DE and (f) the deviatoric path FG
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Figure 5.4: Estimates of the yield points for sample 4 along (a), (b), (c) the radial path BC and (d) the
isotropic loading DE

𝑓 = 0 = 𝑞 +
𝑀

1 − 𝜒 ( 𝑝
𝑝 ) 𝑝 −

𝑀 𝑝
1 − 𝜒 (5.5)

In equation 5.5, 𝑀 is the value of the stress ratio corresponding to a horizontal
tangent to the yield locus in the 𝑝’-𝑞 plane and 𝑝 is the preconsolidation mean
effective stress. Figure 5.5 displays the trace of the yield locus for the tested peat
together with the Modified Cam clay which corresponds to 𝜒 =2.0 as reference
(Roscoe & Burland, 1968).
The experimental yield locus fitted by equation 5.5 with 𝑀 =1.5 and 𝜒 =3.0, lies
slightly below the traditional Modified Cam clay. The evolution of the proposed yield
locus during the tests on sample 3 and sample 4 is reported in Figure 5.6.
The results in Figure 5.6 seem to validate the choice for the shape of the yield locus
over various non-standard stress paths. However, no direct experimental observa-
tions are available to support the assumption of a general homothetic expansion of
the yield locus for the tested peat.

5.3.3. Hardening mechanism

C lassical critical state models traditionally assume that the expansion of the yield
locus (i.e. hardening of the soil) is controlled merely by the plastic volumetric

strain and that this can be linked with the normal compression of the soils (volumet-
ric hardening). However, it is well known that this assumption can be considered
acceptable for fine grained materials as clays but not for granular materials as
sands and for intermediate soils as silts. Information on the hardening of peat is
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Figure 5.6: Proposed yield locus and estimated yield points for (a) sample 3 and (b) sample 4
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scarce. Experimental evidence about the hardening mechanism for the tested peat
are here presented first from drained triaxial tests and then from undrained triaxial
tests. Throughout the entire work, plastic strains have been computed by adopting
a hypo-elastic law with constant Poisson’s ratio, 𝜈=0.2, and 𝜅=0.3 (Figure 5.2(a)) in
order to avoid the unrealistic dilatant response given at low stresses by a constant
shear modulus 𝐺.

Drained triaxial tests
The evolution of the preconsolidation mean effective stress 𝑝 (i.e. hardening vari-
able) with the volumetric plastic strains, 𝜀 , computed for each radial path on sam-
ple 1, 3 and 4 is reported in Figure 5.7(a). Differently from sample 1 where the
preconsolidation mean effective stress was controlled during the stress-controlled
isotropic path, for sample 3 and sample 4 the preconsolidation mean effective stress
has to be estimated based on the choice for the shape of the yield locus. The shape
proposed in equation 5.5 with 𝑀 =1.5 and 𝜒 =3.0 and displayed in Figure 5.5 is
used. For each test, the current value of 𝑝 is normalised with the value at the
onset of plastic strains.
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Figure 5.7: Evolution of the preconsolidation mean effective stress with (a) volumetric plastic strain and
(b) the combination of volumetric and deviatoric plastic strains for radial paths on sample 1, sample 3
and sample 4

As displayed in Figure 5.7(a) the tested peat does not follow a simple volumetric
hardening mechanism. The evolution of the hardening variable 𝑝 is not ruled by
the plastic volumetric strain solely but seems to differ depending on stress path
direction. In Figure 5.7(b) the same experimental data are plotted by adopting a
simple linear combination of the volumetric and the deviatoric plastic strains 𝜀 +
𝐷 |𝜀 | with 𝐷 an empirical coefficient equal to 0.95. The results in Figure 5.7(b)
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seem to suggest that both volumetric and deviatoric strains rule the hardening
mechanism of the tested peat and that the relevance of the deviatoric component
increases with the applied stress ratio

Undrained triaxial tests
Indirect information on the hardening of peats can also be found from undrained tri-
axial compression tests. To this scope it is convenient to calculate the pore pressure
parameter 𝑎 (Wood, 1990) defined as:

𝑎 = − Δ𝑝
Δ𝑞 (5.6)

Figure 5.8 reports the evolution of the pore pressure parameter 𝑎 with the stress
ratio, 𝜂, computed from the sample 5 sheared in undrained conditions.
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Figure 5.8: Pore pressure parameter from undrained triaxial compression test on sample 5

Contractive behaviour is characterised by 𝑎>0 while dilatant response by 𝑎< 0
(Wood, 1990). The transition between these two regimes occurs in correspondence
of the critical stress ratio with 𝑎=0 for 𝜂=𝑀 . For the tested peat, the pore pres-
sure parameter firstly increases until a stress ratio of about 1 and then decreases
approaching the zero line for a critical stress ratio 𝑀 =1.75 (Figure 5.8). Stress
ratios higher than 𝑀 can be attained by the material in the dilatant regime. How-
ever, dilation is not accompanied by softening in the deviatoric response, but on
the contrary, by hardening. The first indication of the occurrence of dilation during
hardening from undrained compression tests on natural fibrous peat dates back to
the 80’s by Oikawa & Miyakawa (1980). However, the authors did not investigate
the mechanical ground behind this behaviour.

Summing together the experimental results in Figure 5.7 for drained tests and
in Figure 5.8 for undrained tests, it is possible to assert that for the first time there
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is clear evidence to support the adoption of a hardening mechanism for peats not
solely volumetric. A generalised mixed volumetric and distortional hardening rule,
already proposed for granular soils (Nova, 1977; Nova & Wood, 1979), is here
adopted in the form:

𝛿𝑝
𝑝 = 𝑣

𝜆 − 𝜅 (𝛿𝜀 + 𝐷𝛿𝜀 ) (5.7)

In equation 5.7 𝑣 is the specific volume of the soil, 𝜆 and 𝜅 are the slope of the
isotropic normal compression and unloading-reloading lines, respectively, and 𝛿𝜀
and 𝛿𝜀 are the volumetric and deviatoric plastic strain increments. The coefficient
𝐷 accounts for the deviatoric strain dependent hardening. It is obvious that when 𝐷
is set equal to zero, the usual volumetric hardening law is recovered. If not, 𝐷 can
be assumed either constant (Nova, 1977; Gens & Nova, 1993; Yu, 2007; Lagioia
& Panteghini, 2014), or a function of the deviatoric plastic strain, to reduce the
dilatancy at failure (i.e. saturating model). A possible expression is (Wilde, 1977):

𝐷 = 𝐷 𝑒𝑥𝑝 (−𝐷 𝜀 ) (5.8)

It is interesting to analyse the implication of the adopted hardening rule in a simple
undrained compression test. Equation 5.7 together with the constraint of constant
global volume (i.e. 𝛿𝜀 =-𝛿𝜀 ) gives

𝜅 𝛿𝑝
𝑝 = − (𝜆 − 𝜅) 𝛿𝑝

𝑝 + 𝑣𝐷𝛿𝜀 (5.9)

By introducing the definition of the pore pressure parameter, 𝑎 (equation 5.6 in
infinitesimal form), in equation 5.9 follows

𝑎 𝛿𝑞
𝑝 = 𝜆 − 𝜅

𝜅
𝛿𝑝
𝑝 − 𝑣𝐷

𝜅 𝛿𝜀 (5.10)

For a contractive soil response, the first term on the right hand side of equation 5.10
is always positive. The same holds for the second term considering that 𝐷≥0. Equa-
tion 5.10 shows that for a stable deviatoric response (i.e. 𝛿𝑞>0), even in a con-
tractive domain the pore pressure parameter firstly increases and then decreases,
depending on the magnitude of the distortional term 𝐷𝛿𝜀 . As instructive case,
Figure 5.9 reports the comparison between a classical associated Modified Cam
clay with volumetric hardening rule (𝐷=0), a mixed hardening rule with constant 𝐷
(𝐷=1.2) and with the saturating law of equation 5.8 (𝐷 =1.2 and 𝐷 =15).
As displayed in Figure 5.9, depending on the magnitude of the distortional hardening
coefficient 𝐷, the occurrence of dilation in the hardening regime is introduced with
the possibility of reaching failure for a stress ratio, 𝜂 , higher than the critical stress
ratio, 𝑀 , with non-null dilatancy, 𝑑 . From equation 5.7 follows:

𝑑 = 𝛿𝜀
𝛿𝜀 = −𝐷 (5.11)
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Figure 5.9: Implications of a mixed volumetric and distortional hardening rule on (a) stress path and (b)
pore pressure parameter

The results in Figure 5.9 compared with Figure 5.8 show clearly that a purely
volumetric hardening is not adequate to capture the deviatoric response of peats.
The geometrical rearrangement/realignment of the small fibrous network present
in the fabric of the tested peat can provide the physical ground of equation 5.7
as the geometrical rearrangements or realignment of particles do for granular soils
(Wood, 1990).

5.3.4. Stress-dilatancy relationship

T he plastic response is analysed focusing on the stress-dilatancy relationship,
with 𝑑 defined in terms of volumetric and deviatoric plastic strain increments,

𝛿𝜀 and 𝛿𝜀

𝑑 = 𝛿𝜀
𝛿𝜀 (5.12)

Drained and undrained triaxial tests are considered to provide a form of the stress-
dilatancy rule for the tested peat. The flow rule for the tested peat should satisfy
in principle the following conditions:

i) 𝑑→∞ for 𝜂=0, due to the observed isotropic response in isotropic compression
(Figure 5.2(b));

ii) 𝑑= observed 𝑑 for 𝜂=𝜂 , as a 𝐾 path rules out the end restraint effect as
shown in Chapter 4;

iii) 𝑑=0 for 𝜂=𝑀 , where 𝑀 gives the critical stress ratio.
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The expression by McDowell & Hau (2003) already presented for the yield locus, is
also used for the plastic potential 𝑔=0.

𝑔 = 0 = 𝑞 +
𝑀

1 − 𝜒 ( 𝑝
𝑝 ) 𝑝 −

𝑀 𝑝
1 − 𝜒 (5.13)

equation 5.13 gives a dilatancy

𝑑 =
𝑀 − 𝜂

𝜒 𝜂 (5.14)

with 𝑀 the stress ratio at critical state equal to 1.75 (Figure 5.8) and 𝑝 a dummy
variable for the plastic potential. The value of the shape parameter 𝜒 was deter-
mined requiring zero lateral strain along the 𝐾 path, experimentally determined on
sample 2 (Figure 5.2(a)) resulting in

𝜒 = 2
9

𝜆
𝜆 − 𝜅

𝑀 [(6 − 𝑀 ) − 9]
6 − 𝑀 (5.15)

where the elastic component of the deviatoric strain has been neglected for the
sake of simplicity (Alonso et al., 1990). For the compression indexes 𝜆=2.0 and
𝜅=0.3 (Figure 5.2(a)) and the critical stress ratio 𝑀 =1.75, a value of 𝜒 =0.98
is found. The resulting flow rule overcomes the well-known drawback of classical
critical state models which overestimate the 𝐾 values (Gens & Potts, 1982). Fig-
ure 5.10(a) displays the resulting flow rule. The stress dilatancy data obtained from
the undrained compression test on sample 5 is summarised in Figure 5.10(b).
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Figure 5.10: Stress-dilatancy rule based on (a) consideration on null radial strain along a path and
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As displayed in Figure 5.10(b) the experimental data from undrained compres-
sion tests seem to provide a stress dilatancy rule far different from the one derived
in Figure 5.10(a) based on the consideration on the 𝐾 path (𝜒 =8 compared to
𝜒 =0.98). This difference cannot be explained by end restraint effects considering
that sample 5 was tested with modified end platens and the 𝐾 path on sample 2
produced negligible radial strains. The results in Figure 5.10 are translated in two
different shapes for the plastic potential as displayed in Figure 5.11.
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Figure 5.11: Plastic potential and plastic strains increment vectors for (a) =0.98 and (b) =8.0

The plastic potential in Figure 5.11(a) presents a rather classical dome shape
with plastic strains increment vectors mainly ruled by volumetric strains for low
stress ratios, and by deviatoric strains as the stress ratio increases. On the contrary,
indications from the undrained triaxial test in Figure 5.11(b) seem to magnify the
relevance of the distortional strains on the plastic deformation mechanism. The
resulting plastic potential flattens down as 𝜒 increases with steeper plastic strains
increment vectors. For the same imposed stress state, the resulting plastic strains
increment vectors differ significantly as displayed in Figure 5.12.

5.4. DISCUSSION

S tress-path dependence of structural changes was advocated by Cotecchia &
Chandler (1997) and Cotecchia & Chandler (2000) to interpret different stress-

dilatancy relationship for drained and undrained triaxial tests on Pappadai clay. As
for the tested peat, experimental results from undrained triaxial tests in Cotecchia
& Chandler (1997) seem to magnify the distortional strain component in the plastic
deformation mechanism. The apparent inconsistency may come from the role of
fabric. The tested reconstituted peat was characterised by small fibres with a char-
acteristic length smaller than 3 mm. Figure 5.13 displays a x-ray micro CT on the
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Figure 5.12: Plastic strains increment vectors for =0.98 and =8.0 in correspondence of three stress
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tested peat, left for 2 days to dry under air temperature 14°C and relative humidity
80%. Inorganic soil grains are visible with higher density (white spots) within the
fibrous matrix.

3mm

Figure 5.13: Micro CT scan of the reconstituted peat used in the present experimental investigation:
inorganic grains (white spots) and small fibres are visible

Despite natural fibrous peat samples often exhibit inherent anisotropy related
to the initial fibres orientation (Landva & La Rochelle, 1983; Yamaguchi et al.,
1985a,b), for the tested peat the small fibres seem to be diffuse and randomly
distributed without an initial preferential orientation. More likely, the results in Fig-
ure 5.12 seem to suggest a directional response of the plastic strains increment
vectors during the loading path. Re-orientation of the fibrous network could dif-
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fer depending on the stress-path direction. First experimental evidence of plastic
strains increment vectors following the rotation of the stress increment vectors was
reported by Le Lievre & Poorooshasb (1967) testing kaolin, Calabresi (1968) test-
ing a silty clay, and Lewin & Burland (1970) testing a powdered slate dust. In
the attempt to facilitate the interpretation of the experimental results, Figure 5.14
gives an insight into the plastic strains increment vectors for three different stress
paths on three samples with the same isotropic compression up to 𝑝 =34 kPa be-
fore shear. On sample 6 a drained stress path was imposed in order to reproduce
the stress path experienced by sample 5 during a standard undrained compression
test.

A common stress state is chosen for each sample in correspondence of a stress
ratio 𝜂≅0.75 (stress state A in Figure 5.14(a)). The deviatoric strains in correspon-
dence of the stress state A attained similar values for each sample: 2% for sample
5 and 3% for sample 3 and sample 6. Also the void ratio for each sample at the
stress state A were similar: 7.1 for sample 3, 6.9 for sample 5 and 7.6 for sample 6.
Nevertheless, the plastic strains increment vectors resemble the loading direction
with more vertical vectors for sample 5 and sample 6 (Figure 5.14(a)), confirming
that the loading direction together with the stress path up to the current stress state
seem to rule the plastic deformation response of tested peat. Furthermore, sample
6 confirmed the stress dilatancy data from sample 5 as displayed in Figure 5.14(b).
Plausible physical reason for this directional response of the deformation response
could lie in the interaction between the small fibrous network and the peat ma-
trix. The results in Figure 5.14 can also be represented in terms of axial and radial
strains paths. Figure 5.15 reports the axial-radial strains paths for all the samples
here presented.

With reference to Figure 5.15(a), strain paths in the top right quadrant limit the
fibres-matrix interaction. The fibres are not stretched due to compressive radial
strains and the mechanical response is not affected by the fibres. Relevant cases
are the isotropic compression path (𝜀 =𝜀 ) and the 𝐾 path (𝜀 =0) where the effect
of fibres is substantially switched off. The former increases the fibres entanglement
while the latter promotes both the fibres flattening or distortion (Figure 5.15(b))
depending on their initial orientation without any substantial stretching. On the
contrary, strain paths in the top left quadrant promote the fibres-matrix interaction
due to expansive radial strains. With the progressive radial expansion of the sample,
fibres realignment is promoted (Figure 5.15(b)). Strong interaction between the soil
matrix and the fibrous network takes place with consequent evolution of the peat
fabric and alteration of the observed plastic deformation response. Isochoric test
as the undrained compression test on sample 5 is expected to magnify the most
this interaction. The substantial coincidence of the stress paths for sample 5 and
sample 6 translates into similar stress dilatancy data and plastic strains increment
vectors as verified in Figure 5.14. The small differences between these two samples
in Figure 5.14(a) come from an initial volume contraction (3%) experienced by
sample 6 due to an excess pore pressure of about 1-2 kPa present at the beginning
of the shearing.
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different loading directions
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5.5. NUMERICAL SIMULATIONS
5.5.1. Model parameters

I n the attempt to overcome the limitations of end restraint on the observed be-haviour, the constitutive ingredients previously derived have been implemented
in the Finite Element Code LAGAMINE (Charlier, 1987) and the experimental results
have been modelled as boundary value problems as described in Chapter 4. The 𝑝 -
𝑞 formulation has been extended to the general multi-axial stress space. The stress
state of the material is described by the mean effective stress, 𝑝 , the second invari-
ant of the deviatoric stress tensor, 𝐽 , and the Lode’s angle, 𝜃. The dependence of
the critical stress ratio, 𝑀 , on the Lode’s angle was described by the Van Eekelen
(1980) formulation. For the yield locus, a circular shape was adopted (McDowell
& Hau, 2003). The model capabilities are tested by replicating the experimental
results from selected drained triaxial compression tests. In the numerical analyses,
the issues possibly raised in the interpretation of experimental data by the low hy-
draulic conductivity soils were disregarded. Table 5.2 reports the characteristics of
each sample and the test prescriptions (𝑒 is the void ratio at the beginning of shear
in correspondence of 𝑝 ). The model parameters are summarised in Table 5.3.

Table 5.2: Main characteristics and test prescriptions of drained triaxial tests

Sample 𝐻 /𝐷 𝑝 𝑒 𝑂𝐶𝑅 End platens
(-) (kPa) (-) (-)

E 2.3 14.0 7.99 2.6 Modified (reduced friction)
F 2.1 15.0 6.93 2.2 Standard (rough)
G 2.0 14.0 7.79 2.3 Standard (rough)

Table 5.3: Parameters adopted in the constitutive model

𝜆 𝜅 𝜈 𝑀 𝑀 𝜒 𝜒 𝐷 𝐷
(-) (-) (-) (-) (-) (-) (-) (-) (-)
2.0 0.3 0.2 1.5 1.75 3.0 0.98 1.2 30

5.5.2. Model results and discussion

T he comparison between the numerical and experimental results are reported in
Figure 5.16, Figure 5.17 and Figure 5.18 on different stress-strain spaces.

The numerical results for the case of sample E show good qualitative and quantita-
tive agreement with the experimental results both in the volumetric and deviatoric
response for wide range of strains up to 20%, encompassing representative strains
levels for field applications where peats serve as foundation layers. While the qual-
itative response is still good for sample F and G, the quantitative agreement is less
satisfactory especially for what concerns the deviatoric response. The numerical
results are not able to capture the observed response with deviatoric stress over-
passing the corresponding one at critical state, 𝜂 ≅2.6 compared to 𝑀 =1.75. The
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Figure 5.16: Comparison between experimental and numerical results for drained triaxial compression
test on sample E in terms of: (a) stress path; (b) volumetric stress-strain response; (c) deviatoric
stress-axial strain relationship; and (d) volumetric-deviatoric strains path
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Figure 5.17: Comparison between experimental and numerical results for drained triaxial compression
test on sample F in terms of: (a) stress path; (b) volumetric stress-strain response; (c) deviatoric
stress-axial strain relationship; and (d) volumetric-deviatoric strains path
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Figure 5.18: Comparison between experimental and numerical results for drained triaxial compression
test on sample G in terms of: (a) stress path; (b) volumetric stress-strain response; (c) deviatoric
stress-axial strain relationship; and (d) volumetric-deviatoric strains path
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adoption of a mixed volumetric and distortional hardening allows the numerical
stress paths attaining stress ratios above critical state but still well below the ex-
perimental ones (Figure 5.17(a) and Figure 5.18(a)). End restraint effects in the
experimental results contributed to the observed behaviour for sample F and sam-
ple G which were tested with rough end platens contrary to sample E where platens
with reduced friction were adopted. The complex stress history imposed to sample
F and sample G brought the samples at failure with a height to diameter ratio equal
to 1.1 hence magnifying the constraint applied at the top and bottom of the sample
by the rough platens. The influence of the height to diameter ratio on the derived
ultimate friction angle is summarised in Figure 5.19 where TxCU tests from Chapter
3 and the drained tests here presented are combined. Despite the numerical simu-
lations of the experimental tests as boundary value problems, end restraint effects
are not adequately captured by the finite element analyses especially for high axial
strain levels.
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Figure 5.19: Influence of the height to diameter ratio on the friction angle from undrained and drained
compression tests on samples with different height to diameter ratio tested with standard (rough) and
modified (reduced friction) end platens

As displayed in Figure 5.19 drained tests magnify the end restraint effect on
the derived friction angle due to the small height to diameter ratio at failure. An-
other contributing effect to the high shear strength of sample F and sample G may
come from the additional confinement offered by the fibres stretching. Despite the
tested reconstituted peat not including big fibres, for high axial compression as ex-
perienced by the samples F and G, small fibres stretching may have contributed
to the observed behaviour. Extensive research on fibres reinforced soils showed
that the additional confinement offered by fibres stretching allows the soil com-
posite (soil matrix and fibres) to sustain higher stresses than the ones at critical
state for the soil matrix and to a more pronounced compressive response (Diambra
et al., 2013; Diambra & Ibraim, 2014). Despite the differences of the tested peat
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(Figure 5.12) with traditional fibres reinforced soils (mainly granular soils with iso-
lated polypropylene fibres), the high deviatoric stresses well above critical state
observed in drained tests as displayed in Figure 5.17(a) and Figure 5.18(a) could
reflect more a composite behaviour rather than the soil matrix behaviour. Differ-
ently from undrained compression tests, sample F and sample G tested in drained
conditions, attained axial strains up to 40% and 50%. With significant axial com-
pression, the initial isotropic fibres distribution evolves towards preferential horizon-
tal distribution. This condition is the most favourable for the fibres, once stretched,
to provide additional radial confinement to the sample. On the contrary, samples
sheared under undrained conditions failed for axial strain of about 20% well below
the strain level attained by samples sheared in drained conditions which may have
contributed to reduce the contribution of the fibres stretching to the shear strength.

5.6. CONCLUSIONS

T he capability of describing the behaviour of peats is of primary importance for
many field applications where peats serve as foundation layers such as dykes

and embankments. Contrary to the volumetric behaviour, modelling the deviatoric
counterpart still poses significant difficulties and the available models are rather
scarce. Despite the previous extensive experimental investigations dedicated to
clarify the stress-strain response of peats upon deviatoric loading, still the vast ma-
jority of these studies were limited to undrained triaxial compression tests. Hence
difficulties arise to provide experimental evidence supporting a rational develop-
ment of a constitutive model for the deviatoric behaviour of peats.

An experimental investigation was proposed with the aim of revealing important
constitutive aspects of the deviatoric behaviour of peats. Drained and undrained
compression triaxial tests on reconstituted peat samples were presented. The ex-
perimental results allowed to reveal for the first time ingredients as the yield locus,
the stress-dilatancy relationship and the hardening rule. The comparison between
drained compression tests with different loading directions provided experimental
evidence of a directional plastic deformation response. Stresses and strains path
dependence of the evolution of the peat fabric which contains small diffuse fibres
is suggested as responsible mechanism for the observed peculiar stress-dilatancy
relationship. In particular, stress paths accompanied by radial contraction of the
sample seem not to cause relevant fabric change and the plastic deformation re-
sponse does not differ substantially from the classical response of fine grained ma-
terials. On the contrary, stress paths with significant radial expansion magnify the
relevance of the deviatoric strain component in the plastic deformation response.

Rearrangement and realignment of the small fibres also affect the hardening
mechanism. The experimental results revealed that the commonly assumed volu-
metric hardening rule does not reflect the observed behaviour especially for high
stress ratios. A mixed volumetric and distortional hardening rule was introduced
as the evolution of the hardening variable along radial paths with different loading
direction is function of both volumetric and deviatoric strains.

All the experimental results were combined in a simple elastic-plastic non asso-
ciative model with mixed volumetric and distortional hardening for the deviatoric
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behaviour of peat. In the attempt of overcoming end restraint effects on both the
shear strength and on the deformation mode of peat, the model has been formu-
lated in the multi-axial stress space and implemented in a Finite Element code.
The experimental tests were then simulated as boundary values problems. The
numerical results showed reasonable qualitative and quantitative agreement with
the experimental results from drained triaxial compression tests. The deviatoric
stress-strain response was captured for a large interval of axial strains, up to 20%.
This value is well above the shear strains attained by peat layers in field applications
where failure occurs mainly due to the kinematic compatibility among different soils
layers rather than for failure of the peat layer. Despite the possibility of attaining
stress ratios above critical state thanks to the introduction of the mixed volumetric
and distortional hardening, the numerical simulations failed to reproduce high devi-
atoric stress well above the critical state observed from samples tested with rough
end platens. End restraint effects not properly captured by the numerical analyses
and possible additional confinement offered by small fibres stretching for samples
experiencing axial compression up to 40% and 50% appear of primary importance
to reproduce the observed behaviour.
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LIST OF SYMBOLS

𝐻 sample height
𝑉 sample volume
𝐻 initial sample height
𝐷 initial sample diameter
𝑉 initial sample volume
𝜆 slope of the isotropic normal compression line
𝜅 slope of the isotropic unloading-reloading line
𝜈 Poisson’s ratio
𝐺 shear modulus
𝐺𝑠 specific gravity
𝑂𝐶 organic content
𝑒 void ratio
𝑣 specific volume
𝑝 mean effective stress
𝑝 preconsolidation mean effective stress
𝑝 mean effective stress at the beginning of shear
𝛿𝑝 preconsolidation mean effective stress increment
𝑞 deviatoric stress
𝑂𝐶𝑅 overconsolidation ratio
𝐾 coefficient of earth pressure at rest
𝜂 stress ratio
𝜂 stress ratio along a 𝐾 path
𝑀 stress ratio associated to the horizontal tangent of the yield locus
𝑀 stress ratio at critical state
𝜂 stress ratio at failure
𝜒 shape factor of the yield locus
𝜒 shape factor of the plastic potential
𝑝 dummy variable for the plastic potential
�̇� axial displacement rate
𝜀 axial strain
𝜀 radial strain
𝜀 volumetric strain
𝜀 deviatoric strain
𝛿𝜀 axial strain increment
𝛿𝜀 volumetric strain increment
𝛿𝜀 volumetric plastic strain increment
𝛿𝜀 deviatoric plastic strain increment
𝜀 volumetric plastic strain
𝜀 deviatoric plastic strain
𝑑 dilatancy
𝑑 dilatancy at failure
𝑊 first order work
𝐷, 𝐷 , 𝐷 coefficients of the distortional hardening



5.6. CONCLUSIONS

5

117

𝑆 length of the stress path
𝑎 pore pressure parameter
Δ𝑝 change in the mean effective stress
Δ𝑞 change in the deviatoric stress
𝛿𝑝 mean effective stress increment
𝛿𝑞 deviatoric stress increment
𝜑 friction angle
𝐽 second invariant of the deviatoric stress tensor
𝜃 Lode’s angle
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6.1. EXPERIMENTAL EVIDENCE
6.1.1. Introduction

T he stress-strain behaviour of natural peats observed in triaxial tests is signifi-
cantly affected by the fibrous network present in the peat fabric. Several con-

tributions in the literature have already pointed out that part of the exceptional
high shear strength of peat samples may come from the additional confinement
offered by the fibres stretching (Yamaguchi et al., 1985b; Cola & Cortellazzo, 2005;
Hendry et al., 2012). At the same time, Oikawa & Miyakawa (1980) firstly ques-
tioned the different effects the fibres have when moving from the laboratory scale
(i.e. 10-20 cm) to the field scale (i.e. 1-2 m). In the attempt to clear out the
effects of fibres, the authors proposed the adoption of the null increment in the
mean effective stress, Δ𝑝 =0, as failure criterion for natural peat samples tested
in undrained triaxial compression. The mechanical ground of this condition which
marks the transition from a contractive to a dilatant behaviour was discussed by
Nova (1977). The so defined failure line was called by Oikawa & Miyakawa (1980)
destructive envelope, where “the shear strength of the peat is firstly mobilised and
disruption of the soil fabric occurs”. The additional portion of the stress path be-
yond Δ𝑝 =0 eventually approaching the Tension Cut Off line (TCO) results from the
tendency of the sample to dilate (Oikawa & Miyakawa, 1980). In undrained condi-
tions, this tendency is counterbalanced by an increase in the mean effective stress
and thus shear strength. However, there is no guarantee that such a condition is
representative of the actual field situation where the hydro-mechanical behaviour
is neither perfectly undrained nor drained. Partial water intake or drainage from
peat layers release the constant volume constraint and make every consideration
after the Δ𝑝 =0 extremely uncertain (Asaoka et al., 1995). Based on the proposal
by Oikawa & Miyakawa (1980), the following pages report a comparison between
reconstituted and natural peat samples tested in undrained compression tests.

6.1.2. Material and experimental programme

T he material for the reconstituted peat samples was collected 1.0 to 1.5 m be-
low the ground surface at the Leendert de Boerspolder site in the Netherlands.

Natural peat samples were retrieved between 1.0 and 2.5 m depth from the ground
level in the subsoil of the Markermeer dykes at Katwoude. Reconstituted peat sam-
ples were prepared by mixing the wet peat with demineralised water to slurry with
water content of 855%, which corresponds to 1.4 times the limit liquid. The mate-
rial was then consolidated in a floating consolidometer under a total vertical stress
of 9.5 kPa for 48 hours. The reconstituted sample was then extracted and mounted
in the triaxial apparatus. For the natural peat samples, the in situ effective vertical
stress of is around 10 kPa, typical of surficial peat layers in the Netherlands. Both
samples were 50 mm in diameter and 100 mm in height. The most important index
properties and tests specifics are summarised in Table 6.1 (𝑒 is the void ratio at
the beginning of shear in correspondence of a mean effective stress 𝑝 ).
The specific gravity 𝐺𝑠, of the soil was measured with a helium pycnometer in
accordance with D5550-14 (2014) and the organic content 𝑂𝐶 was assessed by
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Table 6.1: Index properties and relevant information of the tested specimens

Sample 𝐺𝑠 𝑒 𝑝 𝑂𝐶 𝑂𝐶𝑅 Status
(-) (-) (-) (-) (-)

Sample 1-N 1.47 7.44 21 0.86 1.1 Natural
Sample 2-N 1.48 7.94 13 0.86 1.3 Natural
Sample 1-R 1.47 6.50 32 0.91 1.0 Reconstituted
Sample 2-R 1.45 6.70 21 0.92 1.5 Reconstituted
Sample 3-R 1.48 7.16 18 0.91 1.8 Reconstituted

(a) (b) (c)

(d) (e) (f)

Figure 6.1: Reconstituted peat samples (a), (b), (c) at different drying periods (0-24-48 h) and (d), (e),
(f) natural peat samples with the big fibres visible in the peat matrix

ignition in a furnace at 500°C (D2974-14, 2014). Reconstituted peat samples were
characterised by a diffuse network of small fibres randomly distributed and with
a maximum length of about 3 mm. No big fibres were present. On the contrary,
natural peat samples presented not only a diffuse small fibrous network but also
medium and big fibres with length of about 2-3 cm. Figure 6.1 reports a comparison
of the different peats samples.

All the samples were firstly isotropic consolidated and then sheared under dis-
placement control, with a constant axial displacement rate of 0.02 mm/min using a
load frame type GDS triaxial system, with back pressure and cell pressure volume
controllers, and a submersible 1 kN load cell. The accuracy of the controllers is ±1
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kPa on pressure and ±300 mm on volume (0.15% FSR). Thin membranes 0.25
mm thick were used. For the reconstituted samples, due to the significant lower
hydraulic conductivity compared to the natural peat, lateral filter paper was placed.
To prevent “short circuit” effects between the back pressure and the pore pressure
transducers, 10 mm clearance were left between the lower edge of the lateral filter
paper and the bottom of the samples. Each vertical drainage strip had free lower
end to reduce the potential contribution offered by the lateral filter paper to the
measured strength of the material (Head & Epps, 2014b). Standard rough end
platens were used for all the samples.

6.1.3. Experimental results

T he experimental data are presented by means of the typical triaxial stress-strain
variables: 𝑝 mean effective stress, 𝑞 deviatoric stress, 𝜂 stress ratio, 𝜎 axial

effective stress, and 𝜀 deviatoric strain.
Figure 6.2 reports the normalised stress paths for all the samples. Normalised stress
variables were obtained from the preconsolidation mean effective stress applied in
the triaxial apparatus, 𝑝 .
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Figure 6.2: Normalised stress path from reconstituted and natural peat samples

As displayed in Figure 6.2 reconstituted peat samples failed for a stress ratio
of about 2.3 which approximately coincides with the condition of Δ𝑝 =0 for natural
peat samples (point A). The natural peat samples overpass this stress ratio, with
a stress path approaching asymptotically the Tension Cut Off line (TCO) where
the effective radial stress is equal to zero. For 𝜂>𝜂 any further increment in
the deviatoric stress of natural peat samples is accompanied by dilation (Oikawa &
Miyakawa, 1980). To clarify this transition from a contractive to a dilatant response,
Figure 6.3 reports the pore pressure parameter 𝑎 (Wood, 1990), defined as
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𝑎 = − Δ𝑝
Δ𝑞 (6.1)
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Figure 6.3: Pore pressure parameter for reconstituted and natural peat samples

The failure stress ratio 𝜂=2.3 marks the transition between a contractive re-
sponse (𝑎>0) and a dilatant response (𝑎<0). To elucidate the role of the fibres on
the observed behaviour, it is worth comparing the deviatoric stress-strain response
of natural and reconstituted peat samples in Figure 6.4(a). Samples 1-R and 1-N
with OCR almost equal to 1 are considered.

The normalised deviatoric stress-strain response for both reconstituted and nat-
ural samples is comparable up to 5%–10% of deviatoric strain. At this stage the
two responses start diverging with the reconstituted samples exhibiting a gentle
plastic response eventually approaching the failure state. On the contrary, natu-
ral samples do not approach failure and in correspondence of the point A (Δ𝑝 =0)
they enter in a strain-hardening regime, with a deviatoric stress increasing almost
linearly with the imposed strain (Figure 6.4(a)). This response already observed by
Oikawa & Miyakawa (1980) and Kanmuri et al. (1998) among the others, is asso-
ciated to the additional confinement provided by the big fibres stretching. A nice
comparison of the effect of fibres is reported by Andersland et al. (1981) testing
kaolinite samples with different amount of pulp fibres in undrained compression
triaxial tests. The authors found that “higher organic fibres fractions increasingly
alter the deviatoric stress-strain behaviour, giving an almost straight line response
for all fibrous samples”. The comparison in Figure 6.4 confirms the role of big fibres
in the peculiar strain-hardening behaviour of natural peat samples. In particular,
the additional confinement offered by the big fibres is strain level dependent: only
with progressive lateral bulging of the sample, the big fibres start being stretched
and affect the sample stress-strain response. The same consideration holds for the
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Figure 6.4: Normalised deviatoric stress-strain response (a) and (b) axial effective stress-strain response
for reconstituted and natural peat samples

axial stress-strain response as displayed for the sake of clarity in Figure 6.4(b) and
in terms of stress ratio in Figure 6.5.

6.1.4. Fibres-soil matrix interaction scheme

T he results of the previous section support the idea that natural peat samples
contain in general at least a two levels of fibrous structures as displayed in

Figure 6.6:

• 𝑆 diffuse small fibres randomly distributed;

• 𝑆 big fibrous inclusions with preferential orientation, depending on the botanic
species and depositional environmental conditions.

These two fibrous systems can be schematised through a superposition procedure
as reported in Figure 6.6.
Accounting for the different length of the fibres for the two systems, it is possible
to assume that the small fibres in the system 𝑆 are straight while the ones in the
system 𝑆 are likely to be warped and twisted as visualised in Figure 6.7.

With reference to a standard undrained triaxial compression test, matrix-fibres
interaction with fibres rearrangement and realignment are likely to occur for the
small fibres 𝑆 since the beginning of the deviatoric loading. On the contrary, it
is likely that only after significant axial strain applied to the sample, the 𝑆 fibres
start being stretched either locally or globally, thus contributing to the observed
behaviour. As reported in Figure 6.7, these fibres are normally twisted and warped
within the peat matrix. Flattening and re-orientation are necessary for these fibres
before exerting an effective reinforcement as reported by Li (2005) for the case of
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Figure 6.6: Simple scheme of the multiple levels of fibrous structures present in the peat fabric
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Figure 6.7: Big fibres inclusions in natural peat sample where twisting and warping can be observed

silty-clay and sandy-silt specimens reinforced with polypropylene fibres. The result
is a complex fibres-soil matrix interaction function of their initial special arrange-
ment, progressive re-orientation and stretching (Anagnostopoulos et al., 2014).

6.2. MODELLING PEAT AS A FIBRES-REINFORCED
SOIL: AN ILLUSTRATIVE CASE

6.2.1. Introduction

T he following pages report an attempt to model the deviatoric behaviour of
peats observed in undrained compression tests within the framework of fibres-

reinforced soils. Previous attempts of accounting for the effects of the big fibres on
the behaviour of natural peats were proposed by Molenkamp (1994) and Teunissen
& Zwanenburg (2015) as overlay models and by Boumezerane et al. (2015) through
a fabric tensor. All these attempts were more theoretical, rather than aiming at
quantitative predictions. Within the framework of fibres-reinforced soils, several
proposals have been reported in the literature mainly developed for the case of
granular material reinforced with polypropylene fibres (Diambra et al., 2010). Su-
perposition of the effects of the soil matrix and the fibres has been verified to be an
efficient modelling approach for this kind of composite materials (di Prisco & Nova,
1993). The constitutive behaviours of the soil matrix and the fibres are defined sep-
arately and they are finally superimposed by volumetric homogenization procedure.
Following the approach by Diambra et al. (2013), the proposed model represents a
first attempt to model the behaviour of peat as soil matrix-fibres composite. With
respect to the model by Diambra et al. (2013), more restrictive assumptions have
been introduced hereby also due to the objective difficulty of distinguishing between
the soil matrix and fibres for the case of peats with a much more complicated fabric
than that of traditional fibres-reinforced soils. As a result, at this stage, the pro-
posed model and its results must be considered more as illustrative case than as
predictive tool.
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6.2.2. Model formulation

T he effective stress tensor of the composite, σ’ , can be derived from the stress
state of the soil matrix, σ’ , and of the fibres σ’ by using a volumetric averaging

approach

𝝈 = 𝜇 𝝈 + 𝜇 𝝈 (6.2)

with 𝜇 and 𝜇 the matrix and fibres volumetric content. Despite the fibres being
discrete elements, in equation 6.2 an equivalent stress state in assumed. The same
strain tensor is assumed for the incremental strain of the composite and of the
constituents (Teunissen & Zwanenburg, 2015). By doing so, no slippage between
the fibres and the soil matrix is accounted for

𝜺 = 𝜺 = 𝜺 (6.3)

The incremental form of the stress state of the composite reads

�̇� = �̇� 𝝈 + 𝜇 �̇� + �̇� 𝝈 + 𝜇 �̇� (6.4)

By limiting the application to the undrained case �̇� =0 and �̇� =0 and by substituting
equation 6.3, and equation 6.4 in equation 6.2 it follows

�̇� = 𝜇 [𝑴 ] �̇� + 𝜇 [𝑴 ] �̇� (6.5)

where [𝑴 ] and [𝑴 ] are the stiffness matrixes of the soil matrix and the fibres, re-
spectively. Equation 6.5 represents a unique constitutive stress–strain relationship
for the composite material. Rewriting equation 6.5 in terms of axial and radial stress
components, the stress-strain relationship for axis-symmetric conditions reads

[�̇� ,
�̇� ,

] = 𝜇 [𝑴 , 𝑴 ,
𝑴 , 𝑴 ,

] [�̇�
�̇� ] + 𝜇 [𝑴 , 𝑴 ,

𝑴 , 𝑴 ,
] [�̇�

�̇� ] (6.6)

A basic assumption here adopted is that the fibres do not act in compression and
they do not provide any resistance to bending (Diambra et al., 2013). As a result,
they only contribute to the observed composite stress state when they are pulled
in the radial direction. Fibres are assumed to be horizontal aligned herein and
consequently 𝑴 , =𝑴 , =𝑴 , =0. From the definition of mean effective stress,
deviatoric stress, volumetric and deviatoric strains, equation 6.6 can be rearranged
for the axisymmetric conditions as

[
̇𝑝

�̇� ] = 𝜇 [𝑫 , 𝑫 ,
𝑫 , 𝑫 ,

] [�̇�
�̇� ] + 𝜇 [𝑫 , 𝑫 ,

𝑫 , 𝑫 ,
] [�̇�

�̇� ] (6.7)

Equation 6.7 only requires the definition of the stiffness matrix for the soil matrix
and the fibres.
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Peat matrix
The constitutive model proposed in Chapter 5 is adopted for the peat matrix which
according to the scheme in Figure 6.6 also contains the small fibrous network 𝑆 .
The main constitutive terms are here recalled for the case of clarity.

• Hypo-elastic law with constant Poisson’s ratio

[ ̇𝑝
�̇� ] = [𝐾 0

0 3𝐺] [ ̇𝜀
̇𝜀 ] (6.8)

• Yield surface (McDowell & Hau, 2003)

𝑓 = 0 = 𝑞 +
𝑀

1 − 𝜒 ( 𝑝
𝑝 ,

) 𝑝 , −
𝑀 𝑝
1 − 𝜒 (6.9)

• Plastic potential (McDowell & Hau, 2003)

𝑔 = 0 = 𝑞 +
𝑀

1 − 𝜒 ( 𝑝
𝑝 ,

) 𝑝 , −
𝑀 𝑝
1 − 𝜒 (6.10)

• Hardening law

𝛿𝑝 ,
𝑝 ,

= 𝑣
𝜆 − 𝜅 (𝛿𝜀 + 𝐷𝛿𝜀 ) (6.11)

𝐷 = 𝐷 𝑒𝑥𝑝 (−𝐷 𝜀 ) (6.12)

Fibres
Linear elasticity is used for the stiffness of the big fibres (𝑆 Figure 6.6) with Young’s
modulus 𝐸 . A part from the constitutive parameters for the peat matrix and the
fibres, the model also requires the definition of volumetric content for the two
constituents. Differently from artificially reinforced soils with synthetic fibres, peat
samples are naturally reinforced with different amount of fibres and with different
characteristics as shown in Figure 6.1 and Figure 6.7. Fibre content, 𝑓, is often
used as index to describe the fibrous composition of the peat even if it does not
provide any description about the different fibrous networks present. The fibre
content is defined is terms of mass of dry fibres over the dry mass of peat. If the
specific density of the peat is defined with 𝐺𝑠 and of the fibres with 𝐺𝑠 and the
dry density with 𝜌 , and 𝜌 , , the volumetric fabric content needed in equation 6.7
can be approximately estimated by

𝜇 = 𝑓
𝜌 ,
𝜌 ,

(6.13)
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The units of 𝜇 are volume of fibres over total volume of peat sample. The expres-
sion for the peat matrix volumetric fraction reads

𝜃 = 1 − 𝜇 (6.14)

For the case of peats, it is rather difficult to define 𝜌 , . For the sake of simplicity,
the specific density of the organic matter of peat is assumed to represent the one of
the fibres, slightly lower than the 𝜌 , depending on the amount of organic matter
(Kazemian et al., 2011; Madaschi & Gajo, 2015b). The definition of the dry density
of the fibres also requires to know their void ratio. In this case if the fibres section
can be schematized as a circular ring, the ratio between the void and the total cross
section can be used as representative of the section porosity assumed to be uniform
with the fibres length.

6.3. MODEL RESULTS AND DISCUSSION

T he results of the proposed model are reported for illustrative scope with refer-
ence to the natural sample 1-N (Figure 6.2). To facilitate the discussion about

the potential advantages of modelling natural peat sample as a composite soil, a
comparison with the traditional approach of modelling peat as a single soil compo-
nent is offered in Figure 6.8 and Figure 6.9. The corresponding set of parameters
for the two cases are reported in Table 6.2 and Table 6.3.

Table 6.2: Parameters used in the constitutive model for peat as single soil component

Sample 𝜆 𝜅 𝜈 𝑀 𝑀 𝜒 𝜒 𝐷 𝐷 𝐸 𝜇
(-) (-) (-) (-) (-) (-) (-) (-) (-) (kPa) (-)

1-N 2.0 0.3 0.1 1.5 2.2 3.0 15.0 3.0 15.0 - 1.0

Table 6.3: Parameter used in the constitutive model for peat as soil composite

Sample 𝜆 𝜅 𝜈 𝑀 𝑀 𝜒 𝜒 𝐷 𝐷 𝐸 𝜇
(-) (-) (-) (-) (-) (-) (-) (-) (-) (kPa) (-)

1-N 2.0 0.3 0.1 1.5 1.8 2.0 2.0 7.5 8.5 50.0 0.3

The results are presented in terms of stress path, deviatoric stress-strain, excess
pore pressure and stress ratio. Normalised values are obtained dividing the current
value with the mean effective stress at the beginning of shear, 𝑝 .

From a first comparison of Figure 6.8 and Figure 6.9, it seems that the advan-
tage of modelling peat as a fibres reinforced material is modest. Both approaches
seem to agree with the experimental data related to the deviatoric response and
to the excess pore pressure. However, a closer comparison of the results and of
the parameters in Table 6.2 and Table 6.3 allow to highlight some important differ-
ences. Firstly, to capture the observed behaviour with a classical single-component
model, the critical stress ratio 𝑀 had to be set equal to 2.3 which corresponds to
a very high friction angle equal to 𝜑 =56°. This value is well above the one used
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Figure 6.8: Comparison between the model results and the experimental data for sample 1-N as a single
soil component: (a) stress path, (b) deviatoric stress-strain response, (c) excess pore pressure, and (d)
stress ratio
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Figure 6.9: Comparison between the model results and the experimental data for sample 1-N as a soil
composite: (a) stress path, (b) deviatoric stress-strain response, (c) excess pore pressure, and (d) stress
ratio
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in Table 6.3 for the composite model, 𝑀 =1.8 which corresponds to 44°. More
importantly, this value agrees with the friction angle determined from reconstituted
samples sheared with modified end platens, 𝜑 =43°, reported in Chapter 3. The
proposed model predicts correctly the additional confinement of the fibres, which
increases the observed shear strength without requiring to transfer the fibres ef-
fects into fictitious high shear strength parameters. As displayed in Figure 6.9(a) the
matrix and the composite responses do not differ during the first part of the shear.
With progressive radial expansion, the confinement provided by the fibres stretch-
ing contributes to decrease the mean effective stress and to increase the deviatoric
stress for the composite. These two effects lead to a stress path asymptotically
approaching the Tension Cut Off line (Figure 6.9(a)(d)). Even if less evident, im-
provements in the prediction of the excess pore pressure are also obtained with
the adoption of the composite soil model. As displayed in Figure 6.8(c) the con-
stitutive model for a single soil component predicts correctly the magnitude of the
excess pore pressure but with a dilating response at high strain level which results
from the adoption of a mixed volumetric and distortional hardening law. However,
the experimental results show no decrease in the excess pore pressure in favour
of a slight but still increasing trend. The composite confirms for the peat matrix
a dilating response for deviatoric strains above 15%. However, accounting for the
fibres stretching a counterbalancing contractive contribution is introduced and the
composite behaviour observed experimentally is retrieved (Figure 6.9(c)). These
two competing mechanisms hence govern the global response of the composite.

6.4. CONCLUSIONS

T he influence of fibres on the hydro-mechanical response of natural peats has
been matter of discussion for many decades. Despite the previous extensive ex-

perimental investigations which already showed the remarkable contribution of the
fibres to the peat behaviour, still difficulties in modelling the experimental results
are present. The deviatoric behaviour of natural peats tested in undrained triaxial
compression is particularly challenging with peat samples exhibiting high excess
pore pressure and very high deviatoric stress at the same time. Traditional con-
stitutive models show evident difficulties in capturing this peculiar behaviour. The
main limitation relies on assuming the observed behaviour as result of a unique soil
component. In other words, no extensive attempts of modelling the peat response
as result of soil matrix and fibres interaction have been reported so far. The present
contribution represents an exploring attempt to model the deviatoric behaviour of
natural peat samples by interpreting peat as a fibres-reinforced soil. The experi-
mental background is firstly provided by comparing reconstituted and natural peat
samples. The peat matrix for reconstituted sample contains small diffuse randomly
distributed fibres, less than 3 mm long, while natural peat samples also contain
big fibres, 1-3 cm long, with different preferential orientation. The experimental
results clearly showed a matrix-fibres interaction mechanism which is strain level
dependent. Up to deviatoric strains of about 5%–10% the deviatoric stress-strain
response between normally consolidated reconstituted and natural samples did not
differ significantly. With progressive axial compression and radial expansion, the
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big fibres started to realign and to be stretched and the two responses began to
diverge. While reconstituted samples approached failure with a gentle plateau in
the deviatoric stress, the natural peat samples did not fail in favour of a strain-
hardening response with progressive increase in the deviatoric stress and excess
pore pressure. The resulting stress path approaches to the Tension Cut Off line
with a continuous strain-hardening response.

Based on the experimental evidence, a simple constitutive approach within the
framework of fibres-reinforced soils has been proposed. The behaviour of the peat
matrix together with small diffuse fibres was described by a non-associative elastic-
plastic model with a mixed volumetric and distortional hardening law. For the big
fibres linear elasticity was adopted. The behaviour of the two components was
eventually superimposed by a simple volumetric homogenisation procedure. With
an illustrative perspective rather than with a predictive aim, the model capabilities
have been compared with reference to the experimental results on natural peat
samples. By taking into account the additional confinement offered by the fibres
stretching it was possible assign to the peat matrix shear strength parameters con-
siderably lower than the values reported for fibrous peat often considered ‘‘altered’’
by the fibres. The adopted value of friction angle used for the peat matrix, 44°,
agrees with previous experimental results from reconstituted peat samples sheared
with modified end platens. The observed stress path for natural samples asymp-
totically reaching the Tension Cut Off line was well reproduced by the superposition
of the fibres effect, without the necessity of adopting fictitious high shear strength
parameters. The comparison between the traditional single component model and
the composite also shows the capabilities of the latter to reproduce the steady in-
crease in the excess pore pressure measured experimentally for natural peats. The
progressive tensile contribution of the fibres increases the confinement on the peat
matrix and with an overall contractive response for the composite.

The results confirm the potentialities of a constitutive approach which inter-
prets natural fibrous peats as fibres-reinforced soils. In particular such a model
can help to overcome misconceptions on both shear strength and stress-strain re-
sponse which still limit the possibility of using extensive experimental database from
triaxial tests on natural peats. Having the possibility of using this vast database of
experimental data for developing and validating advanced constitutive models for
the deviatoric behaviour of peats represents a great step forward to model the
behaviour of peats, even at the engineering scale.
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LIST OF SYMBOLS

𝐺𝑠 specific gravity
𝑂𝐶 organic content
𝑒 void ratio
𝑣 specific volume
𝜆 slope of the isotropic normal compression line
𝜅 slope of the isotropic unloading-reloading line
𝜈 Poisson’s ratio
𝐾 bulk modulus
𝐺 shear modulus
𝜎 axial effective stress
𝑝 mean effective stress
𝑝 preconsolidation mean effective stress
𝑝 mean effective stress at the beginning of shear
Δ𝑢 excess pore pressure
𝑂𝐶𝑅 overconsolidation ratio
𝑞 deviatoric stress
𝜂 stress ratio
𝜑 friction angle
𝜀 axial strain
𝜀 radial strain
𝜀 volumetric strain
𝜀 deviatoric strain
𝛿𝜀 volumetric plastic strain increment
𝛿𝜀 deviatoric plastic strain increment
𝜀 deviatoric plastic strain
𝑎 pore pressure parameter
Δ𝑝 change in the mean effective stress
Δ𝑞 change in the deviatoric stress
σ’ effective stress tensor of the composite
σ’ effective stress tensor of the soil matrix
σ’ stress tensor of the fibres
𝜺 strain tensor of the composite
𝜺 strain tensor of the soil matrix
𝜺 strain tensor of the fibres
[𝑴 ] stiffness matrix of the soil matrix
[𝑴 ] stiffness matrix of the fibres
𝜇 matrix volumetric content
𝜇 fibres volumetric content
𝑓 fibre content
𝜌 , dry density of peat
𝜌 , dry density of fibres
𝑀 stress ratio associated to the horizontal tangent of the yield locus
𝑀 stress ratio at critical state
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𝜒 shape factor of the yield locus
𝜒 shape factor of the plastic potential
𝐷, 𝐷 , 𝐷 coefficients of the distortional hardening





7
Experimental results on the

influence of gas on the
mechanical response of peats

If we knew what it was we were doing, it would not be called research,
would it?

Albert Einstein

The content of this chapter has been published as research paper in Géotechnique. (Jommi et al., 2018).
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7.1. ABSTRACT

D irect observation of gas in peat layers, generated by slow degradation in anoxic
conditions, raised concern in the Netherlands about its potential impact on the

geotechnical response of dykes founded on peat layers. To address this issue,
an experimental investigation was initiated aimed at quantifying the main conse-
quences of the presence of gas on the mechanical response of peats. The results of
a series of triaxial tests on natural peat samples flushed with carbonated water are
presented and discussed. Controlled amounts of gas were exsolved by undrained
isotropic unloading, and the samples were sheared under undrained conditions.
During gas exsolution, the samples suffered volumetric expansion, at a rate which
is ruled by the relative compressibility of the fluid and the soil skeleton. The gas
in the pore fluid dominates the stress-strain response upon undrained shearing,
causing lower excess pore pressure compared to fully saturated samples. The ex-
perimental results suggest that local fabric changes occur during gas exsolution.
However, for the amounts of gas investigated, these fabric changes seem to be al-
most reversible upon compression. Although the ultimate shear strength is hardly
affected by gas, the reduction in the mobilised shear strength at given axial strain
thresholds is dramatic, compared to fully saturated samples. The study suggests
that the presence of gas must be cautiously accounted for at low stresses, when
a reference stiffness is chosen for serviceability limit states, and when operative
shear strength definitions, based on mobilised strength for given strain thresholds,
are chosen in the assessment of geotechnical structures on peats.
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7.2. INTRODUCTION AND MOTIVATION

M any flood defence embankments in the Netherlands have been built on peat
layers (dykes on peat) or are made of peat (peat dykes). The assessment of

these dykes is not straightforward, especially due to the lack of adequate geotech-
nical description of the behaviour of peats at the engineering scale. This often
results in overly conservative assumptions, leading to high costs for maintenance
and reinforcement. Several difficulties arise from the peculiar characteristics of this
material, such as the exceptional high water content up to 800%-900% and the
organic content reaching 80%-90%, multiple levels of fibrous structures and creep
behaviour. Among these aspects, concerns on the stability and the serviceability of
these dykes also arise from biodegradation of peat.

Oxidation of the organic fraction leads to significant modification of the soil skele-
ton compressibility, strength and retention capacity. In addition, the decomposition
of organic matter produces gas species, typically 𝐶𝑂 in aerobic environment and
𝐻 𝑆 and 𝐶𝐻 in deeper peat layers under anaerobic conditions. Dissolution of the
available free gas and continuous degradation of the organic matter tend to satu-
rate the pore fluid with gases. These are exsolved in the form of gas bubbles when
their concentration exceeds the equilibrium solubility, because of atmospheric pres-
sure changes, temperature oscillations, water table drop or total stress reduction
(Dinel et al., 1988; Brown et al., 1989; Buttler et al., 1991). Previous research has
addressed the role played by biogenic gas on buoyancy, retention, hydraulic con-
ductivity, and volumetric expansion and contraction of peats, mostly from a hydro-
logical perspective (Kellner et al., 2004, 2005; Waddington et al., 2009; Rosenberry
et al., 2003; Tokida et al., 2005, 2007; Glaser et al., 2004; Strack et al., 2005).
Only few contributions dealt with the possible geotechnical impact of gas in peats
on the structural response of dykes or railway embankments (Vonk et al., 1994;
Den Haan & Kruse, 2007; Acharya et al., 2016a,b). However, all these contribu-
tions just highlighted that local overpressure may occur due to gas pockets, but
none of them included a systematic study on the consequences of gas entrapment
on the mechanical behaviour of peats.

The effects of entrapped gas have been studied extensively in the past for ma-
rine sands and clays (Rad et al., 1994; Grozic et al., 1999, 2000; Amaratunga &
Grozic, 2009; Nageswaran, 1983; Wheeler, 1988b; Hight & Leroueil, 2003; Sul-
tan et al., 2007, 2012). In the case of sands, the predominant effect of gas is
to increase the pore fluid compressibility, which affects the pore pressure devel-
opment during shear, in turn increasing or decreasing the ultimate shear strength
depending on the relative density of the sand (Rad et al., 1994; Grozic et al., 1999,
2000). More controversial results were found on clays, because of the role played
by two competing mechanisms, depending on the combination of total stress and
water pressure. On the one hand, the reduction in the fluid stiffness increases
the mean effective stress and has a positive influence on the attainable undrained
shear strength (Wheeler, 1988b; Grozic et al., 2005). However, the increase in the
gas pressure during exsolution may damage the pore structure, and the formation
of large gas filled pores eventually has a negative impact on the available shear
strength (Nageswaran, 1983; Hight & Leroueil, 2003; Sultan et al., 2012).
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Attention was raised on the influence of biogenic gas on the geotechnical re-
sponse of flood defences in the Netherlands during a thorough field study of dykes
founded on peat, where gas release was regularly observed (Zwanenburg, 2013).
As the lack of systematic studies on the mechanical response of gassy peats in-
creases the knowledge uncertainties on the short-term performance and the long-
term durability of the embankments, an experimental investigation was initiated
at TU Delft to start filling the knowledge gap (Jommi et al., 2017). To isolate
the mechanical effects of gas on the soil skeleton from the direct consequences
of biodegradation of the material, a series of triaxial compression tests has been
performed on intact peat samples artificially charged with a controlled amount of
gas. Some of the implications of the presence of gas in peat are discussed from
the results of the triaxial compression tests, where attention has been given to the
impact of gas on both volumetric and deviatoric response. The testing programme
was designed to provide an answer to the following questions. How will the pore
fluid pressure and the average stress acting on the soil skeleton be affected by the
generation of gas? Is the amount of exsolved and entrapped gas dependent on
the soil skeleton properties and on the external confinement? Will the gas volume
and pressure affect the fabric of peat and will the modification be irreversible in
this case? Will the deviatoric response be affected by gas, and will ultimate shear
strength depend on the amount of gas?

7.3. EXPERIMENTAL PROGRAMME
7.3.1. Material

T he experimental study has been conducted on undisturbed peat specimens sam-
pled between 1.0 and 2.5 m depth from the ground level in the subsoil of the

Markermeer dykes at Katwoude in the Netherlands (De Vries & De Bruijn, 2014).
The soil profile is made of a 0.7-1 m thick silty clay cover above a peat layer with
a variable thickness of 2-3 m, where the samples were retrieved. The water table
is located 0.25 m below the ground level. The in situ effective vertical stress of
the peat layer is around 10 kPa, typical of surficial peat layers in the Netherlands.
After sampling, the material was stored in a climate controlled room at 10°C and
90% relative humidity to prevent oxidation of the organic matter. The water con-
tent was determined by oven drying at 60°C to avoid loss of organic mass (Head,
2014). The specific gravity of the soil, 𝐺𝑠, was measured with a helium pycnome-
ter in accordance to D5550-14 (2014) and the organic content was assessed by
ignition at 500°C (D2974-14, 2014; Den Haan & Kruse, 2007). Table 7.1 reports
the index properties of the tested samples. Three tests assessing loss of ignition
(𝑁) following the standard D2974-14 (2014) gave an average organic content 𝑂𝐶
of 85.7% based on equation 7.1 (Skempton & Petley, 1970)

1 − 𝑂𝐶 = 1.04(1 − 𝑁) (7.1)

The data reported in Table 7.1 show that the soil in the field is not completely
saturated and that, on average, the lower the degree of decomposition (smaller
values of specific gravity) the lower the in situ degree of saturation.
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Table 7.1: Index properties of the tested specimens

Sample 𝑧 (ground) 𝛾 𝐺𝑠 𝑒 𝑤 𝑆𝑟
(m) (kN/m ) (-) (-) (-) (-)

Test 1 1.1-1.3 9.90 1.48 9.59 6.50 1.00
Test 2 1.1-1.3 10.1 1.47 9.21 6.20 0.99
Test 3 1.6-1.8 11.0 1.37 12.04 7.35 0.84
Test 4 1.7-1.9 10.4 1.40 9.89 6.63 0.94
Test 5 2.3-2.5 10.2 1.45 10.03 6.38 0.92
Test 6 1.7-1.9 10.4 1.43 10.78 6.53 0.87

7.3.2. Experimental set-up and procedure

A series of triaxial tests was carried out on samples 100 mm in height and 50
mm in diameter. A load frame type GDS triaxial system with standard back

pressure and cell pressure volume controllers and a submersible 1 kN load cell was
used (Figure 7.1). accuracy of the controllers is ±1 kPa on pressure and ±300 mm
on volume (0.15% FSR). Calibration of the system included the cell deformation
during loading and unloading at the pressures used in the tests, using a steel sam-
ple replica. The calibration was essential to allow using the variations in volume
recorded by the cell pressure volume controller, together with the volume change
due to the piston displacement, to compute the volumetric strain of the sample,
𝜀 , during the undrained unloading (gas exsolution and expansion) and during the
next shearing stage (gas compression and dissolution).

cell pressure controllerback pressure controller

pore pressure transducer CO - H O controller2 2

internal submersible load cell

digital load frame

LVDT

Figure 7.1: Triaxial testing system including the pressure/volume controllers and the carbonated water
flushing system

All the tests were performed in a controlled environment, at temperature 𝑇=13°C
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and relative humidity 𝑅𝐻=68%. Carbonated water was prepared before each test
in a Perspex cell, where 𝐶𝑂 dissolution in de-aired water at a target pressure of
380 kPa was allowed for about 60 hours at 22°C (Van Der Putte, 2014). To generate
a controlled amount of gas in the peat samples, the protocol suggested by Lunne
et al. (2001), Amaratunga & Grozic (2009) and Sultan et al. (2012) was followed.
After mounting in the triaxial apparatus, the samples were loaded isotropically to a
cell pressure of about 400 kPa under undrained conditions, to dissolve the natural
gas and air bubbles in the peat samples. Afterward, the pore water was replaced
with carbonated water, by flushing the samples from a third pressure controller
connected to the pedestal (Figure 7.1). A total volume of about 1.3 times the initial
volume of voids was injected, under a small pressure difference of 2-4 kPa between
the bottom and the top cap. Flushing was performed under a total isotropic stress
between 400 and 420 kPa, while the effective confining mean stress ranged be-
tween 5-15 kPa. Before exsolving the gas previously injected in the samples, the
effective stress was increased with a first short isotropic consolidation stage. Gas
exsolution was triggered by decreasing the isotropic confining pressure under ex-
ternal undrained conditions. A second isotropic consolidation stage was performed
on the gassy samples in order to re-adjust the confining stress to the target value
after the gas exsolution, before the start of shearing. Undrained shearing was
performed at controlled axial displacement rate of 0.02 mm/min, to replicate the
one adopted in a previous extensive experimental study on saturated samples of
peat coming from the same Markermeer area (De Vries & De Bruijn, 2014). As the
behaviour of peat is rate sensitive, the same displacement rate was chosen to min-
imise the differences in the stress-strain response coming from rate dependency,
and to allow isolating and evaluating the role played by the gas. However, in Test 6,
stress controlled shearing was chosen to check the controllability of the mechanical
response, which implied a variable strain rate, on average about five times higher
than that experienced by the other samples. To limit gas diffusion towards the cell
fluid, two latex membranes 0.25 mm thick with an intermediate grease layer in
between were used. The choice seems to be substantiated by the results on sam-
ple 6, which was sheared five times faster than the others, though experiencing
comparable volumetric strain. A reference test was performed on a sample fully
saturated with demineralised de-aired water (Test 1). A second reference sample
was tested after flushing with demineralised water saturated with nitrogen 𝑁 (Test
2). Flushing with 𝑁 charged water, allowed removing the small amount of oxy-
gen that can remain in water even after de-airing process with a standard pump,
and provides an alternative convenient reference for saturated conditions. Flushing
was performed also on the saturated samples to minimise the differences in fab-
ric changes between different samples, which could be due just to the saturation
procedure. In Table 7.2, Table 7.3 and Table 7.4 the cell pressure (𝜎 ), the back
pressure (𝑢 ) and the pore fluid pressure measured at the bottom of the sample
(𝑢 ) are reported for each sample, for the different stages of the tests, until the
start of shearing. It is worthwhile noting that the mean effective stress in the field
can be estimated to be around 7 kPa. The confining stresses attained in the triaxial
apparatus were slightly higher, to improve the accuracy of the results, still being
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representative of the site conditions.

Table 7.2: Measured stress variables for Test 1 and Test 2 performed on saturated specimens (the values
refer to the end of the steps unless otherwise specified)

Test 1 H O Test 2 N
σ 𝑢 𝑢 σ 𝑢 𝑢

Stage (kPa) (kPa)
Flushing 421 407 411 407 397 398
1st consolidation 420 405 406 426 403 404
Undrained unloading 53 - 38 51 - 30
Undrained shear (start) 51 - 38 52 - 31

Table 7.3: Measured stress variables for Test 3 and 4 performed on gassy specimens (the values refer
to the end of the steps unless otherwise specified)

Test 3 CO Test 4 CO
𝜎 𝑢 𝑢 𝜎 𝑢 𝑢

Stage (kPa) (kPa)
Flushing 407 402 404 408 402 403
1st consolidation 404 383 383 406 382 382
Undrained unloading 51 - 49 63 - 58
2nd consolidation 68 50 51 79 55 55
Undrained shear (start) 69 - 50 80 - 53

7.4. EXPERIMENTAL RESULTS

R eporting and interpreting the stress-strain response of gassy peat samples re-
quires a choice on the most convenient stress variables to describe the results.

The choice is not straightforward as the samples may experience different states
during the triaxial tests. At the start of the test, the peat is saturated with an almost
incompressible fluid. Gas starts to be exsolved in the form of small bubbles, which
are still surrounded by water. In these first two states, the measured pore pressure
is the water pressure, and the solid skeleton response is likely to depend on the
traditional effective stress, defined as the difference between the total stress and
the water pressure. At increasing volume, the gas starts acting directly on the solid
skeleton, and the mechanical response of the soil samples will start depending on
both gas and water pressures. The latter state calls for a description of the soil
state accounting explicitly for the volume fraction of gas and for the unsaturated
state of the soil. Different choices could be equally made in the latter case, mostly
depending on the available experimental information (Gens, 1996).

In previous investigations on gassy soils, the difference between total stress and
water pressure has been used for any gas volume fraction. However, concern has
been raised about the extension of the effective stress principle to the gassy state,
which motivated naming “operative stress” the adopted stress variable (Sills et al.,
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Table 7.4: Measured stress variables for Test 5 and 6 performed on gassy specimens (the values refer
to the end of the steps unless otherwise specified)

Test 5 CO Test 6 CO
𝜎 𝑢 𝑢 𝜎 𝑢 𝑢

Stage (kPa) (kPa)
Flushing 409 402 403 410 405 406
1st consolidation 408 387 387 409 383 384
Undrained unloading 52 - 50 65 - 64
2nd consolidation 70 50 51 98 *- 87
Undrained shear (start) 71 - 48 100 - 88

∗ For Test 6, the 2nd consolidation stage was substituted with a compression at closed drainage

1991; Sills & Gonzalez, 2001). In this work, it was assumed that the pressure
measured at the bottom transducer is the average fluid pressure acting on the
soil skeleton, and that the difference between the total stress and the measured
pressure can be conveniently adopted to describe the relevant characteristics of
the soil mechanical response. However, it is not proven that this difference can be
identified with an effective stress, which alone would rule entirely the soil response
(Jommi, 2000). For this reason, the definition “operative stress” is maintained in
the presentation of the results. Accordingly, the mean operative stress is defined
as

𝑝 = 𝑝 − 𝑢 = 𝜎 + 2𝜎
3 (7.2)

where 𝑝 is the total mean stress and 𝜎 and 𝜎 are the operative axial and radial
stresses computed as difference between the axial and radial total stresses and the
measured pore fluid pressure, 𝑢 . In equation 7.2 the double apostrophe ” is used
to mark the conceptual difference between effective and operative stress for gassy
soils (Sills et al., 1991).

7.4.1. Isotropic undrained unloading

T he experimental results during the isotropic undrained unloading stage are re-
ported in Figure 7.2. Normalised cell pressure was obtained by dividing the

current cell pressure with the correspondent value at the start of unloading, 𝜎 , .
Reduction of the cell pressure to about 50 kPa (Table 7.2,Table 7.3 and Table 7.4)
was conducted in 2 hours for Test 1, Test 2 and Test 6, 4 hours for Test 4 and 5,
while a slower step-by-step procedure was adopted in Test 3.

Based on the volumetric strains recorded in the tested gassy samples at the end
of the unloading, the gas content attained a volumetric fraction between 4% and
16% of the initial sample volume. These values replicated the average gas volumet-
ric fraction often encountered in peat layers (Landva & Pheeney, 1980; Reynolds
et al., 1992; Beckwith & Baird, 2001; Baird & Waldron, 2003). As expected, fully
saturated samples, Test 1 and Test 2, experienced null volumetric strains. The
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Figure 7.2: Undrained unloading stage: (a) normalised cell pressure time sequence, (b) volumetric
strains

rate at which the pore fluid pressure decreases during unloading is ruled by gas
exsolution and expansion (Sobkowicz & Morgenstern, 1984), which are expected
to start when the pore fluid pressure drops below the initial gas-liquid saturation
pressure, 𝑢 / , . The detail of the evolution of the measured pore fluid pressure
during the isotropic undrained unloading is reported in Figure 7.3. Normalised pore
fluid pressure was obtained by dividing the current pore fluid pressure with the
correspondent value at the start of unloading, 𝑢 , .

For an initial portion of the unloading stage in Figure 7.3, the pore fluid pressure
for the gassy samples decreased as much as for the saturated samples. A closer
examination of Figure 7.2(b) reveals that non-null volumetric strains started being
observed only when the cell pressure reached a pressure of about 60% of the initial
value (see Table 7.5). Starting from this point, the pore fluid pressure in the gassy
samples remained higher than that in the saturated samples. For all the gassy
samples, the pore fluid pressure corresponding to the onset of the gas exsolution,
reported in Table 7.5, was below the initial gas-liquid saturation pressure, 𝑢 / , , at
which the carbonated water solution had been prepared. The main reason for this
discrepancy can be ascribed to the different temperatures at which the water was
saturated with gas (22° C) and the temperature of the room where the triaxial tests
were run (13°C).

According to Henry’s law, the gas solute mole fraction, 𝜒, in the aqueous phase
is proportional to the absolute gas pressure, 𝑢 , through Henry’s coefficient 𝐻
(Pa )

𝐻 = 𝜒
𝑢 (7.3)
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Figure 7.3: Evolution of the measured pore fluid pressure during undrained unloading

Table 7.5: Imposed gas-liquid saturation pressure, cell pressure and pore fluid pressure at the onset of
gas exsolution

𝑢 / , 𝜎 𝑢
Test (kPa) (kPa) (kPa)
Test 3 CO 380 250 232
Test 4 CO 380 270 247
Test 5 CO 380 241 222
Test 6 CO 380 235 211

The dependence of Henry’s coefficient on temperature is taken into account with
the Van’t Hoff’s equation (Atkins & De Paula, 2014; Sander, 2015):

𝐻 (𝑇) =
𝑀
𝜌 𝐻 ∗𝑒𝑥𝑝( −Δ 𝐻

𝑅 ( 1
𝑇 − 1

𝑇∗ )) (7.4)

where 𝐻 ∗ is the Henry’s coefficient (via concentration) at the reference tempera-
ture (𝑇∗=298.15 K), equal to 3.3×10 mol/(m Pa), and 𝑀 is the molar mass of
water and 𝜌 is its temperature dependent density. The term Δ 𝐻 is referred
to as enthalpy of dissolution (Atkins & De Paula, 2014) and depends on the gas
species, while 𝑅 is the gas constant. The solubility in water of 𝑁 , dry air and 𝐶𝑂
are reported in Table 7.6 for the temperatures of interest, namely 22°C and 13°C.
The dependence of 𝐶𝑂 Henry’s coefficient on temperature gives that the dissolved
concentration at 22°C and relative pressure of 380 kPa corresponds to a relative
liquid-gas saturation pressure 𝑢 ⁄ , °=271 kPa at 13°C, at which the triaxial tests
were performed. This change in the liquid-gas saturation pressure may account for
most of the difference between the pressure at which the gas was dissolved into the
water and the pressure at which it started exsolving during the undrained unloading.
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Table 7.6: Molar solubility of relevant gases at different temperatures

𝐻 at 22°C 𝐻 at 13°C
Gas species (mol/(m Pa)) (mol/(m Pa))
N 6.7×10 7.7×10
Air 9.2×10 1.1×10
CO 3.6×10 4.6×10

However, similar delay in gas exsolution was also observed on a soft marine clay
(Sultan et al., 2012), although no difference in temperature was reported. Further
influence on the gas exsolution pressure might have come from the presence of
a small amount of air during the saturation of water with 𝐶𝑂 , which reduced the
dissolved 𝐶𝑂 fraction (Mori et al., 1977), or from the change in the pH of water
when flushed into the organic soil material (Appelo & Postma, 2005).

7.4.2. Undrained shearing stage

T he results of the shearing stage performed under undrained conditions are re-
ported in terms of stress path in Figure 7.4(a), and excess pore fluid pressure,

Δ𝑢 in Figure 7.4(b). The symbols in the plots correspond to axial strain increments
of 2%. Test 1 and Test 6 have an initial overconsolidation ratio, 𝑂𝐶𝑅, equal to 1.3
and 2.2, defined as

𝑂𝐶𝑅 = 𝑝
𝑝0,

(7.5)

where 𝑝 is the maximum mean operative stress applied to the sample during
the loading history and 𝑝 , is the mean operative stress at the beginning of the
shearing stage.

As expected, the presence of free gas in the samples increases the pore fluid
compressibility upon axial compression, promoting lower excess pore fluid pressure
in comparison with fully saturated samples (Figure 7.4(b)) and non-null volumetric
strain despite the external undrained conditions. The initial vertical traits in the
stress paths in Figure 7.4(a) of the gassy samples resemble an initial elastic path.
With further compression and dissolution of the free gas, the pore pressure rate
increases, until the stress paths eventually become parallel to those of the saturated
samples. Negligible consequences seem to be caused by the presence of gas on
the ultimate shear strength of the peat, which occurred with a diffuse failure mode
for all the samples, at an axial strain around 30%.

7.5. FABRIC EVIDENCE

T o support the interpretation of the experimental results, a fabric investigation
was performed, including micro-CT scans and polarisation microscope micro-

graphs. Two CT-scans were performed on the same sample, the first one in the
natural undisturbed state and the second one after gas exsolution. The compar-
ison reported in Figure 7.5 reveals that gas exsolution results in the formation of
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Figure 7.4: Undrained shearing stage for fully saturated and gassy samples: (a) stress path, (b) excess
pore fluid pressure plotted against axial strain

new pores, with characteristic size of 1-2 mm, which are generated by gas ex-
pansion in undrained conditions. These are represented by the black spots in the
micrographs, while denser elements have brighter appearance. Similar gas bubble
radii were observed by Den Haan & Kruse (2007), Kettridge & Binley (2008) and
Rezanezhad et al. (2010).

Due the low difference between the density of solids and that of the surround-
ing pore fluid, micro-CT scans do not allow to visualise in detail the fabric of wet
peat, which could be revealed only after significant drying. To overcome this lim-
itation and identify relevant fabric features of the wet peat, a companion sample
was observed with a polarisation microscope equipped with a digital microscope
camera. The peat fabric in Figure 7.6 appears to be organised in organic peds,
made of organic components such as leaves, roots and stems, and some inorganic
particles such as sand grains (white spots in Figure 7.5 and Figure 7.6). Fibres hav-
ing different orientation and curvature crossing the organic peds are also evident
in Figure 7.6. The visible pores in Figure 7.6 have a typical size in the range 0.1-2
mm, and they can be ascribed to the inter-particle (inter-peds) peat macro-porosity,
which dominates the pore fluid response (Rezanezhad et al., 2016).

7.6. DISCUSSION
7.6.1. Pore fluid response during gas exsolution

T here is clear evidence that the pore pressure evolution in a gassy soil depends
both on the gas-liquid equilibrium and on the mechanical response of the soil

skeleton, due to the coupled response being dominated by the relative stiffness
of the pore fluid and the soil skeleton. A description of the gas exsolution pro-
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(a)

5 mm

(b)

Figure 7.5: Micro-CT scan of a gassy sample: (a) before gas exsolution, (b) after gas exsolution by
undrained unloading (black spots correspond to gas filled pores)

1 mm

Figure 7.6: Micrograph of the tested peat fabric from polarised microscopy
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cess is provided by analysing the time evolution of the cell pressure, 𝜎 , and pore
fluid pressure, 𝑢 , reported in Figure 7.7(a), Figure 7.8(a) and Figure 7.9(a). The
corresponding time dependent mean operative stress and degree of saturation are
displayed in the parallel series of figures (b).
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Figure 7.7: Test 3 CO : (a) cell pressure and pore fluid pressure evolution, (b) mean operative stress
and degree of saturation evolution during undrained unloading

A sequence of three stages can be clearly identified, namely:

• stage 1 �̇� ≈ �̇� , �̇� ≈ 0 and ̇𝑆𝑟 ≈ 0

• stage 2 �̇� ≪ �̇� , �̇� ≪ 0 and ̇𝑆𝑟 < 0

• stage 3 �̇� ≈ �̇� , �̇� ≈ 0 and ̇𝑆𝑟 ≪ 0

During stage 1, the measured pore fluid pressure decreases commensurately with
the cell pressure, almost no gas exsolution takes place, and the mean operative
stress keeps nearly constant. Gas exsolution starts when the pore fluid pressure
reaches values in the range 245-210 kPa, depending on the test (see Table 7.5),
which increases the compressibility of the pore fluid. As a result, the total stress
reduction is mainly transferred onto the soil skeleton, with a relevant decrease in
the mean operative stress. In the final stage 3, the mean operative stress shows
very small variation and keeps close to zero (Figure 7.7(b), Figure 7.8(b) and Fig-
ure 7.9(b)). The compressibility of the soil skeleton is largely increased and signif-
icant gas exsolution and expansion occur. The corresponding change in the ratio
between the compressibility of the pore fluid and that of the soil skeleton is re-
flected in Figure 7.10 in terms of pore pressure parameter 𝐵 (Skempton, 1954) for
the case of Test 5 and Test 6.

During stage 1, the parameter 𝐵 remains close to 1, as for the case of fully
saturated sample. After the onset of the gas exsolution and expansion, during
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Figure 7.8: Test 5 CO : (a) cell pressure and pore fluid pressure evolution, (b) mean operative stress
and degree of saturation evolution during undrained unloading
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Figure 7.9: Test 6 CO : (a) cell pressure and pore fluid pressure evolution, (b) mean operative stress
and degree of saturation evolution during undrained unloading
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Figure 7.10: Evolution of the value during undrained unloading for two gassy samples: (a) Test 5 and
(b) Test 6

stage 2, the compressibility of the pore fluid increases and the 𝐵 value decreases.
The pore pressure parameter 𝐵 starts increasing again, when a significant reduction
in the mean operative stress occurs, which increases the compressibility of the soil
skeleton.

7.6.2. Confining effects on gas exsolution and expansion

A description of the relative volume occupied by the gas bubbles within the porous
space can be attempted making reference to the characteristics of the peat

fabric visualised in Figure 7.5 and Figure 7.6, and using the simple schemes in
Figure 7.11.

The sketched porous structure refers to the scale of the interparticles voids,
where carbonated water replaced the natural water. For the sake of clarity, only
the data from Test 6 are plotted. At the onset of gas exsolution, the bubbles can
start growing in the pore space without interacting with the organic peds (isolated
gas bubbles, sub-stage 2A in Figure 7.11). As long as the gas bubbles remain con-
fined in the pore space, the response is typically that of a porous medium saturated
with a compressible pore fluid. Over further unloading, the gas bubbles expand
and coalesce, and they start interacting with the surrounding soil skeleton. The
gas pressure starts acting directly on the organic peds in localized contact zones
(sub-stage 2B in Figure 7.11), and full three phases interaction takes place between
organic peds, pore fluid and gas bubbles (Wheeler, 1988a). Pores enlargement oc-
curs, eventually reducing the contact forces between the soil particles. The transi-
tion between these two sub-stages occurs with a remarkable decrease in the mean
operative stress, which is highlighted by a dramatic increase in the ratio Δ𝑝 /Δ𝜎 .



7.6. DISCUSSION

7

153

0.7 0.6 0.5 0.4 0.3 0.2

Normalised cell pressure, sc/sc0,u (-)

-0.2

0

0.2

0.4

0.6

D
p
''/

D
s

c
(-

)

0

10

20

30

M
e
a
n

o
p
e
ra

ti
v
e

st
re

ss
,
p
''

(k
P
a
)

Test 6 CO 2 p''

Test 6 CO 2 Dp''/Dsc

Stage 1 Stage 3Sub-stage 2A Sub-stage 2B

organic peds and mineral grains big fibres gas bubble gas cluster

MICROSCALE

MACROSCALE

Figure 7.11: Interpretation at the micro–macro scale of the gas exsolution process



7

154
7. Experimental results on the influence of gas on the mechanical

response of peats

With a progressive reduction in the confining stress, gas exsolution and expansion
bring to a rearrangement of the soil fabric (stage 3 in Figure 7.11), with gas bubbles
locally interconnected in form of preferential cluster structures, as shown by Ket-
tridge & Binley (2008) and by Rezanezhad et al. (2010) on different peat samples.
The dependence of the volumetric strains on the confining stress can be appreciated
with reference to Figure 7.12, where the results of all the tests on gassy samples
are reported as a function of the current mean operative stress normalised with the
value recorded at the beginning of unloading, 𝑝 , .
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Figure 7.12: Volumetric strains plotted against the mean operative stress during undrained unloading
for the gassy samples

Over stage 2, the volumetric strains are almost linearly dependent on the loga-
rithm of the mean operative stress. At the end of this stage, the recorded volumetric
strains range between 4%-6% for a relatively high change in the operative stress.
The majority of free gas is generated only during stage 3, under nearly constant
mean operative stress, when previous gas exsolution and expansion have softened
the soil fabric. Possible local softening of the soil fabric was suggested during these
tests by the observation of gas pockets developing at the boundaries of the sam-
ples during the last part of unloading. These were interpreted as the result of local
expansion, which allowed preferential gas flow paths towards the external part of
the samples (Jommi et al., 2017).

7.6.3. Deviatoric behaviour

T he deviatoric response of fibrous peats is dominated by the fibres network.
It is generally accepted that in a standard undrained triaxial tests the fibres

tend to align horizontally, and provide an internal additional confinement to the
sample, which is responsible for very high ultimate strength. The stress-strain
curves for the saturated samples (Figure 7.13(a)) show continuously increasing
deviatoric stress in the strain range investigated, as typically found on fibrous peats
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(Oikawa & Miyakawa, 1980; Cola & Cortellazzo, 2005; Hendry et al., 2012). This
feature complicates the definition of a failure criterion for the investigated material,
because an asymptotic value for the deviatoric stress is not found, and the stress
path approaches the Tension Cut Off (TCO) line (Figure 7.4(a)).
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Figure 7.13: Failure onset on the deviatoric stress-strain response (a) and (b) evolution of the pore
pressure parameter for fully saturated samples during undrained shear

Among different possible choices, in this study failure is assumed to be trig-
gered in correspondence of the start of the linear hardening portion of the 𝑞-𝜀
stress-strain curve (Kanmuri et al., 1998). The rationale behind this choice is that
this criterion corresponds to the transition between contractive and dilatant be-
haviour, which identifies the critical state for the peat matrix if the radial stretching
effect of fibres is neglected. The transition between contractive and dilatant be-
haviour during an undrained deviatoric compression stage occurs when the pore
pressure parameter 𝑎=-Δ𝑝 /Δ𝑞 becomes zero, passing from positive to negative
values (contractive behaviour is characterised by 𝑎>0 while dilatant response by
𝑎<0, Wood (1990)). It is worth noting that this criterion was proposed for fibrous
peats by Oikawa & Miyakawa (1980) and adopted by Mesri & Ajlouni (2007). The
mechanical ground of this criterion had been discussed for dense sands in undrained
compression by Nova (1977), who demonstrated that stress ratios higher than the
critical stress ratio 𝑀 can be reached after 𝑎=0 is overpassed due to dilation in the
hardening regime. The evolution of the pore pressure parameter 𝑎 for the satu-
rated samples (Test 1 and Test 2) is reported in Figure 7.13(b). The transition from
contractive to dilatant behaviour of the saturated samples occurred for axial strains
of 7% and 12%, in Test 1 and Test 2 respectively, for an average stress ratio 𝜂=2.3.
The evolution of the pore pressure parameter 𝑎 for the gassy samples is reported
in Figure 7.14. Significant higher axial strains, in the range 16%-20%, needed to
be applied to the gassy samples in order to switch from contractive to dilatant be-
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haviour. As this transition is associated to the start of significant confinement effect
offered by the fibres, it can be concluded that the dominant effect of gas on the
deviatoric behaviour is to delay the fibres stretching significantly.
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Figure 7.14: Evolution of the pore pressure parameter for the normally consolidated gassy samples
during undrained shear

To provide further insight into the deformation mechanism and to appreciate
this delay in the fibres stretch contribution, the operative axial stress is reported in
Figure 7.15(a) for the normally consolidated saturated sample and in Figure 7.15(b)
for the gassy samples. The results are normalised for each test with the operative
axial stress at the start of shearing, 𝜎 , .
The fully saturated sample presents the typical response of saturated peats, with the
operative axial stress increasing steadily with the axial strain. However, for gassy
samples there is a significant intermediate portion of the response with almost
constant operative axial stress, despite the increasing axial strain. The extension
of this trait increases with the initial gas fraction previously exsolved, suggesting
that significant rearrangement of the peat fabric must occur before stretching of the
fibres starts being effective in contributing to the mobilised strength. Starting from
the fabric evidence in Figure 7.6 and the sketch in Figure 7.11, it can be inferred
that gas expansion causing an enlargement of the pores will be accompanied by
distortion and bending of the fibres (stage 3 in Figure 7.11). This effect needs to
be compensated by high strains during the deviatoric compression before the fibres
start stretching. Eventually, the stress ratio corresponding to the onset of failure,
detected by the condition 𝑎=-Δ𝑝 =0, is similar for the saturated and the gassy
samples (Figure 7.16). Slightly higher values can be reached by gassy samples at
the expenses of much higher axial strains, which increase with the volumetric gas
fraction at the beginning of shear.

These results show that the shear strength of the tested peat is hardly affected
by the presence of gas, or even slightly increased if the criterion 𝑎=-Δ𝑝 =0 is
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Figure 7.15: Normalised operative axial stress-strain relationship: (a) fully saturated sample and (b)
gassy samples
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adopted to discriminate the onset of failure. However, the delay in mobilised shear
strength due to gas compression and fibres stretching results in a dramatic effect
on serviceability and ultimate limit states criteria based on mobilised shear strength
at given axial strain thresholds. To quantify this remark, Figure 7.17 reports the
mobilised friction angle, 𝜑 , of the saturated and gassy samples in correspondence
of typical reference axial strains of 2% and 5%, often used in traditional assessment
approaches (Den Haan & Feddema, 2013). On average, a reduction of 30%-40%
in the mobilised friction angle of gassy samples compared to saturated samples is
observed at both axial strains of 2% and 5%.
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Figure 7.17: Mobilised friction angle at axial strains of 2% and 5% for normally consolidated fully
saturated and gassy samples
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7.7. CONCLUSIONS

B iodegradation of peat generates gases in the soil water, which can exsolve when
the equilibrium pressure decreases due to changes in stress, temperature or

water pressure. The potential consequences of these gases on the mechanical
behaviour of peats have been systematically investigated by means of a series of
triaxial tests on natural peat samples from Katwoude in the Netherlands. Controlled
amounts of gas were generated by unloading the samples under undrained condi-
tions, after flushing them with carbonated water. A gas fraction in the range 4%
to 16% was generated, which replicates the typical amount of gas found in peat
layers in the field.

The volumetric and the deviatoric stress-strain responses, as well as the strength
have been investigated. During isotropic unloading, gas exsolution and expansion
is ruled by the relative stiffness of the pore fluid over that of the solid skeleton.
With respect to other gassy soils investigated in the past, the very high compress-
ibility of peats decreases the rate of gas exsolution. Most of gas expansion takes
place at very low stress, when the fabric can be locally softened, allowing for gas
coalescence and migration. The mechanical response upon undrained unloading is
characterised by gas-soil matrix interaction phenomena. As long as the gas bub-
bles remain confined in the pores space, the typical response of a porous medium
saturated with a compressible pore fluid is observed. However, with further gas
exsolution and expansion, gas bubbles start acting directly on the soil skeleton.
The contact forces between the organic peds are reduced, which rapidly decreases
the operative mean stress. Pore enlargement and significant soil matrix changes
are expected to occur, until the gas bubbles become locally interconnected in gas
clusters and the soil matrix is not able to contrast further gas expansion.

Volumetric strains due to gas compression and dissolution during shearing occur
for gassy samples, despite the external undrained conditions. Both fully saturated
and gassy samples showed diffuse failure mode. The stress ratio at the onset
of failure, defined as the transition from contractive to dilatant response, is not
significantly affected by the presence of the gas fraction. However, the pre-failure
stress-strain relationship for gassy samples is remarkably different from that of fully
saturated specimens, with a dramatic reduction in the mobilised shear strength and
mobilised friction angle for given axial strain levels. The volumetric strains experi-
enced by the soil matrix delay the peat fibres stretching, and their contribution to
the shear strength.

The experimental study has been started to evaluate whether and how the pres-
ence of gas should be accounted for in the safety assessment of earth structures
founded on peat, which are subjected to loading-unloading and thermal cycles, as
well as changes in the atmospheric conditions, during their service life. The results
suggest that the presence of gas should be carefully considered in the assessment
of serviceability limit states. When total stress or pore pressure are reduced, for
example due to excavation or dewatering, gas exsolution and expansion will occur,
decreasing the operative stress and eventually increasing the soil skeleton com-
pressibility. The effects appear to become dramatic at low total stresses, which is
often the case for peat foundation layers at the toe of embankments. The presence
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of gas becomes also extremely relevant when ultimate limit states are assessed
by choosing an operative shear strength defined on strain thresholds. The com-
pressibility of the gas phase and the delayed stretching of fibres largely reduce the
mobilised friction angle for comparable strain thresholds.
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LIST OF SYMBOLS

𝐺𝑠 specific gravity
𝑁 loss of ignition
𝑂𝐶 organic content
𝛾 unit weight
𝑛 initial porosity
𝑒 initial void ratio
𝑆𝑟 degree of saturation
𝑇 temperature
𝑅𝐻 relative humidity
𝜎 cell pressure
𝜎 , cell pressure at the beginning of unloading
𝑢 back pressure
𝑢 pore fluid pressure
𝑢 / initial gas-liquid saturation pressure
𝑢 / , ° corresponding gas-liquid saturation pressure at 13° for concentration of dis-

solved 𝐶𝑂 at 𝑢 / =380 kPa and 22°
𝑢 , pore fluid pressure at the beginning of unloading
Δ𝑢 excess pore fluid pressure
𝜒 gas solute mole fraction
𝑢 absolute gas pressure
𝐻 Henry’s coefficient of solubility (by way of mole fraction)
𝐻 ∗ Henry’s coefficient of solubility (by way of concentration) at the reference

temperature 𝑇∗

𝑇∗ reference temperature 298.15 K
𝑀 molar mass of water
𝜌 density of water
Δ 𝐻 enthalpy of dissolution
𝑅 gas constant
𝑝 mean operative stress
𝑝 maximum mean operative stress pre-shear
𝑝 , mean operative stress at the beginning of unloading
𝑝 , mean operative stress at the beginning of shear
𝑂𝐶𝑅 overconsolidation ratio
𝜎 operative axial stress
𝜎 operative radial stress
𝜎 , operative axial stress at the beginning of shear
𝑞 deviatoric stress
𝜂 stress ratio
𝑀 critical stress ratio
𝜀 axial strain
𝜀 volumetric strain
�̇� rate of cell pressure change
�̇� rate of pore fluid pressure change



7

162
7. Experimental results on the influence of gas on the mechanical

response of peats

�̇� rate of mean operative stress change
̇𝑆𝑟 rate of degree of saturation change

Δ𝜎 cell pressure increment
Δ𝑝 mean operative stress increment
Δ𝑞 deviatoric stress increment
𝑎 pore pressure parameter
𝐵 pore pressure parameter
𝜑 mobilised friction angle
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8.1. Observations and Conclusions

T his work wants to advance the current knowledge of the deviatoric behaviour of
peats by adopting a holistic research approach. Starting from the field stress-

test on a historical rural dyke on peat at the Leendert de Boerspolder site, it is
shown that the high deformability of peat rather than its shear strength dominates
both the pre-failure and failure response of the entire geotechnical system. The role
of each soil foundation layer is reconstructed to clarify the triggering mechanism
and the critical soil layer which rule the response of the system. The necessity of
investigating not only the failure but also and especially the pre-failure behaviour
of peat is then transferred from the field to the laboratory scale.

The extensive experimental campaign is dominated by the desire to re-establish
the use of drained and undrained triaxial compression tests on peat. However, a
correct interpretation of the experimental data requires a clear distinction between
the sample behaviour and the material behaviour. If this is true for classical inor-
ganic soils, it is fundamental for peats. The high deformability and shear strength of
peat magnify the impact of end restraint on the observed sample response, which
can deviate significantly from the true material behaviour. Only when the true ma-
terial behaviour is revealed, some of the long-lasting misconceptions on the shear
strength of peat are overcome.

The experimental results are assisted by the development of a simple elastic-
plastic model for the deviatoric behaviour of fully saturated reconstituted peat. For
the first time, experimental evidence of the constitutive ingredients of an elastic-
plastic framework as the yield locus, the plastic potential and the hardening law
is provided. To overcome the difficulty of interpreting standard laboratory tests
on peats as element volume tests, the model is implemented in a Finite Element
code and validated against experimental results from laboratory tests modelled as
a boundary value problem. The comparison with the experimental results allows to
confirm the good qualitative and quantitative agreement of the simulated response
for different stress paths with multiple loading directions and for a wide range of
deviatoric strains, up to 20%. This range is well above the shear strains attained by
rural dykes on peats as observed for the case of the Leendert de Boerspolder dyke,
namely 5%. However, at the current stage the model does not have full predictive
capabilities. The experimental results highlight important fabric effects, which in-
troduce a directional response in the deformation mechanism and additional shear
strength with the fibres stretching at high deviatoric strains. Further ingredients as
induced anisotropy and matrix-fibres interaction should be added. With reference
to the different aspects of the behaviour of peats covered in this work, the following
specific conclusions are drawn.

8.1.1. Role of peat in the field applications

T he pre-failure response and failure mechanism of the dyke at the Leendert de
Boerspolder during the stress-test allow to clarify the role of different soils layers

on the response of the geotechnical system.

• Peat layers which serve as foundation for dykes and embankments are not
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necessarily the critical elements for the shear failure mechanism. Both the
pre-failure and the failure responses of the system are ruled by the high de-
formability of the peat and by the kinematic compatibility at the interface
between the peat and the soft soil underneath. As shown from the field mon-
itoring, bulging and horizontal displacements of the peat at the toe of the dyke
caused significant shear strains in the organic silt underneath which eventually
failed for a shear strain of about 5%. At this strain level, the mobilised shear
strength for the peat is well below its ultimate value, which can be reached
only for shear strains three to four times higher.

• Neglecting the implications of the kinematic compatibility in the failure re-
sponse of these dykes can lead to unsafe choices in the design and assess-
ment procedures. For low total stresses, which is often the case for soft soils
foundation layers at the toe of embankments, the stress-strain response of
the soil is mainly dilatant but without a deviatoric softening. As a result, for
assessment procedures based on the limit equilibrium methods, the undrained
shear strength determined from laboratory tests cannot refer to large strains.
The operative shear strength mobilised at failure in the field by taking into
account the kinematic compatibility is much lower than the value at ultimate
state from laboratory tests. On the contrary, ultimate state can be assumed
as reference state in hydro-mechanical coupled analyses where the actual
evolution of the stress state for each soil element is taken into account.

• The presence of gas bubbles should be carefully considered in the assess-
ment of serviceability limit states of dykes founded on peat layers. Excava-
tion or dewatering operations can exsolve gases previously dissolved in the
pore fluid due to biodegradation of the organic matter. Gas exsolution and
expansion cause a significant increase in the compressibility of the soil skele-
ton and of the pore fluid. The effects appear to become dramatic at low total
stresses, which is often the case for peat foundation layers. The presence of
gas becomes also extremely relevant during shear. Despite the ultimate shear
strength of gassy peat samples being comparable with fully saturated sam-
ples, the compressibility of the gas phase reduces dramatically the mobilised
shear strength and mobilised friction angle for given axial strain levels. When
ultimate limit states are assessed by choosing an operative shear strength
defined on strain thresholds, the influence of gas bubbles should not be dis-
regarded.

8.1.2. Peat characterisation at the laboratory scale

T he extensive experimental campaign conducted to characterise the behaviour of
peat at the laboratory scale allows to overcome some of the previous knowledge

gaps about the stress-strain response of peats.

• End restraint effects on the observed peat behaviour from conventional labo-
ratory tests are magnified by the high deformability and high friction angle of
peat. Large strains attained by peat samples at failure increase stresses and
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strains non-uniformities thus precluding a correct interpretation of the tests
results. Specific experimental precautions, like smooth end platens and pore
pressure probes at mid height of the samples, must be adopted to have rep-
resentative stresses and strains measurements. Without these specific pre-
cautions, great care must be taken in deriving shear strength parameters and
constitutive model parameters from standard laboratory tests. In this case,
the sample behaviour must be discerned from the true material behaviour.

• Experimental results from undrained triaxial compression tests with standard
rough and modified end platens reveal dramatic end restraint effects on both
the volumetric and the deviatoric response of reconstituted peat samples.
Overestimation of the excess pore pressure at the extremities of the sam-
ple and of the deviatoric stress induce significant errors when deriving shear
strength parameters from triaxial apparatus with rough end platens. The im-
plication in terms of friction angle is dramatic passing from 43° for samples
tested with modified end platens to 55° for sample with the standard height
to diameter ratio 2 and rough end platens. End restraint effects are also ex-
pected when testing natural fibrous peat. However, in this case the higher
hydraulic conductivity compared to the reconstituted samples, is expected to
reduce the overestimation of the excess pore pressure at the bottom of the
sample. On the contrary, the presence of big fibres in the samples can mag-
nify the end restraint effect in the deviatoric response. Hence, end restraint
effects and the representativeness of the volume tested must be carefully
considered in each experimental campaign.

• The kinematic constraint at the extremities of the samples by the rough end
platens also alters the deformation mode. The stress-dilatancy rule recon-
structed from drained triaxial compression tests on peat samples where rough
end platens are used, differs substantially from the true material flow rule.
The incorrect interpretation of the material flow rule has important implica-
tions for both serviceability and ultimate limit states with overestimation of
the displacements or of the shear strength, depending on the stress path di-
rection. However, simple observations coming from a 𝐾 -consolidation test
in the triaxial apparatus and undrained compression tests with modified end
platens offer a relatively simple approach to derive a more accurate flow rule
with limited laboratory effort.

• Fabric effects with rearrangement and realignment of the small fibres in the
peat matrix seem to introduce a directional response in the plastic deforma-
tion behaviour of the tested peat. The plastic deformation response is ruled
not only by the current stress state but also by the loading direction. Loading
directions accompanied by radial expansion magnify the deviatoric strain com-
ponent to the volumetric counterpart as a result of an intense matrix-fibres
interaction. On the contrary, loading directions accompanied by radial con-
traction tend to switch off the role of the fibres in favour of a more traditional
deformation response. Induced anisotropy rather than inherent anisotropy
seems to rule the deformation response of the tested peat.
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8.1.3. Modelling the deviatoric behaviour of reconstituted peat

T he extensive experimental results allow to propose a simple elastic-plastic mod-
elling framework for the deviatoric behaviour of fully saturated reconstituted

peat. Despite its simplicity, the model represents a step forward but not yet a pre-
dictive modelling tool for the deviatoric behaviour of peat. Induced anisotropy is
not accounted for in the constitutive formulation. The most important advances are
listed below.

• The adoption of a mixed volumetric and distortional hardening law allows
to overcome well known limitations of previous models in capturing the pre-
failure deviatoric stress-strain response and the excess pore pressure of peats
tested in undrained triaxial compression tests. Rearrangement and realign-
ment of the small fibres in the fabric of the tested peat are plausible reasons
for the appearance of a distortional hardening component.

• The model shows good qualitative and quantitative agreement for drained
triaxial compression tests with different loading directions. The agreement
is more than satisfactory for a wide range of deviatoric strains up to 20%,
hence including strain thresholds representative for the typical field applica-
tions where peat serves as foundation layer. For higher deviatoric strains
the model predictions and the experimental results diverge. End restraint ef-
fects and possible additional confinement offered by small fibres stretching
for samples experiencing compression with axial strains up to 40% and 50%
increase the observed shear strength well above the model prediction. The
experimental results from both undrained and drained triaxial tests suggest
that geometrical effects are introduced in the observed deviatoric stress-strain
response, which can be ascribed to the characteristic length of the small fibres
present in the peat fabric and not accounted for in the implemented model.

• A constitutive approach at the element scale has been proposed to model
natural peats as fibres-reinforced soils. By taking into account explicitly the
additional confinement offered by the big fibres stretching in natural fibrous
peat it is possible to quantify the role of the fibres on the observed behaviour.
This approach allows to overcome conceptual difficulties when deriving shear
strength parameters from triaxial compression tests on natural peat samples.

8.2. Limitations

R esearch advances are always accompanied by limitations. This work does not
make an exception, with both conceptual and practical limitations.

• All the experimental effort is dedicated to characterise the fundamental be-
haviour of peats. To reduce the uncertainties introduced by fabric variability
of natural peats, the research focuses on reconstituted peat without big fi-
brous inclusions which would compromise the representativeness of the soil
volume tested.
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• Time dependent behaviour in the experimental results is not accounted for.
To minimise the differences in the stress-strain response coming from rate
dependency, undrained triaxial tests were conducted by adopting a constant
axial strain rate. Also for the drained tests, the resulting axial strain rate
was uniform among the tests, despite one order of magnitude lower than for
the undrained tests to assure negligible excess pore pressure. These choices
allowed the experimental data not to be affected by significant time dependent
effects.

• The effects of fibres on the observed behaviour is not taken into account
either when elaborating the experimental results and in the constitutive model
implemented in the Finite Element code. However, a simplified promising
attempt to model natural fibrous peats as fibres reinforced soils is formulated
in the final part of this work.

• To assure representative effective stress levels with respect to the field con-
ditions, the experimental campaign adopted low effective confining stresses.
However, the accuracy of the commercial triaxial apparatus used in this work
limits the possibility of investigating the response of highly overconsolidated
peat samples. All the experimental results and considerations are therefore
limited to the wet side of the yield locus and mainly to normally or slightly
overconsolidated samples.

• The experimental tests are limited to axisymmetric stress states, which do not
cover entirely the possible strain-stress paths in the field.

8.3. Recommendations for future work

B ased on the conclusions and the limitations of this work, the following research
recommendations are suggested.

• Experimental efforts should be directed to determine the shape of the plas-
tic potential and yield locus of reconstituted peats on the deviatoric plane.
So far no information is available in the literature. Despite the evident dif-
ficulties with respect to traditional inorganic soils, attempts of testing peats
samples in ad-hoc apparatuses, like hollow cylinder or axial-shear apparatus
(Molenkamp, 1998) for soft soils should be pursed. This information is essen-
tial for a correct extension and validation of current constitutive models for
peat to the multiaxial space and thus for correct simulations of field scenarios.

• In this work, gas exsolution and shear are limited to peat samples isotropi-
cally consolidated. Effects of gas bubbles on the hydro-mechanical behaviour
of peat should be quantified with reference to anisotropic stress and highly
overconsolidated states better representing actual field conditions.

• The sensitivity of the experimental results on the sample height to diame-
ter ratio when rough end platens are used seems to suggest the presence
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of a length scale. Therefore, end restraint effects on the observed hydro-
mechanical response of reconstituted peat could be magnified in laboratory
tests by the presence of the small fibres within the peat matrix. Non-local
Finite Element methods and second gradient models seem to be promising
techniques to introduce in the model predictions the influence of a charac-
teristic length. This may replicate the effects of the small fibrous network
present in the peat fabric.

• If peat is modelled with an homogenised approach, induced anisotropy should
be added to translate the experimental evidence of a directional response of
the plastic deformation response. However, constitutive approach which in-
terprets peat as fibres-reinforced soil could represent a big step forward to
model the behaviour of peat at the engineering scale. Such a model could
overcome misconceptions at the laboratory scale due to the matrix-fibres in-
teraction and the additional reinforcement offered by the fibres to the ob-
served behaviour at high deviatoric strains. This possibility would open for a
reappraisal of extensive database of laboratory data on natural peats not fully
exploited yet. In this context, the proposed modelling approach for recon-
stituted peats could be used as reference for the peat matrix, introducing a
superimposed effects of the fibres. Important indications could be obtained
also for up-scaling the influence of the fibres from the laboratory scale to
the field scale. However, conceptual difficulties in distinguishing multiple lev-
els of fibres from each other in peats still remain, if compared to traditional
artificially fibres-reinforced soils.
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Restlessness is discontent and discontent is the first necessity of progress.
Show me a thoroughly satisfied man and I will show you a failure

Thomas Edison

The content of this appendix has been published as research paper in International Journal for Numerical
and Analytical Methods in Geomechanics. (Muraro et al., 2018).
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A. Applicability of hypoplasticity to reconstituted peat from drained
triaxial tests

A.1. ABSTRACT

P roper understanding of the deviatoric behaviour of peats represents a challenge
in soil mechanics. Exceptional high deformability together with extremely high

friction angles distinguish peats from classical organic soils. Considerable amount
of triaxial tests data on peats can be found in the literature, mostly coming from
standard undrained triaxial compression tests. However, only a minor part was in-
tended to describe their pre-failure behaviour. Also, limiting the investigation to the
undrained response, reduces the information on those ingredients of constitutive
models, which are necessary to describe the deformation behaviour. This contri-
bution aims to provide better insight into the pre-failure deformation behaviour of
peats, by analysing in detail the results of non-standard drained tests at various
stress paths, and undrained tests performed on reconstituted peat samples. Based
on the experimental findings, an existing hypoplastic model, originally developed
for fine-grained soils, has been adapted to capture the behaviour of peats. The
model is directly calibrated on selected experimental results and validated on a va-
riety of different stress paths tests. The results reveal the merits of hypoplasticity in
modelling the non-linearity of the pre-failure behaviour and the directional response
of peats, which both are of great importance when assessing the serviceability limit
states of geotechnical structures founded on peats.
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A.2. INTRODUCTION AND MOTIVATIONS

E xtensive experimental research has been carried out so far on peats, mainly us-
ing undrained triaxial compression tests. These tests have been focused mostly

on the shear strength, and elucidated the frictional nature of the peat fabric with
small apparent intercept cohesion and high friction angles in the range of 50°-70°
(Adams, 1961; Landva & La Rochelle, 1983; Yamaguchi et al., 1985b; Farrell &
Hebib, 1998; Edil & Wang, 2000; Cola & Cortellazzo, 2005; Cheng et al., 2007).
The presence of multiple fibrous networks not entirely decomposed within the peat
fabric is recognised to provide additional reinforcement to the material, hence jus-
tifying the high shear strength parameters (Landva & La Rochelle, 1983).

Despite the considerable amount of laboratory investigation on the shear be-
haviour of peats, only a minor part was intended to describe the mechanical be-
haviour before ultimate state conditions. However, the design and the assessment
criteria in many geotechnical applications where peats are encountered, are ruled
by serviceability limit states rather than ultimate limit states.

These considerations call for an adequate geotechnical description of the pre-
failure response of these materials. The volumetric behaviour of peat, with particu-
lar attention to creep, has been widely investigated both from the experimental and
the constitutive viewpoints (Berry & Poskitt, 1972; Berry & Vickers, 1975; Landva
& La Rochelle, 1983; Lefebvre et al., 1984; Tsushima & Mitachi, 1985; Fox et al.,
1992; Edil et al., 1994; Fox & Edil, 1996; Den Haan & Edil, 1994; Mesri et al.,
1997; Den Haan & Kruse, 2007; Mesri & Ajlouni, 2007; Madaschi & Gajo, 2015b;
Acharya et al., 2017; Den Haan, 1996; Madaschi & Gajo, 2015a). However, only
few contributions focus on the modelling of the deviatoric behaviour of peats. The
first attempt is due to Yamaguchi et al. (1985b), who developed an elastic-plastic
model based on the Modified Cam clay (Roscoe & Burland, 1968), which was cou-
pled with an experimentally based stress-dilatancy law. The model was capable to
capture the ultimate state detected in undrained compression triaxial tests, but with
a significant overestimation of the stiffness in the deviatoric stress-strain response.
Recent attempts include the application of the Soft Soil Creep model, Den Haan
& Feddema (2013), and its anisotropic version, Den Haan (2014), based on the
original works by Leoni et al. (2008), Vermeer & Neher (1999) and Wheeler et al.
(2003). A kinematic bubble model was proposed by Boumezerane (2014), based
on Al-Tabbaa & Wood (1989) and Sivasithamparam (2012). More recently, Yang
et al. (2016) adopted the elastic-plastic model by Li & Dafalias (2000) to reproduce
undrained triaxial compression tests on reconstituted peat samples, while Boumez-
erane et al. (2015) suggested the use of an hyperplastic model.

The vast majority of the previous models have been calibrated and tested based
on experimental results coming from undrained triaxial compression tests. How-
ever, undrained tests do not allow to determine directly some of the main constitu-
tive ingredients, such as the yield locus and the stress-dilatancy relationship for the
case of a general elastic-plastic framework. To overcome this limitation, a series of
non-standard drained triaxial tests have been carried out on reconstituted peat sam-
ples, especially focussing on the pre-failure deformation behaviour. Based on the
experimental results, a simple model for reconstituted peat is adopted starting from
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an existing hypoplastic approach originally proposed for clays (Mašín, 2013, 2014).
This choice is based on the capability of hypoplasticity to predict a smooth tran-
sition between overconsolidated and normally consolidated states and to account
for the non-linear pre-failure response, which appears to be of great relevance for
the case of peats. The constitutive ingredients of the hypoplastic model have been
explicitly derived from the results of drained tests with multiple loading-unloading
stress paths. Particular attention has been given to the definition of asymptotic
states, namely the boundary surface and the corresponding asymptotic strain rate
directions. The modelling effort has a twofold scope: it allows elucidating the hy-
poplastic modelling ingredients for peats, and it provides a reference hypoplastic
model, on which further relevant features, such as anisotropy and creep can be
added.

A.3. EXPERIMENTAL PROGRAMME
A.3.1. Stresses and strains variables

A ll the experimental data have been elaborated herein by assuming axisymmet-
ric test conditions and full description of the soil stress state is accomplished

by adopting the common triaxial stress variables: mean effective stress 𝑝 , and
deviatoric stress 𝑞. For the conjugate strain variables, volumetric strain, 𝜀 , and
deviatoric strain, 𝜀 are considered. Large displacements typically reached when
testing peat call for the adoption of the natural strains in the present work (Ludwik,
1909; Hencky, 1928). Natural strains imply the validity of the additive principle
in equation A.1 at small as well as at large strain. In the absence of direct mea-
surements of radial displacements, deviatoric strain has been computed from the
measurement of volume change and axial displacement (i.e. 𝜀 and 𝜀 ).

𝜀 = 𝜀 + 2𝜀 = ln 𝑉
𝑉 (A.1)

𝜀 = 𝜀 −
𝜀
3 = ln 𝐻

𝐻 − 1
3 ln 𝑉

𝑉 (A.2)

where 𝑉 and 𝐻 are the initial volume and height of the sample, while 𝑉 and 𝐻
are the current values throughout the test. The cross sectional area of the spec-
imen has been corrected by assuming the specimen remained as a right cylinder
(Head & Epps, 2014b). Comparison between the calculated diameters and the ones
measured at the end of each test supported this choice.

A.3.2. Tested material and experimental methodology

T he experimental study was conducted on peat collected from the Leendert de
Boerspolder site in the Netherlands. The material was collected from a surfi-

cial peat deposit 1.5 m below the ground surface. To reduce bio-degradation, the
material was stored in a climate controlled room at 10±1°C and 90% relative hu-
midity. Reconstituted peat samples were prepared for all the tests according to the
following procedure. Firstly, the material was mixed with demineralised water to
slurry with water content of 855%, which corresponds to 1.4 times the limit liquid.
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The material was then placed in a floating consolidometer tube to consolidate un-
der a total vertical stress of 9.5 kPa for 48 hours. The reconstituted sample was
then extracted and mounted in the triaxial apparatus. All the tests were performed
under strict controlled air temperature 14±1°C and relative humidity 80%. To pre-
vent loss of organic matter, the oven-drying procedures for the classification of the
tested material were performed at a temperature of 60°C (Head, 2014). The spe-
cific gravity, 𝐺𝑠, of the soil was measured with a helium pycnometer in accordance
with D5550-14 (2014). The organic content, 𝑂𝐶, was assessed by ignition in a
furnace at 500°C (D2974-14, 2014; Den Haan & Kruse, 2007). Table A.1 reports
the index properties of the tested samples. The average fibre content was 0.14
(D1997-13, 2013). The nominal dimensions of the tested specimens were 50 mm
in diameter and 100 mm high. All the tests were carried out using a load frame type
GDS triaxial system, with back pressure and cell pressure volume controllers, and
a submersible 1 kN load cell. Thin membranes 0.25 mm thick were used. To accel-
erate the consolidation process, lateral filter paper was placed around the samples.
To prevent “short circuit” effects between the back pressure and the pore pressure
transducers, 10 mm clearance were left between the lower edge of the lateral filter
paper and the bottom of the samples (Head & Epps, 2014b). Each vertical drainage
strip had free lower end to reduce the potential contribution offered by the lateral
filter paper to the measured strength of the material.

Table A.1: Index properties and relevant stress variables of the tested specimens

Sample 𝐺𝑠 𝑒 𝑂𝐶 𝑝 𝑝 𝑂𝐶𝑅 Drainage
(-) (-) (-) (kPa) (kPa) (-)

Sample 1 1.52 9.80 0.91 74 18 4.1 Drained
Sample 2 1.49 9.76 0.91 32 14 2.3 Drained
Sample 3 1.46 9.65 0.91 32 15 2.1 Drained
Sample 4 1.47 9.50 0.91 32 14 2.3 Drained
Sample 5 1.47 9.54 0.91 33 33 1.0 Undrained
Sample 6 1.45 9.16 0.92 32 22 1.5 Undrained
Sample 7 1.48 9.43 0.91 33 18 1.8 Undrained
initial void ratio; preconsolidation stress; stress at the beginning of shear

A.3.3. Stress paths

T he testing programme consisted of a series of drained triaxial tests, including
multiple stress paths which allowed to explore different loading conditions, and

a series of standard undrained triaxial compression tests. A saturation ramp by back
pressure was performed up to a cell pressure 𝜎 =200 kPa. The cell pressure was
then increased to 400 kPa under undrained conditions. To determine the volumetric
response upon loading and unloading, sample 1 was isotropically compressed up to
𝑝 =74 kPa (point b in Figure A.1(a)), and isotropically unloaded to 𝑝 =18
kPa, ending with 𝑂𝐶𝑅≅4 (point c in Figure A.1(a)). The other samples were isotrop-
ically consolidated up to a mean effective stress 𝑝 =32-33 kPa (Figure A.1(a) and
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Figure A.1(b)) and isotropically unloaded, to give an initial overconsolidation ratio
𝑂𝐶𝑅=𝑝 /𝑝 between 1.0 and 2.3 depending on the test (Table A.1). The
initial preconsolidation pressure was decided in order to provide a representative
data set in terms of stress levels for the typical field conditions of surficial peats
in the Netherlands (𝜎 =10-40 kPa). For the drained tests, the shearing stage con-
sisted in a series of mixed isotropic and deviatoric loading-unloading and reloading
paths, as summarised in Figure A.1(a) and Figure A.1(b). For sample 1 and sample
2 the deviatoric stress was increased at nominally constant p’, until the pre-defined
stress ratio 𝜂=𝑞/𝑝 , equal to 1.92 and 0.78, respectively. For sample 3 and sam-
ple 4 multiple nominally constant p’ and constant q traits were followed (note that
the anticipated constant p’ paths were not followed exactly due to difficulties in
stress control). The remaining samples (5, 6 and 7) were brought to failure with
a constant axial displacement rate of 0.02 mm/min and constant radial stress in
undrained conditions. The radial stress paths imposed to sample 1 and sample 2
were exploited to update the existing hypoplastic formulation (Figure A.1(a)). The
remaining stress paths on sample 3 and sample 4 (Figure A.1(b)) together with the
undrained tests were used to evaluate the model performance.
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Figure A.1: Experimental drained stress paths used for (a) model calibration and for (b) model assess-
ment (the applied stress history can be followed through the letters in the figures)

The results in Figure A.1(a) and Figure A.1(b) show that failure was reached
for a critical stress ratio M=2.57 corresponding to a critical friction angle 𝜑 =64°.
Very high friction angles for peats are often reported in the literature (Oikawa &
Miyakawa, 1980; Yamaguchi et al., 1985b; Farrell & Hebib, 1998; Cola & Cortellazzo,
2005). However, the end restraint at the boundaries of the sample is likely to
contribute to the observed high values (Rowe et al., 1984; Drescher & Vardoulakis,
1982; Cheng et al., 2007).
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A.4. HYPOPLASTIC FORMULATION

T he hypoplastic formulation proposed by Mašín (2013) and Mašín (2014) was
the starting point of this work. The main constitutive components are here

recalled for the sake of clarity. The general non-linear hypoplastic formulation may
be written as (Gudehus, 1996)

�̊� = 𝑓 (𝑳 ∶ �̇� + 𝑓 𝑵 ‖�̇�‖) (A.3)

where �̊� and �̇� represent the objective (Zaremba-Jauman) stress rate and the Euler
stretching tensor, respectively, 𝑳 and 𝑵 are fourth- and second- order constitutive
tensors, 𝑓 is the factor controlling the influence of mean stress (barotropy factor)
and 𝑓 is the factor controlling the influence of the void ratio (pyknotropy factor).
Equation A.3 was further developed by Mašín (2013) allowing for the explicit incor-
poration of the asymptotic states. The complete set of equations of the final form
employed in this study is given in the final Appendix. The experimental programme
allowed to investigate explicitly the asymptotic states of the tested peat in terms
of state boundary surface and strain rate directions, as reported in the following
paragraph.

A.5. MODEL CALIBRATION AND ENHANCEMENT

T he employed hypoplastic model had been originally proposed for fine-grained
soils. As a consequence, the model parameters describing the asymptotic state

boundary surface and the asymptotic strain rate directions had been validated for
friction angles ranging between 𝜑 =20°-35°. Straightforward applicability of the
original model to peats is not guaranteed due to their higher friction angle, and no
application of this type of hypoplastic models has been reported so far. Relevant
drained stress paths from sample 1 and sample 2 (Figure A.1(a)) have been chosen
to calibrate the constitutive formulation and to adapt some of its parts based on the
experimental results. Asymptotic states are defined as those states achieved by the
soil after a sufficiently long proportional stretching with a constant direction of the
strain rate. Conceptual representation of asymptotic states has been proposed by
Gudehus (2011) and Gudehus & Mašín (2009). For the case of radial compression
stress paths at constant stress ratio, asymptotic states are traditionally defined as
normal compression lines in the 𝑙𝑛 (1+𝑒)-𝑙𝑛(𝑝 /𝑝 ) plane (Butterfield, 1979), where
𝑝 is a reference stress which was chosen equal to 1 kPa. Figure A.2 reports the
compression lines from sample 1 and sample 2 with the corresponding asymptotic
states. Sample 1 was isotropically loaded and unloaded. After unloading, it was
further compressed along a radial direction, having a constant stress ratio 𝜂=1.92.
Sample 2 was loaded along a radial direction having 𝜂=0.78 (see Figure A.1(a)).

The isotropic compression path and the isotropic unloading performed on the
sample 1 (Figure A.1(a)) allow defining the ISO-NCL and the ISO-URL lines with
𝜆∗=0.26 and 𝜅∗=0.032, respectively (Figure A.2). The asymptotic states lie on
compression lines parallel to the ISO-NCL, as reported in Figure A.2. The critical
stress ratio is fixed at 𝑀=2.57, corresponding to a critical friction angle 𝜑 = 64°,
from the failure line reached by sample 2 (Figure A.1(a)).
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Figure A.2: Radial paths data from sample 1 and sample 2 and the corresponding asymptotic states

A.5.1. Asymptotic state boundary surface

T he envelope of all the asymptotic states in the stress versus void ratio space is
defined as the asymptotic state boundary surface (ASBS) (Mašín & Herle, 2005).

The shape of its cross-section at constant void ratio is described from Mašín (2013)
by

𝑓 = 0 = 𝐹 + ( 𝑝
𝑝 ) − 1 (A.4)

where 𝑝 is the Hvorslev’s equivalent pressure on the isotropic normal compression
line, given by:

𝑝 = 𝑝 exp [ 𝑁 − ln(1 + 𝑒)
𝜆∗ ] (A.5)

with 𝑁 defining the position of the normal compression line. The shape of the ASBS
is controlled by the parameters 𝜔 and 𝑎, according to

𝜔 = −
ln ( cos (𝜑 ) )

ln 𝜗∗ + 𝑎(𝐹 − sin (𝜑 ) ) (A.6)

in which 𝜗∗ defines the position of the critical state line on the ASBS and 𝐹 is the
Matsuoka-Nakai factor (Matsuoka & Nakai, 1974) defined as

𝐹 = 9𝐼 + 𝐼 𝐼
𝐼 + 𝐼 𝐼 (A.7)

where 𝐼 , 𝐼 and 𝐼 are the stress tensor invariants (recalled in the Appendix). For
the tested peat, the intersection of the ASBS with the critical state line occurs for
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𝜗∗=𝑝 ⁄ 𝑝 =2.2 (with 𝑝 the mean effective stress at critical state) slight higher
than the original ratio of 2. Based on the asymptotic states and having fixed the crit-
ical state line, the final shape of the ASBS is reported in Figure A.3. The formulation
ensures that the ASBS respects the tension cut off line (TCO) for 𝜂=3.
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Figure A.3: Asymptotic state boundary surface used in the model compared to the experimental data

The ASBS can assume unrealistic shapes for high value of the parameter 𝑎 in equa-
tion A.6 as displayed in Figure A.3. Despite this problem not limiting the applicability
of hypoplastic formulations, the loss of convexity of the ASBS is not supported by
any experimental evidence. In this study, to limit this problem and at the same
time to match the experimental data, 𝑎=2.1 was assumed.

A.5.2. Asymptotic strain rate direction

T he asymptotic behaviour of soils can be described in terms of a relationship be-
tween proportional deformation paths and the corresponding asymptotic stress

states. With reference to Figure A.4(a) and Figure A.4(b), it is convenient to rep-
resent the strain rate obliquity and the stress obliquity with respect to the isotropic
stress-strain state through the two angles 𝜓 ̇ and 𝜓 , respectively. Relevant defor-
mation paths on the ̇𝜀 -√2 ̇𝜀 plane and the corresponding asymptotic stress states
on the Rendulic stress space 𝜎 -√2𝜎 are reported in Table A.2 and in Figure A.5.
The asymptotic strain rate direction 𝒅 is calculated as

𝒅 = 𝒅𝑨

‖𝒅𝑨‖ (A.8)

where

𝒅𝑨 = −�̂�∗ + 𝟏 [ 2
3 − cos 3𝜃 + 1

4 𝐹 / ] 𝐹 / − sin (𝜑 )
1 − sin (𝜑 )

(A.9)
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Table A.2: Values of the angles ̇ and at relevant states

𝜓 ̇ 𝜓
State Condition (°) (°)
Isotropic compression i ̇𝜀 = ̇𝜀 0 0
Isochoric compression

(critical state) c ̇𝜀 =0 90 tan ( √ )
Isochoric extension

(critical state) -c ̇𝜀 =0 -90 -tan ( √ )
Axial splitting
(tension cut off line) d ̇𝜀 =0 144.7 54.7

𝜎 =0
Discing -d ̇𝜀 =0 -125.3 -35.3

𝜎 =0

with 𝜃 the Lode’s angle and �̂�∗ the normalised deviatoric stress (for the definition,
see the Appendix). The coefficient 𝜉 in equation A.9 controls the asymptotic strain
rate direction, and was originally defined by Mašín (2013) as

𝜉 = 1.7 + 3.9 sin (𝜑 ) (A.10)

The asymptotic strain rate direction predicted by the original model (Mašín, 2013)
is exemplified in Figure A.5 in terms of 𝜓 and 𝜓 ̇ relationship for a value of the
critical friction angle 𝜑 =30°.

The experimental asymptotic strain rate directions (ASRD) for the tested peat
have been computed from the asymptotic states defined in Figure A.2 for each radial
stress path. To allow proper representation of the experimental data the original
model in Mašín (2013) (equation A.10) had to be modified through a coefficient 𝜉
in equation A.9 as

𝜉 = 𝜉 (A.11)

where the exponent 𝜁 was assumed equal to 1.8 in order to fit the experimental
data. The coefficient 𝜉 rules the ratio between the deviatoric and the volumetric
strain along any stress path. The adopted 𝜁 higher than 1 increases the deviatoric
strain increment for the same imposed stress ratio compared to the original model
(equation A.10). Figure A.6 shows the predicted values for the original expression
in Mašín (2013) and the one adopted in this study (equation A.11) together with
the experimental results. For the sake of comparison the corresponding curved
for the Original Cam clay (OCC, Roscoe et al. (1963)) and the Modified Cam clay
(MCC, Roscoe & Burland (1968)) models are plotted too. It is worth noting that the
last two models do not respect the limitation imposed by the tension cut-off line,
differently from the original and the proposed hypoplastic formulations.
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Significant improvement is obtained by adopting the equation A.11 for the asymp-
totic strain rate direction with respect to the original hypoplastic formulation, equa-
tion A.10, which was calibrated on clays. Having defined the asymptotic states
through the ASBS and the ASRD, the hypoplastic model requires the calibration of
the 5 basic parameters: 𝜑 , 𝜆∗, 𝜅∗, 𝑁, 𝜈 and of the additional parameters 𝜗∗, 𝜁 and
𝛼 (see the Appendix).

A.6. MODEL RESULTS

T he capabilities of the model have been tested in two steps. Firstly, the mul-
tiple stress paths performed on sample 1 and sample 2, other than the radial

paths on which the asymptotic states had been determined, have been simulated
to validate the formulation. Secondly, the model predictions have been compared
to the experimental data from the other tested samples. The parameters used in
the simulations are summarised in Table A.3. It is relevant to specify that the 𝑂𝐶𝑅
in the model is defined with reference to the isotropic NCL line as 𝑂𝐶𝑅=𝑝 /𝑝 . A
constant value of the parameter 𝛼 =2 has been used (instead of equation A.23 in
the Appendix) as in Mašín (2013).

Table A.3: Parameters of the model used in the simulations

𝜑 𝜆∗ 𝜅∗ 𝑁 𝜈 𝜗∗ 𝜁 𝛼
64° 0.26 0.032 3.005 0.2 2.2 1.8 2.0

It is worth noticing that in hypoplasticity the value of 𝜅∗ exactly represents the
slope of the unloading line in the 𝑙𝑛 (1 + 𝑒)-𝑙𝑛(𝑝 /𝑝 ) plane upon unloading from
the normally consolidated state. However, contrarily to classic elasto-plasticity, the



A.6. MODEL RESULTS

A

183

response is non-reversible inside the ASBS and the slope of the unloading line does
not exactly correspond to 𝜅∗. The value of 𝜅∗ adopted in the simulations (Table A.3)
was thus calibrated back-analysing the results of the isotropic unloading path on
sample 1 (Figure A.2).

A.6.1. Model performance

S imulations of the entire stress paths from sample 1 and sample 2 are shown
in Figure A.7 and Figure A.8. The radial stress paths in Figure A.7(a) and Fig-

ure A.8(a) were used to define the asymptotic states, which implies the very good
agreement between the experimental data and the model simulations. The agree-
ment is also quite good on the subsequent stress paths, involving different devia-
toric stresses. Over the final portion of the test, the model appears to respond stiffer
than the soil tested. In general, the hypoplastic formulation allows a satisfactory
prediction of the pre-failure behaviour over various loading directions.
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Figure A.7: Comparison between the experimental results and the model simulations for sample 1 in
terms of (a) volumetric response and (b) deviatoric response

The underestimation of the deviatoric strain for a given deviatoric stress in-
creases with the strain level. Furthermore, the hysteric behaviour observed in the
experimental tests with cycles of isotropic (Figure A.7(a)) and deviatoric loading and
unloading (Figure A.8(b)) is not properly captured by the adopted model. Inter-
granular strain concept developed by Niemunis & Herle (1997) could be introduced
to account for this effect, but this is out of the primary scope of this paper.

A.6.2. Model predictions: drained triaxial compression tests

T o further test the model capabilities, the results of the tests on sample 3 and
sample 4 are analysed, where complex stress conditions have been applied with

multiples traits of volumetric and deviatoric stress paths.
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Figure A.8: Comparison between the experimental results and the model simulations for sample 2 in
terms of (a) volumetric response and (b) deviatoric response
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Figure A.9: Comparison between the experimental results and the model simulations for sample 3 in
terms of (a) volumetric response and (b) deviatoric response
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The comparisons in Figure A.9 and Figure A.10 confirm the previous considerations,
with good agreement on the volumetric stress-strain response and less satisfactory
simulation of the deviatoric response for high strain levels. The limitations of the
adopted model in describing the cyclic response are magnified by the comparison
on sample 4, with multiple cycles of deviatoric unloading-reloading.
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Figure A.10: Comparison between the experimental results and the model simulations for sample 4 in
terms of (a) volumetric response and (b) deviatoric response

The experimental stress-dilatancy relationship is compared with the model pre-
dictions for non-proportional deformation paths in Figure A.11. Different stress
paths are considered. Figure A.11(a) reports the comparison between the exper-
imental data and the model prediction on the last 𝑝 constant trait applied to the
sample 2, while Figure A.11(b) shows the same for the 𝑞 constant and the 𝑝 con-
stant traits for sample 3. Following the hypoplastic approach, the strain increment
direction is defined in terms of total strain increments (and not in plastic strain
increments as in elastic-plastic models) as

tan 𝛽 =
𝛿𝜀
𝛿𝜀 (A.12)

where the 𝛿𝜀 and 𝛿𝜀 are the increment in the deviatoric and volumetric total
strain respectively.
The adopted asymptotic strain rate direction relationship (Figure A.6) well matches
the experimental results even for non-proportional strain paths as the ones in Fig-
ure A.11(a) and Figure A.11(b), and supports the adoption of the hypoplastic for-
mulation for peat behaviour under complex loading conditions.

A.6.3. Model predictions: undrained triaxial compression tests

T he model capabilities are further tested against the experimental results from
undrained triaxial compression tests performed on sample 5, sample 6 and sam-
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Figure A.11: Strain increment directions obtained from multiple stress paths from (a) sample 2 and (b)
from sample 3 compared to the model simulations

ple 7, for three different values of OCR. The numerical predictions are compared
with the experimental data in Figure A.12 in terms of stress-path and deviatoric
stress-strain response. It is worth noting that the samples tested in undrained
conditions, failed at a stress ratio slightly lower than the one reached in drained
compression. This difference, already observed in Zhang & O’Kelly (2014), is most
probably due to the different geometrical constraints imposed in the two types of
tests (Drescher & Vardoulakis, 1982).

The agreement between the stress-strain curve is qualitatively good. How-
ever, the numerical results suffer of an incorrect prediction of the initial portion
of the undrained stress path, particularly for tests on normally consolidated soils at
isotropic stress states as already stated by Niemunis (2003), Huang et al. (2006)
and Mašín & Herle (2007). To overcome this limitation, the approach proposed
by Mašín & Herle (2007) has been adopted in the proposed model by rewriting
equation A.3 as

�̊� = 𝑓 (𝑳𝑫 ∶ �̇� + 𝑤 𝑓 𝑵 ‖�̇�‖) (A.13)

where the weighting factor has been defined as

𝑤 = [ sin (𝜑 )
sin (𝜑 ) ] (A.14)

For mobilised friction angle higher than the critical state friction angle, 𝑠𝑖𝑛(𝜑 )>
𝑠𝑖𝑛(𝜑 ), 𝑤 =1. The model requires an additional parameter 𝜍 which controls the
shape of the initial portion of the undrained stress path. The new hypoelastic tensor
𝑳𝑫 is reported in the Appendix. It is worth remarking that the effect of this correction
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Figure A.12: Comparison between the experimental results and the model simulations for sample 5, 6
and 7 in terms of (a) stress path and (b) deviatoric response

vanishes for increasing deviatoric stress as for the drained tests and increasing 𝑂𝐶𝑅.
Figure A.13 reports the numerical results for the case of undrained triaxial tests by
adopting 𝜍=1. The remaining parameters are the same as in Table A.3.
The results in Figure A.13 shows the benefit of the new approach in the predicted
stress path thus resulting in a lower development of excess pore pressure upon
undrained compression compared to the result in Figure A.12 despite a slightly
more rigid stress-strain response.
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Figure A.13: Comparison between the experimental results and the model simulations for sample 5, 6
and 7 in terms of (a) stress path and (b) deviatoric response by adopting the new hypoelastic tensor 𝑳𝑫

and =1

A.7. SUMMARY AND CONCLUSIONS

A first attempt of modelling the behaviour of reconstituted peat in the framework
of hypoplasticity has been proposed. The formulation is based on an existing

model originally developed for clays, which has been adapted to properly account
for the peculiar characteristics of peat: a material with an extremely high deforma-
bility and exceptionally high friction angle. An advanced laboratory investigation
was carried out to define explicitly the constitutive ingredients of the hypoplas-
tic model. Non-standard drained triaxial compression tests were chosen, in which
multiple stress paths were applied to the samples, allowing to validate the adopted
model on a variety of loading directions. The results confirm the capability of hy-
poplasticity to capture fundamental aspects of the pre-failure behaviour of peats
such as the non-linearity inside the state boundary surface and the directional re-
sponse. The model represents a robust base suitable for further developments and
enhancements, such as introduction of anisotropy and creep. The modelling exer-
cise highlights that peats behave differently from clays, although they are frequently
associated into the broad category of “soft soils”. Both the shape of the ASBS and
the ASRD indicate a predominant role of the deviatoric stress-strain components
on the yielding of peats compared with their volumetric counterparts, which distin-
guish the behaviour of peats from that of clays.
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A.8. APPENDIX

T he entire set of equations needed in the model formulation are listed herein.
Further details are reported in Mašín (2013) and Mašín (2014).

�̊� = 𝑓 𝑳 ∶ �̇� − 𝑓
𝑓 𝑨 ∶ 𝒅|�̇�| (A.15)

with

𝑳 = 𝑰 + 𝜈
1 − 2𝜈 𝟏 ⊗ 𝟏 (A.16)

𝑨 = 𝑓 𝑳 + 𝝈
𝜆∗ ⊗ 𝟏 (A.17)

𝑓 = ( 𝜗∗𝑝
𝑝 ) (A.18)

𝑓 = 3𝑝
2 ( 1

𝜆∗ + 1
𝜅∗ ) 1 − 2𝜈

1 + 𝜈 (A.19)

𝑝 = 𝑝 exp [ 𝑁 − ln(1 + 𝑒)
𝜆∗ ] (A.20)

where 𝟏 and 𝑰 are the second and the fourth order unity tensors, 𝜆∗ is the slope of
the isotropic normally consolidated line, 𝜅∗ is the slope of the isotropic unloading
line for unloading starting from the isotropic normally consolidated state and 𝜈 is the
parameter controlling the proportion of bulk and shear stiffness. 𝑝 is the Hvorslev’s
equivalent pressure on the isotropic normal compression line with 𝑁 defining the
position of the normal compression line and 𝑝 is a reference pressure of 1 kPa. The
position of the critical state line on the asymptotic state boundary surface (ASBS)
is specified as in Ragni et al. (2016) through

𝑝
𝑝 = 𝜗∗ (A.21)

Note that for 𝜗∗=2 the original model is recovered. The non-linear response inside
the ASBS is governed by the factor 𝑓 . The value 𝑓 needed in equation A.15 is
computed by combining equation A.18 with the explicit ASBS formulation to give

𝑓 = 𝜗∗ (1 − 𝐹 ) / (A.22)

where 𝛼 can be considered as a model parameter controlling the non-linear re-
sponse inside the asymptotic state boundary surface. Mašín (2005) and Mašín
(2014) suggested

𝛼 =
ln [

∗ ∗
∗ ∗ ( √ )]

ln 𝜗∗ (A.23)
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𝑎 = √3 (3 − sin 𝜑 )
2√2 sin 𝜑

(A.24)

The shape of the ASBS is controlled by the parameters 𝜔

𝜔 = −
ln ( cos (𝜑 ) )

ln 𝜗∗ + 𝑎(𝐹 − sin (𝜑 ) ) (A.25)

with 𝑎=2.1 for the case of the tested peat and with 𝐹 the Matsuoka-Nakai factor
defined as

𝐹 = 9𝐼 + 𝐼 𝐼
𝐼 + 𝐼 𝐼 (A.26)

The stress invariants and the Lode’s angle are defined as

𝐼 = tr𝝈 (A.27)

𝐼 = 1
2 (𝝈 ∶ 𝝈 − 𝐼 ) (A.28)

𝐼 = det 𝝈 (A.29)

Finally, the asymptotic strain rate direction 𝒅 is calculated as

𝒅 = 𝒅𝑨

‖𝒅𝑨‖ (A.30)

where

𝒅𝑨 = −�̂�∗ + 𝟏 [ 2
3 − cos 3𝜃 + 1

4 𝐹 / ] 𝐹 / − sin (𝜑 )
1 − sin (𝜑 )

(A.31)

with 𝜃 the Lode’s angle and �̂�∗ the normalised deviatoric stress defined as

cos 3𝜃 = −√6 tr (�̂�∗ ⋅ �̂�∗ ⋅ �̂�∗)
[�̂�∗ ∶ �̂�∗] / (A.32)

�̂�∗ = 𝝈
tr𝝈 − 1

3 (A.33)

The coefficient 𝜉 in equation A.31, originally defined by Mašín (2013), has been
modified by introducing the exponent 𝜁 equals to 1.8 based on the experimental
results

𝜉 = [1.7 + 3.9 sin(𝜑 ) ] (A.34)
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For the undrained triaxial compression tests, the hypoplastic formulation in equa-
tion A.14 has been modified according to the approach proposed by Mašín & Herle
(2007) as

�̊� = 𝑓 (𝑳𝑫 ∶ �̇� + 𝑤 𝑓 𝑵 ‖�̇�‖) (A.35)

where the weighting factor has been defined as

𝑤 = [ sin (𝜑 )
sin (𝜑 ) ] (A.36)

The hypoelastic tensor 𝑳𝑫 is now dependent on the direction of stretching (with
respect to 𝒅) through

𝑳𝑫 = {
𝑓 𝑳 − (1 − 𝑤 )(𝑨 ∶ 𝒅) ⊗ 𝒅, for 𝒅 ∶ �̇� > 0
𝑓 𝑳 + (1 − 𝑤 )(𝑨 ∶ 𝒅) ⊗ 𝒅, for 𝒅 ∶ �̇� ≤ 0

(A.37)
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B.1. CALIBRATION OF THE TRIAXIAL EQUIPMENT

C alibration of the triaxial equipment has been conducted before each laboratory
campaign. The calibration involved:

• calibration of the pressure/volume transducers;

• deformability of the triaxial apparatus which includes the triaxial cell and all
the connections.

B.1.1. 1st calibration cell 2

T he cell 2 has been calibrated on the 21st May 2014 in correspondence with the
beginning of the triaxial tests on gassy peat samples. The volume displayed

from the cell pressure/volume controller during the loading and unloading pressure
ramp with a steel dummy sample is reported in Figure B.1.

B.1.2. 2nd calibration cell 2

T he pressure/volume controllers and the pore pressure transducer of the cell 2
have been calibrated on the 17th June 2015 in correspondence with the be-

ginning of a series of triaxial tests on reconstituted peat samples as reported in
Figure B.2.

B.1.3. 3rd calibration cell 2

T he cell 2 has been calibrated on the 27th February 2017 in correspondence with
the beginning of a second series of triaxial tests on gassy peat samples. The

volume displayed from the cell pressure/volume controller during the loading and
unloading pressure ramp with a steel dummy sample is reported in Figure B.3. The
calibration of the cell pressure/volume controller, back pressure/volume controller
and the pore pressure transducers is reported in Figure B.4.
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Figure B.1: 1st calibration cell 2: (a) imposed cell pressure history and (b) displayed volume change
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Figure B.2: 2nd calibration cell 2: (a) imposed cell pressure history and (b) displayed pressure differences
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Figure B.3: 3rd calibration cell 2: (a) imposed cell pressure history and (b) displayed volume change
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Summary

The geotechnical description of peats represents one of the main challenges in the
Netherlands to assure the required safety standard and performance of the flood
defence infrastructure. Almost a third of the country is situated below the sea and
the rivers level with about 60% to 70% of the population and economic assets
concentrated in low-laying areas prone to flooding. Flood protection in the Nether-
lands is assured by a vast system of primary and secondary dykes, of which 14000
km are regional dykes. Design and assessment procedure of these dykes is not
straightforward, especially when peats layers are encountered. Adequate geotech-
nical description of the behaviour of peats at the engineering scale represents one
of the biggest concerns that public water authorities and geotechnical engineers
are currently facing.

The majority of the previous investigations have regarded the volumetric and
time dependent behaviour of peat, both from the experimental and the modelling
viewpoints. However, the information on the deviatoric counterpart is still scarce
and contradictory. This has contributed to generate geotechnical uncertainties on
the deviatoric behaviour of peats with severe overly conservative approaches in the
current engineering practice and diffuse misconceptions within the research com-
munity on traditional experimental tests.

This thesis summarises a research effort to provide a fundamental description of
the deviatoric behaviour of peat through field test, laboratory tests and numerical
modelling. The importance of a correct description of the behaviour of peat is firstly
outlined from a failure test on a historical rural dyke founded on a peat layer and
organic silt layer. Contrarily to the common belief that peat is a weak soil, the field
observations reveal that the dyke failure has not been initiated in the peat but in the
organic clayey silt formation underneath. However, the exceptional deformability
of the peat has been the trigger for the failure. The significant lateral bulging of the
peat layer at the toe of the dyke has dragged the organic soil formation underneath
to failure for shear strains well below the ones at ultimate state for the peat.

The necessity for investigating not only the failure but also and especially the
pre-failure behaviour of peat is then transferred from the field scale to the labora-
tory scale. A first series of undrained triaxial compression tests has been carried out
to define the shear strength of peat. The experimental results reveal that most of
the long-lasting misconceptions on traditional experimental tests on peats, such as
triaxial tests, come from dramatic end restraint effects on the observed behaviour
imposed by traditional shear apparatuses. High deformability and shear strength
of peat magnify the severity of end restraint on both the volumetric and deviatoric
response resulting in non-negligible overestimation of shear strength parameters.
Overestimation in the ultimate friction angle of 12° is found, passing from 43° to
55°, if the end restraint is not reduced or accounted for when performing triaxial
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tests on peat. The influence of end restraint is not limited to the ultimate state but
also extends to the pre-failure response. A second series of drained triaxial com-
pression tests has been performed to quantify the error induced by end restraint in
the derivation of the stress-dilatancy rule of peat. The experimental results com-
bined with finite element analyses confirm that both overestimation and underesti-
mation of the true dilatancy can be observed, depending on the deformation mode.
As a whole, the incorrect interpretation of the flow rule due to end restraint effects
may have relevant engineering implications on both serviceability and ultimate limit
states, by respectively overestimating the displacements below 𝐾 condition and
the shear strength for loading paths above it.

The extensive experimental results are assisted by the development of a sim-
ple elastic-plastic modelling approach for the deviatoric behaviour of reconstituted
peat. For the first time, constitutive ingredients as the yield locus, the plastic poten-
tial and the hardening law have been derived directly from experimental evidence.
The model has been implemented in a finite element program and the laboratory
tests have been simulated as boundary value problems accounting for end restraint
effects. The numerical results show qualitative good agreement with the exper-
imental results for a wide range of loading directions and deviatoric strain up to
20% well above the deviatoric strain level relevant for serviceability and ultimate
limit states in the field. However, in its current stage the model cannot be elevated
as a predictive tool. The main limitation comes from the necessity of introducing
matrix-fibres interaction phenomena. The experimental tests reveal a directional
response in the plastic deformation mechanism for the tested peat. Previous stress
history and loading direction seem to rule the plastic response for a given stress
state, which translates into a non-unique relationship between the soil dilatancy
and the stress ratio. Stress and strain path dependence on the evolution of the
peat fabric is suggested as the responsible mechanism for the observed peculiar
stress-dilatancy relationship. Stress paths accompanied by radial contraction seem
not to cause relevant fabric change and the plastic deformation response does not
differ substantially from the classical response of fine grained materials. On the
contrary, for radial paths with radial expansion, the observed response seems to be
dominated by the deviatoric strain component.

Going back to the field observations from the stress test at the Leendert de
Boerspolder, the last part of the dissertation presents the results of the first ex-
perimental activity dedicated to quantify the consequences of gas bubbles on the
geotechnical response of foundation peat layers. The presence of gas must be cau-
tiously accounted for, when a reference stiffness is chosen for serviceability limit
states, and when operative shear strength definitions, based on mobilised strength
for given strain thresholds, are chosen in the assessment of geotechnical structures
on peats. Gas exsolution and expansion decrease the average effective stress and
eventually increase the soil skeleton compressibility. The compressibility of the gas
phase and the delayed stretching of the fibres reduce the mobilised friction an-
gle for comparable strain thresholds. The effects appear to become dramatic at
low total stresses, which is often the case for peat foundation layers at the toe of
embankments.



Samenvatting

De geotechnische beschrijving van veen is een van de belangrijkste uitdagingen bij
het aantonen dat de waterkeringen van Nederland voldoen aan de vereiste veilig-
heidsniveaus en de beoogde functie vervullen. Bijna een derde van Nederland ligt
onder de zeespiegel en de rivierpeilen. In dit laaggelegen deel is 60% tot 70%
van de bevolking en het overgrote deel van de economische sector gevestigd. Dit
gebied wordt tegen overstroming beschermd door een uitgestrekt netwerk van pri-
maire en secundaire waterkeringen, waarvan 14000 km bestaat uit regionale dijken.
Het ontwerp en de toetsing van deze dijken is niet eenvoudig, in het bijzonder waar
veenlagen aanwezig zijn. Het grootste probleem dat momenteel wordt ervaren door
geotechnische ingenieurs en desbetreffende waterschappen is het adequaat kun-
nen beschrijven van het geotechnisch gedrag van deze veenlagen.

Het overgrote deel van eerder onderzoek richt zich op het testen en model-
leren van volumetrisch en tijdsafhankelijk gedrag van veen. Helaas is informatie
over het gedrag onder deviatorische spanningen nog steeds schaars en bovendien
tegenstrijdig. In de praktijk hebben geotechnische onzekerheden aangaande devi-
atorisch gedrag geleid tot aanzienlijk conservatieve aannames die door ingenieurs
worden gehanteerd. Tevens bestaan er binnenin het geotechnisch onderzoeksveld
veel misvattingen over de traditionele laboratorium proeven die meer inzicht zou-
den moeten bieden in deze onzekerheden.

In dit proefschrift wordt onderzoek gepresenteerd dat is uitgevoerd om aan de
hand van veldtesten, laboratoriumtesten en numeriek modelleren bij te dragen aan
een fundamentele beschrijving van het deviatorisch gedrag van veen. Ten eerste
wordt het belang aangetoond van het hanteren van een correcte beschrijving van
het gedag van veen door middel van een faaltest van een historische, landelijk ge-
legen dijk gepositioneerd op een veenlaag en onderliggende organische siltlaag. In
tegenstelling tot de veelvoorkomende perceptie dat veen een zeer slappe grond-
soort is, laten de observaties uit de veldtest zien dat het falen van de dijk niet is
begonnen in de veenlaag, maar in de organisch kleiige siltlaag eronder. Echter heeft
de uitzonderlijke hoge vervormingseigenschap van veen een grote rol gespeeld. De
aanzienlijke vervorming van de veenlaag die optrad rondom de teen van dijk heeft
aanzet gegeven tot falen van de organische siltlaag eronder, ondanks het gege-
ven dat de schuifspanningen in de veenlaag sterk onder de vastgestelde uiterste
grenstoestand lagen. Vervolgens wordt in dit onderzoek de noodzaak uiteen gezet
niet alleen het faalmechanisme te onderzoeken, maar ook het gedrag van het veen
vóór het optreden van het faalmechanisme. Daarvoor wordt de stap gemaakt naar
laboratoriumtesten.

Allereerst is een serie ongedraineerde triaxiaalproeven uitgevoerd om de schuif-
sterkte van veen vast te leggen. De resultaten bevestigen dat de veelvoorkomende
misvattingen over experimentele proeven, zoals die van de traxiaalproef, ontstaan
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door de sterke mate waarin het proefmonster begrensd is in de test opstelling wan-
neer het tot falen wordt gebracht. De invloed van deze begrenzing op zowel het
volumetrisch als het deviatorisch gedrag resulteert in een significante overschat-
ting van de parameters die de afschuifsterkte beschrijven. Zo kan voor de hoek
van inwendige wrijving in plaats van 43° een hoek van 55° worden gevonden,
een overschatting van 12°, als de invloed van de begrenzing niet wordt meegeno-
men bij het verwerken van de resultaten van de triaxiaalproef. Deze begrenzing
is niet alleen van invloed op het vaststellen van de uiterste grenstoestand, maar
ook op de bepaling van het gedrag voor het falen van de veenlaag. Een tweede
serie van gedraineerde triaxiaalproeven is uitgevoerd om de fout te kwantificeren
die wordt veroorzaakt door begrenzing van het proefmonster en die voortvloeit
uit de spanning-dilatantie relatie van veen. In combinatie met een eindige ele-
menten analyse wordt met de resultaten van deze tweede serie aangetoond dat,
afhankelijk van het type vervorming, de dilatantie zowel kan worden overschat als
onderschat. Het is mogelijk dat de incorrecte afleiding van de spanning-dilatantie
relatie, die wordt veroorzaakt door de begrenzing van het proefmonster, gevolgen
heeft voor zowel de bruikbaarheidsgrenstoestand als de uiterste grenstoestand. Bij
spanningen lager dan de neutrale gronddruk 𝐾 worden vervormingen overschat,
bij spanningscondities erboven wordt de afschuifsterkte overschat.

De resultaten van de proevenseries worden vergeleken met een eenvoudige
elastisch-plastische benadering voor het deviatorisch grondgedrag. Voor het eerst
zijn constitutieve componenten, zoals de de vloeigrens, de plastische potentiaal en
de sterktetoename door deformatie, afgeleid vanuit experimentele proefresultaten.
Deze zijn verwerkt in een eindige elementen programma en de laboratoriumproeven
zijn gesimuleerd als grenswaarde problemen om het effect van de begrenzing te
beschouwen. De numerieke resultaten komen goed overeen met de experimentele
uitkomsten. Dit geldt voor een breed scala aan belastingpaden en deviatorische
spanningen, tot wel 20% boven de spanningen relevant voor de bruikbaarheids en
uiterste grenstoestanden in het veld. Echter is het model in de huidige staat nog
niet bruikbaar voor het maken van predicties. De voornaamste belemmering hier-
voor is de benodigde beschrijving van matrix-vezel interacties. De experimenten
laten voor het plastisch vervormingsmechanisme een richtingsafhankelijk resultaat
zien. Bij een bepaalde spanningstoestand zijn de eerder opgetreden spanningen en
bijbehorende spanningsrichtingen van voornaamste invloed op de optredende plas-
tisch vervormingen. Dit vertaalt zich in een niet eenduidige relatie tussen dilatantie
van het veen en de spanningsratio. Dit gesuggereert dat het samenspel tussen
eerdere spanning-rek toestanden en de opbouw van het veenmateriaal de oorzaak
is van de geobserveerde spanning-dilatantie relatie. Het lijkt alsof spanningstoe-
standen die gepaard gaan met radiale contractie geen aanzienlijke veranderingen
teweegbrengen in de structuur. De plastische vervorming is niet substantieel an-
ders dan bij gangbaar fijnkorrelig materiaal. Daarentegen is het waargenomen dat
de reactie van het veen op spanningstoestanden die gepaard gaan met radiale ex-
pansie voornamelijk bepaald wordt door deviatorische rek componenten.

Om terug te komen op de observaties bij de veldtest in de Leendert de Boers-
polder, gaat het laatste deel van het onderzoeksrapport in op de resultaten van
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de experimentele activiteiten om de invloed van gas bubbels op het geotechnisch
gedrag te kwantificeren. De aanwezigheid van gas dient op een voorzichtige wijze
te worden meegenomen bij de bepaling van een referentie stijfheid voor de bruik-
baarheidsgrenstoestand. Ook is voorzichtigheid geboden bij het vaststellen van
gangbare schuifspanningsdefinities die worden gehanteerd bij het toetsen van geo-
technische constructies op veenlagen, gebaseerd op een gemobiliseerde kracht voor
gegeven rektoestanden. Het uittreden en uitzetten van gas verlaagt de waarde voor
de gemiddelde effectieve spanning en verhoogt uiteindelijk de samendrukbaarheid
van het grondskelet. De samendrukbaarheid van het gas en de vertraagde uitrek-
king van de vezels verminderen de gemobiliseerde hoek van inwendige wrijving bij
vergelijkbare rekgrenzen. Bij lage totaalspanningen, zoals typisch aanwezig bij de
teen van een dijk, kunnen deze effecten van dramatische omvang zijn.





Acknowledgements

I express my gratitude to my promotor-supervisor-daily supervisor Prof. Cristina
Jommi for her support and freedom she gave me during all my PhD.
The research presented in this thesis had the financial support of the Dutch Technol-
ogy Foundation STW, part of the Netherlands Organisation for Scientific Research
(NWO) under the project Reliability-Based Geomechanical Assessment Tools for
Dykes and Embankments in Delta Areas (Reliable Dykes, project number 13864).
It was also partly founded by Deltares through the project “Gasvorming”, in the
framework of the “Dijken op Veen II” financed by Rijkswaterstaat and by the FP7-
PEOPLE-2012-IAPP-Marie Curie Action: “Industry-Academia Partnerships and Path-
ways” under the project “Monitoring systems to Assess Geotechnical Infrastructure
subjected to Climatic hazards” (MAGIC, project number 324426).
Special thanks to Dr. Dominique Ngan-Tillard for her true interest and encourage-
ment expressed during all my research and to Dr. David Mašín for his research
support during my visiting period at Charles University in Prague.
I want to thank Arno Mulder, Han de Visser and Wim Verwaal for their assistance
during the entire experimental activity.
Thanks to Prof. Frans Molenkamp, Dr. Anne-Catherine Dieudonné, Dr. Federico
Pisanò and Tom de Gast for the nice conversations, interests and laughs during
these years. Thanks to Inge and Dr. Broere for their precious help with Dutch
translation. Thanks to Kostantinos for having being my research companion during
my last period in Delft.
Thanks to all the colleagues and staff members of the Geo-Engineering section,
and also friends and colleagues from other sections and places, in particular: Di-
vya, Arash, Monica, Weiyuan and Haoyuan.

To you, a special thank

Roderick: my life guru;
Elisa: my experimental buddy, always in a good mood;
Edoardo: plano come un condor sulla testa di ...;
Guglielmo: my Veneto twin;
Gianfranco: my Southern counterpart;
Marco: per il postulato Muraro-Bertè.

Hongfen. Four years ago, the first time I came to pick you up at the train sta-
tion, you treated me as a stranger. One year after, I became your housemate,
partner and Zhouhan’s father on the same day. I am wondering now what will
happen in the coming years. My deepest gratitude to you and Zhouhan for your
presence, help, support during every single day as only a family can do.

219



220 Acknowledgements

Papà, Mamma, Romina e Simone. Grazie per il vostro amore e per il silenzioso ma
costante appoggio duranti tutti questi anni. Siete la migliore famiglia che potessi
desiderare. Grazie Papà e Mamma per la vostra saggezza specialmente in questo
ultimo anno.

Cristina. I used to call you boss but actually, looking backwards I was wrong.
Leader suits you the most.

Is there any difference?

“The leader leads, the boss drives” (T. Roosevelt)

Were you a good leader?

“A good leader takes a little more than his share of the blame, a little less than
his share of the credit” (A. H. Glasow)

Definitely yes.



Acknowledgements 221

Jinju

! "# $%&' ( ) *+ ,-

,-. /% 0' 123 4 /%

! 56 ( 708 9:;4 /%

,-'

06< =>? *+

12.' @9 ABC

0 DE FG H 4 /< IBC

*JI





Curriculum Vitæ

Stefano MURARO

13-01-1987 Born in Marostica, Italy.

Education

Since 2018 Research Assistant
Politecnico di Milano

2014-2018 PhD student
Delft University of Technology

2010-2012 Master Degree in Environmental and Land Engineering
Università degli Studi di Trento

2006-2010 Bachelor Degree in Environmental Engineering
Università degli Studi di Trento

Funded research fellowship

2012-2013 Università degli Studi di Trento, Italy

Work experience

2013 SWS Engineering, Trento, Italy

2012 Province of Vicenza: Office of Soil Protection, Italy

Awards
2018 Seal of Excellence, Marie Sklodowska-Curie actions call

H2020-MSCA-IF-2017, Proposal project 795201

223





List of Publications

Journal Publications

6. Muraro, S. and Jommi, C. (2019). Beyond misinterpretation of shear failure of peats
from standard undrained triaxial tests. An experimental study. Géotechnique, (sub-
mitted).

5. Jommi, C., Muraro, S., Trivellato, E. and Zwanenburg, C. (2018). Experimental re-
sults on the influence of gas on the mechanical response of peats. Géotechnique,
https://doi.org/10.1680/jgeot.17.P.148.

4. Muraro, S. and Jommi, C. (2018). Implication of end restraint in triaxial tests on the
derivation of the stress-dilatancy rule for soils having high compressibility. Canadian
Geotechnical Journal, https://doi.org/10.1139/cgj-2018-0343.

3. Muraro, S., Mašín, D. and Jommi, C. (2018). Applicability of hypoplasticity to reconsti-
tuted peat from drained triaxial tests. International Journal for Numerical and Analyti-
cal Methods in Geomechanics 42(17): 2049-2064, https://doi.org/10.1002/nag.2840.

2. Muraro, S., Madaschi, A. and Gajo, A. (2015). Passive soil pressure on sloping ground
and design of retaining structures for slope stabilization. Géotechnique 65(6): 507-
516, https://doi.org/10.1680/geot.14.P.211.

1. Muraro, S., Madaschi, A. and Gajo, A. (2014). On the reliability of 3D numerical
analyses of passive piles used for slope stabilization in frictional soils. Géotechnique
64(6): 486-492, https://doi.org/10.1680/geot.13.T.016.

Conference proceedings

2. Jommi, C., Muraro, S., Trivellato, E. and Zwanenburg, C. (2017). Evidence of the ef-
fects of free gas on the hydro-mechanical behaviour of peat. Advances in Laboratory
Testing and Modelling of Soils and Shales, 112-119, Springer, Cham, Switzerland.

1. Jommi, C.,Muraro, S. (2014). The geotechnical response of levees to hydraulic loads.
XXV Convegno Nazionale di Geotecnica, 4-6 June 2014, Baveno (VB), (in Italian).

225





More importantly

“Remember to look up at the stars and not down at your feet. Try to make sense
of what you see, and wonder about what makes the universe exist. Be curious and
however difficult life may seem, there is always something you can do and succeed
at. It matters that you don’t just give up. Be brave, be determined, overcome the
odds.
Thank you for listening”

Professor Stephen Hawking
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